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Introduction

What is Environmental Systems and Societies?

Welcome to the exciting world of IB Environmental Systems and Societies (ESS). Whether you are taking
ESS as a certificate or as part of an IB Diploma programme, it is not easy, but it is rewarding. ESS helps you
make sense of the state of the Earth now, and of the world in which we all live in.

ESS is an interdisciplinary course which meets requirements for either Group 3 and Group 4, or both. This
course is offered at standard level (SL) and higher level (HL), and this book is designed for both SL and HL
students. ESS helps you understand socio-environmental issues of today, the science that we know about
the environment, and the social, economic, political and ethical contexts of environmental issues. This
includes how decisions are shaped by different perspectives of the world, and the species within it. ESS
will also help you to understand how we strive to live more sustainably, knowing that our use of natural
resources is greater than the biosphere can currently provide.

ESS aims to empower and equip you to:

1. 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.

a s WD

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

The good news
Yes, there is good news about the environment although it is often overshadowed by less good news.

While anthropogenic carbon emissions are still significantly high, in 2022 they only rose globally by 1%,
which is less than predicted and this may be over the peak. The USA and China are developing sources of
renewable energy production very quickly. The USA produced 40% of its energy in 2022 from carbon-free
resources. Renewable sources of energy are getting cheaper each year.

There are global agreements on many aspects of the environment, e.g. water pollution, air quality,
biodiversity. In 2022, the UN Biodiversity Conference (COP 15) agreed a framework to address
biodiversity loss, restore ecosystems and protect indigenous rights. The plan includes concrete measures
to halt and reverse nature loss, including putting 30% of the planet and 30% of degraded ecosystems
under protection by 2030.

Although you are part of a generation facing the often wasteful use of natural resources by generations
before you, it is key to know that you have the power to shape the future, and make positive contributions
to the environment. We hope that this book gives you ideas on what you can do to make a difference for
the better.

What do you need to know before you start?

There is no specific prior learning that you must have to study ESS. You will develop the skills you need as
you study the course.

This work must not be reproduced, stored, transmitted or circulated in any other form.




Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

What will you study?

Scan the book and you will see a wide range of topics from ecology, water, and food, to planning the
cities of the future and waste management. The book begins with a foundation topic, and it is strongly
suggested that you study this first, as it frames three concepts that will run throughout the course:
perspectives, systems and sustainability. HL students study these concepts in more depth in Topics 2-8
and this is marked in the book by a red AHL (additional HL) banner down the side of the page. At HL there
are also three lenses: environmental law, economics and ethics. These lenses give you perspectives and
concepts from these disciplines which will deepen your understanding.

How is the course structured?
This book follows the topic order of the IB Environmental Systems and Societies guide.

Apart from Topic 1 (which should be studied first), the order in which the syllabus is arranged does not
prescribe the order in which it is taught. It is up to individual teachers and students to decide on an
arrangement that suits your circumstances. Figure 1 show how the inter-related strands of the subject can
be integrated.

« Figure 1 Relationships between

ESS guiding questions parts of the ESS course
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The ESS course content covers concepts
which are universal and places these in
contexts which vary over time and space .
perspectives
and are global or local. systems
sustainability

Concepts

p Figure 2 Relationships between
concepts, contexts, contentand
engagement in ESS

engagement/ action

Va4 N

Contexts Content
casesucies/ | (T, s.oncHL
world examples statements

What about assessment?
There are both formative and summative assessments in ESS.

Formative assessments are used in class to see what you have understood and to inform your teacher.
These can take many forms, e.g. informal quizzes, written class tests, preparatory work at home, learning
practical skills, class debates, reflective journals and feedback, observations in class, interviews, self-
assessments or in-class activities.

Summative assessments evaluate your learning at the end of a unit or a course and compare your
performance against a standard or criteria and assess your learning. These include end-of-topic or end-of-
term tests, the IB marked exams and IB internal assessment investigation.

Practical work and applying skills

This includes activities in the classroom, in the field and in the lab. It ranges from designing and carrying
out surveys and questionnaires, online simulations, use of statistical tests, data research and selection

to lab experiments and fieldwork. Many aspects of the ESS course can only be covered by going into
ecosystems and investigating them. Wherever you are, it really helps to know a local ecosystem well and
use it to provide a context for many of the concepts you will cover.

The authors

Jill Rutherford has taught IB Diploma courses for many years. She has administrative and board experience
within schools in Hong Kong, the UK and other international schools. She has been a chief examiner

for ESS and vice-chair of the IB examining board and led ESS workshops. She was academic director of
Ibicus and founding Director of the IB Diploma at Oakham School, England. She holds two degrees from
the University of Oxford.

Gillian Williams graduated from Reading University and has taught Environmental Systems, Geography
and TOK on the international circuit since 1993. In her international career Gillian has held various
leadership positions including Deputy Head, Head of Year and Head of Department. In 2011 she began
advising on the IB Environmental Systems and Societies curriculum review.
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Course book definition

The IB Diploma Programme course books are resource
materials designed to support students throughout
their two-year Diploma Programme course of study

in a particular subject. They will help students gain an
understanding of what is expected from the study of

an IB Diploma Programme subject while presenting
content in a way that illustrates the purpose and aims of
the IB. They reflect the philosophy and approach of the
IB and encourage a deep understanding of each subject
by making connections to wider issues and providing
opportunities for critical thinking.

The books mirror the IB philosophy of viewing the
curriculum in terms of a whole-course approach; the use
of a wide range of resources, international mindedness,
the IB learner profile and the IB Diploma Programme core
requirements, theory of knowledge, the extended essay,
and creativity, activity, service (CAS).

Each book can be used in conjunction with other
materials and, indeed, students of the IB are required

and encouraged to draw conclusions from a variety of
resources. Suggestions for additional and further reading
are given in each book and suggestions for how to extend
research are provided.

In addition, the course companions provide advice and
guidance on the specific course assessment requirements
and on academic honesty protocol. They are distinctive
and authoritative without being prescriptive.

IB mission statement

The International Baccalaureate aims to develop
inquiring, knowledgeable and caring young people who
help to create a better and more peaceful world through
intercultural understanding and respect.

To this end, the organization works with schools,
governments and international organizations to develop
challenging programmes of international education and
rigorous assessment.

These programmes encourage students across the world
to become active, compassionate and lifelong learners
who understand that other people, with their differences,
can also be right.

This work must not be reproduced, stored, transmitted or circulated in any other form.

The IB Learner Profile

The aim of all IB programmes to develop internationally
minded people who work to create a better and more
peaceful world. The aim of the programme is to develop
this person through ten learner attributes, as described
below.

Inquirers: They develop their natural curiosity. They
acquire the skills necessary to conduct inquiry and
research and snow independence in learning. They
actively enjoy learning and this love of learning will be
sustained throughout their lives.

Knowledgeable: They explore concepts, ideas and
issues that have local and global significance. In so
doing, they acquire in-depth knowledge and develop
understanding across a broad and balanced range of
disciplines.

Thinkers: They exercise initiative in applying thinking
skills critically and creatively to recognize and approach
complex problems, and to make reasoned, ethical
decisions.

Communicators: They understand and express
ideas and information confidently and creatively in
more than one language and in a variety of modes of
communication. They work effectively and willingly in
collaboration with others.

Principled: They act with integrity and honesty, with a
strong sense of fairness, justice and respect for the dignity
of the individual, groups and communities. They take
responsibility for their own action and the consequences
that accompany them.

Open-minded: They understand and appreciate their
own cultures and personal histories, and are open to the
perspectives, values and traditions of other individuals
and communities. They are accustomed to seeking and
evaluating a range of points of view, and are willing to
grow from the experience.

Caring: They show empathy, compassion and respect
towards the needs and feelings of others. They have

a personal commitment to service, and to act to make
a positive difference to the lives of others and to the
environment.

Risk-takers: They approach unfamiliar situations and
uncertainty with courage and forethought, and have the
independence of spirit to explore new roles, ideas and
strategies. They are brave and articulate in defending their
beliefs.

Balanced: They understand the importance of
intellectual, physical and emotional balance to achieve
personal well-being for themselves and others.

Reflective: They give thoughtful consideration to their
own learning and experience. They are able to assess
and understand their strengths and limitations in order to
support their learning and personal development.

Vii
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A note on academic
integrity

It is of vital importance to acknowledge and
appropriately credit the owners of information when
that information is used in your work. After all, owners
of ideas (intellectual property) have property rights.

To have an authentic piece of work, it must be based

on your individual and original ideas with the work of
others fully acknowledged. Therefore, all assignments,
written or oral, completed for assessment must use your
own language and expression. Where sources are used
or referred to, whether in the form of direct quotation
or paraphrase, such sources must be appropriately
acknowledged.

How do | acknowledge the work of others?
The way that you acknowledge that you have used the
ideas of other people is through the use of footnotes
and bibliographies.

Footnotes (placed at the bottom of a page) or endnotes
(placed at the end of a document) are to be provided
when you quote or paraphrase from another document
or closely summarize the information provided in
another document. You do not need to provide a
footnote for information that is part of a ‘body of
knowledge'. That is, definitions do not need to be
footnoted as they are part of the assumed knowledge.

Bibliographies should include a formal list of the
resources that you used in your work. ‘Formal’ means
that you should use one of the several accepted forms
of presentation. This usually involves separating the
resources that you use into different categories (e.g.
books, magazines, newspaper articles, Internet-
based resources, CDs and works of art) and providing
full information as to how a reader or viewer of your
work can find the same information. A bibliography is
compulsory in the Extended Essay.

What constitutes malpractice?
Malpractice is behaviour that results in, or may result in,
you or any student gaining an unfair advantage in one
or more assessment component. Malpractice includes
plagiarism and collusion.

Plagiarism is defined as the representation of the ideas
or work of another person as your own. The following
are some of the ways to avoid plagiarism:

®* wordsand ideas of another person to support one’s
arguments must be acknowledged

® passagesthatare quoted verbatim must
be enclosed within quotation marks and
acknowledged

®* email messages, websites on the internet and any
other electronic media must be treated in the same
way as books and journals

® thesources of all photographs, maps, illustrations,
computer programs, data, graphs, audio-visual and
similar material must be acknowledged if they are
not your own work

® when referring to works of art, whether music, film
dance, theatre arts or visual arts and where the
creative use of a part of a work takes place, the
original artist must be acknowledged.

Collusion is defined as supporting malpractice by
another student. This includes:

® allowing your work to be copied or submitted for
assessment by another student

® duplicating work for different assessment
components and/or diploma requirements.

Other forms of malpractice include any action that gives
you an unfair advantage or affects the results of another
student. Examples include, taking unauthorized
material into an examination room, misconduct during
an examination and falsifying a CAS record.
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How to use this book

This ESS course companion is underpinned by a concept-based approach. These
concepts are put into various contexts in case studies or skills activities, and you
will add more examples of local and global interest.

There are various boxes and activities throughout the book.

Developing conceptual understanding

Guiding questions

At the start of every chapter, guiding questions are included to engage you
with some of the questions that might arise as they study the material.

Understandings

These are content statements about what you will study. They are from the IB

ESS guide.
Key terms Connections

These boxes link content with
These introduce the definitions other parts of the course.

of important terminology used to
explain environmental systems and
societies.

Theory of knowledge

This is an important part of the IB Diploma course. It focuses on critical
thinking and understanding how we arrive at our knowledge of the world.
The TOK features in this book are modelled on the TOK Exhibition and pose
questions for you that highlight these issues.

E Sections marked as additional higher level (AHL) are required for HL
= students only.

Check your understanding

The statements and questions in this section serve as a checkpoint for you to
see if you understood the material covered in the subtopic.
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Applying and analysing

These give you an opportunity to apply your ESS knowledge and approaches to learning (ATL) skills.

[€) Data-based questions

Frequent examples of data-based questions have processing and analysis. In this syllabus, relatively
been included, both embedded within chapters more topic statements focus on presentation and
as well as at the end of chapters. Many of these mathematical analysis of data generated from

questions come from previous IB exams. Data-based experiments.
questions teach the skills of data presentation,

These are real life examples of environmental systems and societies
issues, outlining the context, the stakeholders involved and the
impact on the world.

Case study

Practical

These can be carried out in the classroom, a laboratory or out in the
field. They are an important part of the ESS course.

Exam-style questions

Use these questions at the end of each theme to draw together concepts from that chapter and other parts of
the book, and to practise answering exam-style questions. Many of these are past IB ESS exam questions.

A note on terminology used to A note on soil classification

describe countries terminology

In this book, the terms “HIC”, “MIC"” and “LIC" are Soil classification terminology depends where you live and
used to describe high-, middle- and lower-income which system you adopt. The US Department of Agriculture
countries. (USDA) taxonomy is the one used in this book. In it are 12
You may have heard different terms in other subject soil orders based on dominant properties of soils affected by

their location. All the names end in -sol and ones mentioned

lessons to describe the status of different countries, . ; . ; . -
in Topic 5 are mollisols, alfisols, gelisols and oxisols.

such as developed and developing countries,

less economically developed, more economically The FAO (Food and Agriculture Organization of the UN) has
developed, newly industrialized, emerging markets, a system which includes podzols and chernozems. Various
BRIC or BRICS countries. countries use different classifications often focused on soils

in that country. You may also read about soils called laterite
(high in iron oxide, acidic, reddish soils in the tropics), and
black or brown earths (chernozems), which are high in
organic matter and fertility, and very good for growing crops.
But these are not terms in the USDA system of classification.
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66 vou cannot get through a single day without having an
impact on the world around you. What you do makes a
difference, and you have to decide what kind of difference
you want to make. 9 §

Jane Goodall (born 1934), primatologist
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Perspectives

Guiding questions

* How do different perspectives develop?

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

Understandings

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.

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.

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

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.

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

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.

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

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

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.

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.
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Foundation

What is an environmental value system?

Key terms

A perspective is how a particular situation is viewed and understood by an
individual.

TOK

An argument is a statement or statements made to support a personally held

o perspective or to counter a different one.
Is the decision to shoot Harambe

a value-free judgement? Values are qualities or principles that people feel have worth and importance

o i in life. They may be individual or held by a group.
To what extent is it ethical to put

greater value on human life than Worldviews are the lenses shared by groups of people through which they
that of animals? perceive, make sense of, and act within their environment.
S, Harambe the gorilla
-g In 2016, a three-year-old boy climbed into a gorilla enclosure in Cincinnati
% Zoo, USA. He crawled through bushes and into a shallow moat. Harambe
(7] ' /
3 a lowland gorilla who had lived in zoos for 17 years, picked up the boy from DAI I—Y N EWS
8 the moat and carried him on to dry land. As onlookers screamed, Harambe
became more agitated an.ol a zoo worker_, who feared for_ the boy’s life in Go”"a Kllled at
the hands of a 200 kg gorilla, shot the animal dead. The incident was filmed . . .
and is, of course, on YouTube. Cl“Clnnatl ZOO

Cincinnati Zoo’s Dangerous
Animal Response Team had
to fatally shoot a gorilla
named Harambe, after a
toddler entered the
enclosure. The decision has
sparked widespread
debate among critics and
animal experts ...

The boy had minor injuries. His parents were investigated by police but
not charged. His mother was targeted by harassment on social media.
Several celebrities criticized the shooting. Jane Goodall, a well-respected
primatologist, said that although Harambe appeared to be protecting the
child, he was so powerful that even with the best intentions, a swipe of his
arm could have killed the boy.

Questions
1. What is your perspective on the shooting of Harambe?
2. List the arguments for and against the shooting.

A Figure 1 Harambe's story was
3. What values do you think the zookeeper who shot Harambe held? widely reported and discussed
4. What values do you think the people who harassed the mother held?

5. What worldviews do you think the zoo employees hold?
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Perspectives

The spectrum of environmental value systems

* Different societies hold different environmental philosophies and comparing
these helps explain why societies make different choices.

e The environmental value system (EVS) each individual holds will be
influenced by cultural, religious, economic and socio-political contexts.

* The environment or any organism can have its own intrinsic value regardless
of its value to humans. How we measure this value is a key to understanding
the value we place on our environment.

For much of history, our viewpoint has been that the Earth’s resources are unlimited
and that we can exploit them with no fear of them running out. And for much of
history that has been true. The much smaller human population in the past was

just one species among many. The words and phrases we use describe how we
have seen the environment: “fighting for survival”, “battle against nature”, “man

or beast”, “conquering Everest”, “beating the elements”. It is only in very recent
times that humans have been able to control our environment and even think about
terraforming (altering conditions to make them habitable for humans) on Mars.

The Industrial Revolution of the 1800s in Europe and North America brought
technological development. This meant humans were driven to explore, conquer
and subdue the planet for industrial growth. This ideology has the worldview

that economic growth improves the lot of all. But now it is clearer that the Earth’s
resources are finite because the Earth is finite. Humans may be the first species to
change the conditions on Earth and so make it unfit for human life.

What is your environmental worldview?

You have a view of the world that is formed through your experiences of life—your
background, culture, education and the society in which you live. This is your
paradigm or worldview.

Key term

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

TOK

How does our perspective
influence the language we use to
describe our relationship with the
Earth?

To what extent does evaluative
language affect our perspective on
the environment?

@ Activity 1

ATL skills used: thinking, research, self-management
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©

1.
2.

On a large sheet of paper, draw three rectangles and label them “Perspectives”, “Value system” and “Worldview”.

On sticky notes or pieces of card of one colour, write the influences on your environmental worldview. Some
possible influences are shown in Figure 2 but you may also have others. Vary the text size to show the weighting and
importance of that influence on you.

Now think of a local environmental issue that affects you. This could relate to pollution, loss of habitat, climate
change or something else. On sticky notes or card of a different colour, write the decisions, judgements, choices
and actions you would take on this issue.

Stick the sticky notes or cards from (2) and (3) on the sheet of paper and draw arrows to the relevant boxes.

Keep this either on the classroom wall or in your file so you can refer to it half-way through the course and at the end
to see if any of your cards should change.

@ Activity 2

ATL skills used: thinking, communication, social

Consider these words: environment, natural and nature.

1.

2
3
4.
5

Think about what they mean to you. Write down your responses.

Now discuss what you wrote with two of your classmates. Do you agree?
What have you written that is similar or different?

Why do you think your responses may be different?

How different do you think the responses of someone from a different

. A Figure 3 Are you optimistic or
century or culture may be? Discuss some examples.

pessimistic in outlook? Do you see

Do you consider yourself to be optimistic or pessimistic about the environment ~ the glass as halffull or half empty?

(Figure 3)?

One classification of different environmental
philosophies
The ecocentric worldview:

* puts ecology and nature as central to humanity and emphasizes a less
materialistic approach to life with greater self-sufficiency of societies

e givesthe natural world pre-eminent importance and intrinsic value

* favours small scale, low-technology lifestyles with restraint in the use of all
natural resources

* s life-centred—which respects the rights of nature and the dependence of
humans on nature so has a holistic view of life which is Earth-centred.

Extreme ecocentrists are called deep ecologists.
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Perspectives

The anthropocentric worldview:
* views humankind as being the central, most important element of existence
*  splitsinto a wide variety of views

*  believes humans must sustainably manage the global system, including
through the use of taxes, environmental regulation and legislation

* ishuman-centred—in which humans are not dependent on nature but nature
is there to benefit humankind.

The technocentric worldview:

* Dbelieves that technological developments can provide solutions to
environmental problems

* assumes all environmental issues can be resolved through technology

*  Delieves there can be unlimited economic growth.

ATL skills used: thinking, communication, social, self-management

Get into groups of two or three in class.

Working individually, decide if you agree or disagree with these statements and think about your reasons. Then
share your views with your group, giving your reasons.

1. Iwould like to drive a fast, powerful car.

2. |lam concerned about how humans are destroying rainforests.

3. |do not care about climate change.

4. |believe that technology will fix any damage humans do to the environment.
5. lonlydrink bottled water.

Collate your answers and decide if you call yourself a technocentric, anthropocentric or ecocentric person, or perhaps
a mix of these.

What does this tell you about (a) your perspectives, (b) your values and (c) your environmental value system?

What, if any, worldviews does your class share?

The environmental movement—a long
time coming

Although the modern environmental movement originated in the 1960s, humans
noticed their effect on their environment long before:

* The Romans noted problems such as air and water pollution.

*  Between the late 14th century and the mid 16th century, pollution was
associated with the spread of epidemic disease in Europe.

e Soil conservation was practised in China, India and Peru as early as
2,000 years ago.

This work must not be reproduced, stored, transmitted or circulated in any other form.




Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Foundation

The global human population has been estimated at 50 million in 1,000 BCE,

200 million in the year O and 1 billion by 1800. Until the last 200 years, there

seemed to be an infinite supply of natural resources for humans to use. Now
Connections: This links with material however, there are over 8 billion humans on Earth. To understand modern
throughout the course. environmentalism, we need to look at:

e events that have caused concern over their environmental impacts

* theresponses to these impacts of individuals, groups of individuals,
governments, businesses and the United Nations (UN).

A few influential individuals and independent pressure groups, with their use

of media, have catalysed the movement, making it a peoples’ or “grass roots”
movement. But there has been a continuing divide in philosophy between those
who think the reason to conserve nature is to continue to supply goods and services
to humankind in a sustainable way (environmental managers) and those who believe
conservation should be unconditional and for its spiritual value (deep ecologists). It
becomes a simple question: Do we save nature for our sake or for its sake?

Who is involved?

We all are. The development of the environmental movement has been
influenced by:

e individuals * international agreements
e literature * new technologies
e themedia e scientific discoveries.

* major environmental disasters

Until recently, most people in the world probably did not focus on environmental
issues unless such issues were directly brought to their attention. But norms of
behaviour (for example, reducing energy use, purchasing choices such as electric
vehicles, dolphin-friendly tuna and recycling) and political choices (e.g. the
successes of green parties, Extinction Rebellion, Greenpeace) have changed. We
no longer think human activity in the environment cannot affect us—it already has.

There is general agreement that the modern environmental movement was
catalysed by Rachel Carson'’s book, Silent Spring, published in 1962. She warned
of the effects of pesticides on insects—both pests and beneficial insects. She
also explained how this was being passed along the food chain to kill other
animals including large birds of prey. What really gained people’s attention

was her belief that pesticides such as DDT (dichlorodiphenyltrichloroethane, a
persistent, synthetic insecticide) were finding their way into animals and people,
and accumulating in fatty tissues, causing higher risks of cancer. Chemical
industries tried to ban the book, but many scientists shared her concerns. When
an investigation ordered by US president John F. Kennedy confirmed her fears,
DDT was banned.

Climate change is the issue of today. There is an increasing understanding of
what causes it and what its effects are, but less action on changing our activities
to combat it.
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Perspectives

The overflowing bathtub analogy of climate change:

e [fwe run abath to overflowing, we run in and turn off the taps. We don't stop
and discuss what to do with others in the house. But the bath is still full.

* Analogously, we are pumping greenhouse gases into the atmosphere while
we know they are changing the global climate. But we keep discussing what
to do about it while still pumping out the gases.

Some environmental campaigners

Greta Thunberg (born 2003) is a Swedish environmental activist who
challenges world leaders to act now to mitigate climate change. She started

the Friday school strike for climate on her own and by 2019 there were over one
million students involved in the movement “Fridays for Future”. She has spoken at
the UN, the UN Climate Change Conference (COP), the World Economic Forum
in Davos, Glastonbury Festival in the UK and many other high-profile events. She
created The Climate Book published in 2022. She has strong support and strong
criticism but there is no doubt that the “Greta effect” has galvanized her peers to
act, and perhaps also business and political leaders.

Wanjiku “Wawa"” Gatheru (born 1999) is an environmental justice advocate
helping to inspire a generation of environmentalists and tell the stories of those
most adversely impacted by climate change. When she was 15, she stumbled
into an environmental science class where she realized that climate change was
an issue of justice. She is the founder of Black Girl Environmentalist, a Rhodes
Scholar, and a climate communicator.

Tokata Iron Eyes (born 2003/4) is Native American and a member of the
Standing Rock Sioux tribe. Iron Eyes was environmentally active from age 9,
opposing a uranium mine and in 2016 the Dakota Access Pipeline. This 1,886 km
underground pipeline takes shale oil from the Bakken site across four states in
the USA from North Dakota to lllinois. The route goes under Lake Oahe and
across sacred sites of the Standing Rock Sioux tribe. Although environmental
impact assessments (EIAs) (subtopic 7.1) were carried out and the pipeline route
changed slightly, there was and is concern about freshwater pollution from
pipeline rupture or leakage.

Sir David Attenborough (born 1926) has had a very long career producing
and narrating many TV series and many books on natural history and the natural
world. During his early life, the Earth’s biocapacity (the amount of ecological
resources the Earth is able to generate that year) was far greater than humanity's
ecological footprint (humanity's demand for that year). But since early in the
1970s, humanity has been using more natural resources annually than the

Earth can produce. His recent programmes have focused on biodiversity loss,
deforestation, plastics in the oceans and climate change and have had a large
impact on educating people.
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A Figure 4 Greta Thunberg at
Glastonbury 2022

A Figure 6 Iron Eyes at a climate forum at

the Lakota People’s Law Project in 2019
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Dame Ellen MacArthur (born 1976) was the fastest solo round-the-world sailor

in 2005. She took everything she needed on her trimaran and completed the
voyage in 71 days. She realized that the world was no different from her boat. It

has a finite supply of the resources we use and no more. We use and dispose of
materials in a linear economy instead of reusing materials and eliminating waste in a
circular economy (see subtopic 1.3). She founded the charity “The Ellen MacArthur
Foundation” in 2010 to create a circular economy and this is having an impact on
industry and global trade.

i Hans Cosmas Ngoteya is a Tanzanian conservationist who promotes
A Figure 8 Dame Ellen MacArthur peaceful co-existence between wildlife and humans. He is co-founder of the
Landscape and Conservation Mentors Organization. This organization focuses
on promoting, supporting and improving community livelihoods through
sustainable environmental practices.

He also created “Vijana na Mazingira” (VIMA) a youth-focused project that
provides conservation education and alternative livelihood options in an effort to
reduce pressure on natural resources.

James Hansen (born 1941) worked at NASA (National Aeronautics and Space
Administration, USA) and for a long time studied the Earth’s atmosphere,
evaluating how anthropogenic (human-released) gases affect the Earth’s climate.
His global climate models help in understanding climate and how humans affect
it. He is famous for his research work in climatology, and his 1988 testimony at
the USA Congressional Committee on climate change. He calculated that global
temperatures had risen by between 0.5°C and 0.7°C in the past century and are
A Figure 9 James Hansen 0.8°C warmer than in the previous century.

Other influences on the environmental
movement

Independent pressure groups often use awareness campaigns to influence
@ Activity 4 the public and thus influence government and corporate business organizations.
These independent groups are called non-governmental organizations (NGOs).

ATL skills used: communication,

There are many, both international and national. Examples are:
research, self-management

¢  Friends of the Earth (FoE)
Research three environmental

campaigners where you are living *  World Wide Fund for Nature (WWF)

and write brief notes on their

. e Global Footprint Network (GFN)
impact.

*  Greenpeace
e Earthjustice.

They raise awareness of issues and run specific campaigns. Examples of NGO
campaigns are:

e WWEF campaigned for years to achieve the ban on the international
commercial trade in ivory in 1989. This trade threatened the African elephant
due to poaching. By 2017, China, the world's biggest ivory market,
announced that all ivory sales within the country would be banned.
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Perspectives

e Earthjustice is suing the US government over the decision to go ahead with the
Willow Projectin 2023. This is in Western Arctic, Alaska where drilling for oil on
public lands was given the go ahead. Five million people signed petitions to
stop it. What has happened since then?

Corporate businesses are often involved because, in supplying consumer
demand, they are using resources and creating environmental impact (for
example, mining for minerals or burning fossil fuels). Many of these businesses are

multinationals and transnational corporations (TNCs). Recent campaigns on reducing

one-use plastics and increasing sustainability have influenced their activities.

Governments make policy decisions including environmental ones (for
example, planning permission for land use). They also apply legislation (laws) to
manage the country (for example, emissions controls over factories). They meet
with other governments to consider international agreements (for example,

the United Nations Environment Programme, UNEP). Different countries are

at different stages of environmental awareness, as are different individuals.
Legislating about emissions is important, but so is making sure there is enough
food for the population. While different countries may put environmental
awareness at different levels of priority, all are aware of the issues facing the Earth
and all must be involved in finding solutions.

Inter-governmental bodies such as the UN have become highly influential by
holding Earth Summits to bring together governments, NGOs and corporations
to consider global environmental and world development issues.

@ Activity 5

ATL skills used: thinking, research

Books that have influenced environmental action include:
e Rachel Carson Silent Spring (1962)

* James Lovelock’s books on the Gaia hypothesis

Bill McKibben The End of Nature (1989)

e David Wallace-Wells The Uninhabitable Earth (2019).

Films include:

e Al Gore's documentary An Inconvenient Truth (2006)
e NoImpact Man (2009)

e Breaking Boundaries (2021).

1. Research one of these books and one of these films or one other
environmental book and film of local or global relevance, and write a
short paragraph on each. Include:

* what they covered and when

*  their main messages

e what environmental worldview you think they hold
* your perspective on their messages.

2. Research the impact and results of an environmental campaign run by an
NGO in your local area.
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A Figure 10 Rusty fuel and chemical drums
on the Arctic coast

TOK

Using a global environmental
issue of your choice, evaluate
how one of the ways of knowing
influences our EVS approach.

To what extent have your
emotions affected your response
to this issue?
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Case study 2

Oil company advertising

In 2007 Royal Dutch Shell, a giant oil company, launched an ad
campaign with the slogan “Don’t throw anything away. There is no
away.” The slogan is very true but the accompanying picture is of
chimneys of an oil refinery emitting flowers. The text in some forms of the
ad conveyed that if we had a magic bin, then we could make our rubbish
disappear. The advert also suggests that we can actively find ways to
recycle. For example, greenhouses use carbon dioxide to help us grow
flowers, and our waste sulfur to make concrete. These are examples of

energy solutions.

The body that oversees false advertising judged that the image was
acceptable as it was conceptual and fanciful. But it also found that the

LA - 3
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-

advert was misleading because the wording implied a significantamount — SEEEEEERES ";'?“ il -1.4.4«_;

of the emissions from Shell oil refineries were recycled. Shell disputed

the judgement. The advert was never reused.

Questions

1. Do you agree with the premise of the advert that
there is no “away”?

2. lsittrue that waste carbon dioxide can grow flowers?

3. lsittrue that waste sulfur can make
superstrong concrete?

4. Do you think Shell was mispresenting the
environmental impact of its activities?

5. Do you think this advertisement could be
used today?

This is an example of “greenwashing” or “green
sheen” where marketing or advertising aims to
persuade the public that the company does not harm
the environment in making its products.

6. Lookup earth.org/greenwashing-companies-
corporations/. Do you use any of the products
mentioned?

7. Does it matter to you that the companies are
accused of greenwashing?

8. Find examples of the companies mentioned which
are disputing the accusations.

9. Investigate earth.org a little more. It is a charity
NGO run from a Hong Kong office. What values
do you think it holds?

10. Do you think its information is accurate and
factual? What is your evidence?

A Figure 11 An oil refinery

11. Find a response from a company (for example, BP,
Nestlé) that it mentions as greenwashing. Does
this response convince you?

BP is one of the oil giants, and was rebranded in 2002
from British Petroleum to Beyond Petroleum. The
pledge then was to hold its carbon emissions constant
and to be a planetary steward.

In 2006 a BP pipeline fractured off Alaska, causing one
of the largest oil spills there.

In 2010 the Deepwater Horizon oil rig had an
explosion that caused the largest marine oil spill ever.

The Beyond Petroleum branding was quietly dropped.
Now BP has these aims:
* By 2030 reduce its oil and gas production by 40%

* Increase investment in renewable energy
via LightsourceBP to 50 gigawatts of energy
produced by 2030

* Increase electric car charging points

¢ Undertake no new oil exploration in countries
where it does not currently work

* Become net zero by 2050 and reduce emissions
by 50% in 2030.

12. What does “net zero” mean for BP?
13. Has the perspective of the company changed?

14. What do you think may have changed it?

This work must not be reproduced, stored, transmitted or circulated in any other form.



Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Perspectives

S
15. Find recent oil company adverts and compare these
with older ones. How have the adverts changed?

In 2022-23, the energy crisis caused by the Ukraine—
Russia conflict increased the price of gas and ail.

The major global oil and gas companies then made
very large profits because prices had risen. Some
governments imposed a windfall tax (extra levy imposed

Some major environmental disasters
Minamata disaster (1956)

Mercury is a heavy metal and is poisonous to animals.
It affects the nervous system causing loss of vision,
hearing and speech; and lack of coordination in arms
and legs. Severe poisoning causes insanity or death.
Mercury was used in the hat-making industry into

the 20th century. Hat makers were known to often
suffer mental illnesses although the source of such
illnesses was unknown. This is the basis of the name of
the “Mad Hatter” character in Lewis Carroll’s Alice in
Wonderland and the phrase “mad as a hatter”.

Case study 3

A Figure 12 A woman holds a Minamata
disease victim

The Chisso Corporation built a chemicals factory in
Minamata, Japan and was very successful. One product
was acetaldehyde, which requires the use of a mercury
compound as a catalyst. Wastewater containing
methylmercury from this process was released into
Minamata Bay and bioaccumulated (see subtopic 2.2)
in the food chain. People of Minamata traditionally ate
a lot of shellfish and were poisoned by mercury. It took
over 30 years to recognize the cause of their ilinesses
and compensation is still being given by the Chisso
Corporation although the mercury release stopped
in1968.
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by a government on unexpected profit) and used this to
subsidize consumer energy bills.

16. Do you think imposing a windfall tax in this way was
the right thing to do? Give reasons for your argument.

17. All oil and gas companies know their product is finite.
Research what they are doing to diversify and write a
short review of your findings.

Bhopal disaster (1984)

Bhopal is a city in the state of Madhya Pradesh in India.
In the early hours of the morning of 3 December 1984,
in the centre of the city, a Union Carbide pesticide
plant released 40 tonnes of methyl isocyanate (MIC)
gas. Half a million people were exposed to the gas
and nearly 3,000 people died immediately. This is
considered to be the world's worst industrial disaster.

Chernobyl (1986)

A Figure 13 The Chernobyl nuclear reactor plant
after the explosion in 1986

In 1986, at Chernobyl, the worst nuclear disaster
ever occurred. Chernobyl is a few miles north of Kiey,
the capital of Ukraine (then part of the USSR). An
explosion followed by a fire resulted in a level 7 event
(the highest) in reactor number 4. The reactor vessel
containing the uranium radioactive material split and
exposed the graphite moderator to air, which caused
it to catch fire. The reactor went into uncontrollable
meltdown and a cloud of highly radioactive material
drifted over much of the USSR and Europe, as far west
as Wales and Scotland. Fission products from the
radioactive cloud (for example, isotopes of caesium,
strontium and iodine) have a long half-life and were
accumulated in food chains. In 2009, there were still
restrictions on selling sheep in some Welsh farms due

>
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to their levels of radiation. There is much debate about
how many people have been affected by the radiation as
long-term effects, such as cancers and deformities at birth,
are difficult to link to one event. Thirty-one workers died
of radiation sickness because they were exposed to high
levels of radiation while trying to shut down the reactor.
Some had a lethal dose of radiation within one minute of
exposure. Estimates of later deaths vary but some sources
state that about 1,000 extra cases of thyroid cancer and
4,000 other cancers were caused by the fall-out cloud.
Other estimates state that one million people will have
died as a result of the disaster.

The authorities of the day did not “announce” the disaster.
The world was alerted to the disaster when monitoring in
Sweden picked up fall-out on clothing of workers at one
of their nuclear plants.

Even today, reactor 4 is still dangerous. It was encased in
a concrete shell, but the other reactors continued to run
until 2000. In 2017, a metal structure was built to surround
reactor 4 to completely seal it.

An exclusion zone of 30 km was established around

the reactor site and is still in force. There is still some
contamination of the area but, with the exclusion of
humans, the ecosystem has recovered, and biodiversity
has increased.

Fukushima Daiichi (2011)

In 2011, there was another nuclear accident at the
Fukushima Daiichi nuclear plant in Japan. An earthquake
set off a tsunami which caused damage resulting in the
meltdown of three reactors in the plant. The water flooding
these became radioactive and will take many years to
remove. Although the radiation leak was about 30% that
of Chernobyl and radiation levels in the air were low, a
third of a million people were evacuated from the densely
populated area. Later reports showed the accident was
caused by human error. The plant was not built to withstand
a tsunami even though it was close to the sea in an
earthquake zone. The plant is still not secured.

After the disaster, there were anti-nuclear demonstrations
in other countries and Germany announced it was closing
older reactors and phasing out nuclear power generation.
France, Belgium and Switzerland all had public votes to
reduce or stop nuclear power plants. In other countries,
plans for nuclear plants were abandoned or reduced.

All these and other environmental disasters cause suffering or
deaths and are reported in news stories. But each year there

are many more deaths worldwide due to air pollution
caused by burning fossil fuels or wood.

Questions

1. Two of these disasters are chemical releases and
two are radioactivity releases. What do they have in
common?

2. Chernobyl has become synonymous with the dangers
of nuclear power. The green political lobby argued
that all nuclear power generation should stop. But
nuclear reactor accidents are very rare and safety
levels ever higher as new plants are developed.

The views of some people about the rights and wrongs
of using nuclear power are not based on evidence

but on emotions. The rare accidents in nuclear power
plants (Five Mile Island, Chernobyl, Fukushima) have
resulted in some countries banning nuclear power
generation. But our need for more and more energy
may mean it has to be used.

a. Towhatextent do you think the arguments about
nuclear power are based on emotion rather than
reason?

b. Do youagree or disagree with producing energy
from nuclear power? Give your reasons.

c. Lookup cold fusion nuclear energy. Do you think
this is a viable way of meeting human energy
needs?

3. The Exxon Valdez oil tanker spilled 11 million gallons
of oil off Alaska in 1989. The Deepwater Horizon oil
well spill released 210 million gallons in the Gulf of
Mexico in 2010.

a. What were the short-term and longer-term
environmental impacts of both spills?

b. Who paid financial compensation and to whom?

c. Areoil spills less likely now given what has been
learned?

4. Research and find data about the number of human

deaths per year caused by air pollution due to fossil
fuel burning.

5. Discussin class your views on strategies for
energy generation.
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Perspectives
@ Activity 6
ATL skills used: thinking, research Select one item from each of the three categories below

Environmental disasters cause loss of life, illness and major O research. Foreach item you select:

damage to ecosystems but there is also goc?d rllews. I e o ym——
Societies can work together to reduce the likelihood of
these accidents, improve regulations and agree treaties * evaluate its results and successfulness.

and international laws as well as advancing technology to
benefit the environment and humanity.

Category 1: International agreements | Category 2: Technological Category 3: Scientific
developments discoveries

Rio Earth Summit of 1992 The Green Revolution Toxicity of pesticides

Rio+20 of 2012 Genetically modified organisms (GMOs) | Biodiversity discovery and

for crops and livestock loss
United Nations Framework Convention P

on Climate Change (UNFCCC) Artificial fertilizers Habitat degradation, e.g.
deforestation, trawling

COP27in 2022 Meat analogues from plants or fungi
) Alocal discovery which
A more recent COP Renewable energy generation ) i
benefits ecosystems and
A local or global agreement on A technology from an indigenous culture | societies
environmental protection that benefits ecosystems and societies

A Table 1 Categories for research

Check your understanding

In this subtopic, you have covered: How do different perspectives develop?

* the difference between perspectives, values, 1. Discuss what influences your own perspectives.

worldviews and value systems ) )
2. Suggest which are the stronger influences.

* whatthese terms mean . . .
How do perspectives affect the decisions we make

e different environmental value systems concerning environmental issues?
¢ the development of the environmental movement 3. Ifyour perspectives lead you to a more technocentric
with examples. or anthropocentric EVS, explain how you would

change your lifestyle and in what way.

4. Ifyou are led to a more ecocentric EVS, explain how
you would change your lifestyle and in what way.

)) Taking it further

Debate or discuss your own perspectives and how * Investigate the role of politics, intergovernmental
they might influence your behaviour. organizations (IGOs), non-governmental
organizations (NGOs) and individuals
(through social media) in solving an
* Design appropriately persuasive materials to support environmental issue.

an environmental or social cause that you care about.

* Check how others in your class differ.

Take partin a Model United Nations (MUN) group
®* Beanexample to show how personal actions can on environmental issues.
create change towards a more sustainable society.
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|WA Systems

Guiding question

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

Understandings

i

s

10.

11.
12.

13.
14.
15.
16.
17.

18.

Systems are sets of interacting or interdependent components.

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

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.

Flows are processes that may be either transfers or transformations.

Systems can be open or closed.

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

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

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.

As an open system, an ecosystem will normally exist in a stable equilibrium,
either in a steady-state equilibrium or in one developing over time (for example,
succession), and will be maintained by stabilizing negative feedback loops.
Positive feedback loops occur when a disturbance leads to an amplification of that
disturbance, destabilizing the system and driving it away from its equilibrium.
Positive feedback loops will tend to drive the system towards a tipping point.
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.

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.

Simplification of a model involves approximation and, therefore, loss of accuracy.
Interactions between components in systems can generate emergent properties.
The resilience of a system, ecological or social, refers to its tendency to avoid
tipping points and maintain stability.

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

Humans can affect the resilience of systems through reducing these storages

and diversity.
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Systems

What is a system?

There are a lot of key concepts involved in understanding systems, but it is
important to understand them. After all, this course is called Environmental
Systems and Societies.

You are made up of systems (e.g. digestive, nervous, skeletal and blood systems).
You are also part of various systems (e.g. family, school, city, nation, the Earth) as
well as your ecological, socio-economic, political and cultural systems.

Decisions about the environment are rarely based only on politics or science
or economics. We may want to save the tigers, but we will be constrained by
economic, societal and political systems which may alter our value systems.

The human place in the biosphere

The biosphere is all the parts of the Earth where life exists—all ecosystems. It
includes living organisms, soil, water and air. Humans and all other organisms live
within this thin layer, yet we know little about how it is regulated or self-regulates,
or about the effects the human species is having on it.

The anthroposphere is the part of the Earth that is made or modified by humans
—this includes cities, towns, roads, all our machines, mines, ports, energy
networks, and land cultivated for crops and livestock. It reduces the biosphere
because humans degrade land and damage habitats.

The other spheres are:
* air (atmosphere)

* rocks and soil (geosphere, which is composed of the lithosphere (rocks)
and the pedosphere (soil))

e water (hydrosphere) and frozen water (cryosphere).

Now look at Figures 1 and 2. They show the comparative volumes of the Earth’s
water and air. Humans and all living things need both but there is not as much as
you might think.

<« Figure 1 The Earth’s water (hydrosphere)
compressed into a series of spheres in
comparison to the size of the Earth. The
largest sphere represents all the water (in
oceans, ice caps, lakes, rivers, groundwater,
atmospheric water and living things). The
medium-sized sphere is all the Earth’s liquid
freshwater. The smallest sphere is water in
rivers and lakes

This work must not be reproduced, stored, transmitted or circulated in any other form.

Key term

A system is a set of inter-related
parts working together to make a
functioning whole.

TOK

To what extent do these images
change the way you interpret the
world?

A Figure 2 All the air on Earth
(atmosphere) compressed into a sphere.
The atmosphere forms a thin layer around
the Earth. Half the air is within 5 km of
the surface and becomes less dense with
increasing altitude
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Systems diagrams

* Inputsand outputs to a system may be matter or energy.

*  Storages (stores) may be living or non-living.

Connections: This links to material
covered in subtopics 2.4, 5.1
and 8.2. * Sizes of storage boxes represent the relative sizes of the storages.

ATL skills used: thinking, communication

*  Flows are movements of matter or energy.

Using the model and key in Figures 3 and 4, draw your own systems diagram for the following systems:

* acandle * apond
e amobile phone *  you inputs storages outputs
* agreenplant * yourschool.
Label the inputs, outputs, storages and flows. A Figure 3 Ageneral system diagram
All systems have: Represented by:
abo
Storages or stores of matter or energy X
orcircle
Flows into, through and out of the system arrows _ or —_—>
Inputs arrows in E— or o
Outputs arrows out <= or P A—
Boundaries lines
Processes which transfer or transform e.g. respiration,
energy or matter from storage to storage precipitation, diffusion

A Figure 4 Key to the general system diagram

ATL skills used: thinking, research

Study Figure 5, a systems diagram of a deciduous forest ecosystem.

Herbivores are animals that eat plants; carnivores are animals that eat other animals. Decomposers and detritivores
break down dead organic matter such as leaves (detritus) or dead animals.

1. List the storages. 6. Which inputis brought in from outside the system?
2. Listthe flows. 7. How may it be broughtin?
3. Give three examples of plants that may be 8. What flows out of the system?

growing here. ) o
9. What is the process by which it flows out?

4. Give two examples of herbivores.
10. What else leaves the system?

5. Give two examples of carnivores.

This work must not be reproduced, stored, transmitted or circulated in any other form.
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Systems
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A Figure 5 Energy and matter exchanges in a deciduous forest ecosystem
Adapted from: Six Red Marbles and OUP

Transfers and transformations

Both matter (or material) and energy move or flow through ecosystems as
transfers or transformations.

In transfers, the matter or energy moves from one place to another but does not
change its state or chemical nature. Examples include:

* water moving from a river to the sea

* chemical energy in the form of sugars moving from a herbivore to a carnivore
when a carnivore eats the herbivore

* energy in the form of heat moving in ocean currents.

In transformations, the matter or energy changes state (such as liquid to gas; light
to chemical energy). Examples include:

* matter to matter (soluble glucose converted to insoluble starch in plants)
* energy to energy (light converted to heat by radiating surfaces)

* matter to energy (burning wood)

* energy to matter (ohotosynthesis).

Both types of flow (transfers and transformations) require energy. Transfers are
simpler—they require less energy and are more efficient than transformations.

This work must not be reproduced, stored, transmitted or circulated in any other form.

Connections: This links to material
covered in subtopics 2.3, 4.1
and 5.1.




Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Foundation

Open and closed systems

Most systems are open systems. All ecosystems are open systems exchanging
matter and energy with their environment.

ATL skills used: thinking, self-management

In the forest ecosystem, which of the following processes are transfers
and which are transformations?

1. Plants fix (capture) energy from light entering the system and use it
in photosynthesis to make sugars from carbon dioxide and water.

2. Soil bacteria fix nitrogen from the air into nitrates.

3. Herbivores that live within the forest may graze in adjacent
ecosystems such as a grassland but when they return, they
enrich the soil with faeces. A Figure 6 A deciduous forest (deciduous trees

shed their leaves each year)

4. Forestfires expose the topsoil, which may be removed by wind
and rain.

5. Mineral nutrients are leached (washed) out of the soil and transported in groundwater to streams and rivers.
6. Water is lost through evaporation and transpiration from plants.

7. Heatis exchanged with the surrounding environment across the boundaries of the forest.

Open system models can even be applied to the remotest oceanic

light energy island—energy and matter are exchanged with the atmosphere, surrounding
from the Sun oceans and even migratory birds.

A closed system exchanges energy but not matter with its environment.

System | Energy exchanged | Matter exchanged
Open Yes Yes
Closed Yes No

long-wave energy
(heat) returned
to space

A Table1 The difference between open and closed systems

Closed systems are extremely rare in nature. No natural closed systems exist on

Earth but the Earth itself can be thought of as an “almost” closed system.
A Figure 7 A closed system—the Earth

Light energy in large amounts enters the Earth’s system and some is eventually
returned to space as long-wave radiation (heat) (see Figure 7). Because a small
amount of matter is exchanged between the Earth and space, it is not truly

a closed system. What types of matter can you think of that enter the Earth’s
atmosphere and what types leave it?

Most examples of closed systems are artificial and are constructed for
experimental purposes. An aquarium or terrarium may be sealed so that only
energy in the form of light and heat but not matter can be exchanged. Bottle
gardens or sealed terraria usually do not survive for long because the system
becomes unbalanced (not in equilibrium). For example, there may not be enough
oxygen or carbon dioxide for plants and animals, and the organisms die.
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Systems

An example of a closed system that went wrong is Biosphere 2 (see Case
study 4). An example of a closed system that is in equilibrium is a bottle garden
that is sealed for decades with only light entering.

Equilibrium

Open systems tend to exist in a state of balance or stable equilibrium which
avoids sudden changes. This does not mean that systems do not change, but that
if change exists, it tends to exist between limits.

Examples of a steady-state equilibrium

¢ [fa water tankfills at the same rate that it empties, there is no net change but
the water flows in and out. It is in a steady state.

* Ineconomics, a market may be stable but there are flows of capital in and out
of the market.

* Inecology, a population of ants or any organism may stay the same size but
individual organisms are born and die. If these birth and death rates are
equal, there is no net change in population size.

* A mature climax ecosystem, like a forest, is in steady-state equilibrium with
no long-term changes. It usually looks much the same for long periods of
time, although all the trees and other organisms are growing, dying and
being replaced by younger ones. There are flows in and out of the system—
light inputs from the Sun; energy outputs as heat lost through respiration;
matter inputs in rainwater and gases; matter outputs in salts lost in leaching
and rain washing away the soil. Over years, the inputs and outputs balance.

* The maintenance of a constant body temperature is another example.
We sweat to cool ourselves and shiver to warm up, but our core body
temperature is about 37°C.

Maintenance of a steady-state equilibrium is achieved through negative feedback
mechanisms (see Figure 8).

average state

body temperature

o / goes up—we sweat
E
(%]
£ AT i \ N\ oV
i)
[
% \

R body temperature

time goes down—we shiver

A Figure 8 Steady-state equilibrium

Unstable and stable equilibria

Systems can be stable or unstable.

In a stable equilibrium the system tends to return to the same equilibrium after a
disturbance. In an unstable equilibrium the system returns to a new equilibrium
after disturbance. The differences are shown in Figure 9.

This work must not be reproduced, stored, transmitted or circulated in any other form.

Key terms

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.

A steady-state equilibrium is the
condition of an open system in
which flows are still occurring, but
inputs are constantly balanced with
outputs.
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Is the Earth’s climate in an unstable equilibrium now?

(a)

P Figure 9 Diagrams of (a) stable and
(b) unstable equilibria

Case study 4

Biosphere 2

Biosphere 2 was a prototype space city, a human
attempt to create a habitable closed system on Earth.
Built in Arizona at the end of the 1980s, Biosphere

2 was a greenhouse covering three hectares and
intended to explore the use of closed biospheres

in space colonization. Two major “missions”

were conducted but both ran into problems. The
biosphere never managed to produce enough food
to sustain the participants adequately and, at times,
oxygen levels became dangerously low and needed
augmenting. The inhabitants opened the windows
and doors thus making it an open system.

i
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A Figure 10 Biosphere 2

Inside Biosphere 2 were various ecosystems: a
rainforest, coral reef, mangroves, savanna, desert, an
agricultural area and living quarters. Electricity was
generated from natural gas and the whole building
was sealed off from the outside world.

For two years, eight people lived in Biosphere 2 in
afirst trial. But oxygen levels dropped from 21% to
14% and of the 25 small animal species put in, 19
became extinct, while ants, cockroaches and katydids
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thrived. Bananas grew well but there was not enough
food to keep the eight people from being hungry.
Oxygen levels gradually fell, and it is thought that soil
microbes respired much of this. Carbon dioxide levels
fluctuated widely. A second trial started in 1994 but
closed after a month when two of the team vandalized
the project by opening up windows and doors to the
outside. Cooling the massive greenhouses was an issue,
using three units of energy from air conditioners to cool
the air for the input of every one unit of solar energy.

So, there were social, biological and technological
problems with the project as the team split into factions
and questions were asked as to whether this was a
scientific, business or artistic venture.

The result was to show how difficult it is to make a
sustainable closed system when the complexities of
the component ecosystems are not fully understood.
Search for Jane Poynter's TED talk on Biosphere 2 online
and watch it.

Questions

1. Why do you think this project was called
Biosphere 27

2. Biosphere 2 has been described as a “closed
system”. What does this mean?

3. Wasittruly a closed system?

4. What type of equilibrium was reached in
Biosphere 27

5. Discuss what was learned from the Biosphere
2 experiments.

6. What does this suggest about humans’ ability
to restore ecosystems once they have been
destroyed?
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Systems

Feedback loops

Systems are continually affected by information from outside and inside the
system. Here are two simple examples.

1. Ifyou start to feel cold, you can either put on more clothes or turn the heating
up. The sense of cold is the information, putting on clothes or turning up the
heating is the reaction.

2. Ifyou feel hungry, you have a choice of reactions as a result of processing this
information: eat food or do not eat and feel more hungry.

Examples of negative feedback

1. Your body temperature starts to rise above 37°C because you are walking
in the tropical sun and the air temperature is 45°C. The sensors in your skin
detect that your surface temperature is rising so you start to sweat and go
red as blood flow in the capillaries under your skin increases. Your body
attempts to lose heat.

2. Athermostatin a central heating system is a device that can sense the
temperature. It switches a heating system on when the temperature
decreases to a predetermined level, and off when it rises to another warmer
temperature. So a room, a body or a factory can be maintained within narrow
limits of temperature.

3. Global temperature rises causing ice caps to melt. More water in the
atmosphere means more clouds. More solar radiation is reflected by the
clouds so global temperatures fall. (This is shown in Figure 11, but compare
with Figure 13, which interprets the situation differently.)

rising global
temperatures

melting ice
caps

falling global
temperatures

more solar
radiation
reflected by

clouds
\

more water
available for
evaporation

more clouds

A Figure 11 Negative feedback dampening change

4. Predator—prey interactions. The Lotka—Volterra model (proposed in 1925
and 1926) is also known as the predator—prey model and shows the effect
of changing numbers of prey on predator numbers. When prey populations
(e.g. mice) increase, there is more food for the predator (e.g. owls). The
predators eat more and breed more, resulting in more predators which eat

This work must not be reproduced, stored, transmitted or circulated in any other form.

Connections: This links to material
covered in subtopics 2.1, 2.5, 3.3,
4.4, 52, 6.2and7.3.

Key terms

A feedback loop is when
information starts a reaction that
may input more information which
may start another reaction.

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
stabilize the system and counteract
deviation.

...... prey
A | — predator

time

population

A Figure 12 Cycles of predator and prey in the

Lotka—Volterra model
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Key terms

Positive feedback loops occur
when a disturbance leads to an
amplification of that disturbance
which destabilizes the system and
drives it away from its equilibrium
towards a tipping point.

A tipping point is the minimum
change in a system that destabilizes
it and shifts the regime to a new
equilibrium or stable state.

Albedo is a measure of how
much a surface reflects. The more
reflective, the higher the albedo,
measured from Oto 1 oras a
percentage.

more prey so the prey numbers decrease. If there are fewer prey, there is
less food, and the predator numbers decrease. The change in number of
predators lags behind the change in prey numbers (Figure 12).

The snowshoe hare and Canadian lynx is a well-documented example of this
(see Data-based questions).

5. Some organisms have internal feedback systems, physiological changes
occurring that prevent breeding when population densities are high,
promoting breeding when they are low. It is negative feedback loops such as
these that maintain “the balance of nature”.

Examples of positive feedback

1. You are lost on a high snowy mountain. When your body senses that it
is cooling below 37°C, various mechanisms such as shivering attempt
to raise your core body temperature again. But if these are insufficient to
restore normal body temperature, your metabolic processes start to slow
down, because the enzymes that control them do not work so well at lower
temperatures. As a result, you become lethargic and sleepy and move around
less and less, so your body cools even further. Unless you are rescued at this
point, your body will reach a new equilibrium: you will die of hypothermia.

2. Insome low-income countries (LICs), poverty causes illness and contributes
to poor standards of education. In the absence of knowledge of family
planning methods and hygiene, this contributes to population growth and
illnesses, adding further to the causes of poverty. This is sometimes referred
to as “a vicious circle of poverty”.

3. Global temperature rises causing ice caps to melt. Dark soil is exposed so
more solar radiation is absorbed. This reduces the albedo (reflecting ability
of a surface) of the Earth so global temperature rises. Compare Figure 13
with Figure 11 and you can see that the same change can result in positive
or negative feedback. This is one reason why predicting climate change is
so difficult.

rising global
/ temperatures \
drop in albedo Nl
caps
more solar radiation dark soil
is absorbed exposed

—
A Figure 13 Positive feedback in global warming

Both natural and human systems are regulated by feedback mechanisms.
Generally, we wish to preserve the environment in its present state, so negative
feedback is usually helpful and positive feedback is usually undesirable.
However, there are situations where change is needed and positive feedback is
advantageous. For example, if students enjoy their Environmental Systems and
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Societies lessons, they want to learn more so they attend classes regularly and
complete assignments. Consequently, they move to a new equilibrium of being
better educated about the environment.

We shall come back to feedback loops in various sections of this book,
particularly in those relating to climate change and sustainable development.

[€) Data-based questions

Predator-prey interactions and negative feedback

The Hudson Bay Trading Company in Northern Canada kept very
careful records of pelts (skins) brought in and sold by hunters over
almost a century (Figure 15). This is a classic set of data and shows this
relationship because the hare is the only prey of the lynx and the lynx
is the only predator of the hare. Usually, things are more complicated.

It is assumed that the numbers of animals trapped was small
compared to the total populations and that the numbers trapped
were roughly proportional to total population numbers. Also, that
the prey always has enough food so does not starve. Given that, the
cycles are remarkably constant, with the lynx populations always
smaller than and lagging behind the hare ones.

A Figure 14 Canadian lynx chasing snowshoe
hare
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A Figure 15 Snowshoe hare and Canadian lynx population numbers from 1845 to 1940
1. Onaverage, what was the cycle length of the lynx population?
2. Onaverage, what was the cycle length of the hare population?
3. Why do lynx numbers lag behind hare numbers?
4. Why are lynx numbers smaller than hare numbers?
5

Things are never as straightforward in ecology as we expect, though. In regions where lynx
died out, hare populations continued to fluctuate. Why do you think this was?
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ATL skills used: thinking, research

Examples of feedback

@ Activity 10

Below are seven examples of positive and negative feedback mechanisms that might operate in the physical
environment. No one can be sure which of these effects is likely to be most influential, and consequently we cannot
know if the Earth will manage to regulate its temperature despite human interference with many natural processes.

* label each of the seven examples as either positive or negative feedback.

* From the same seven examples select one example of positive feedback and one of negative feedback. Draw
diagrams to show how the feedback in your selections affects the system. Include feedback loops on your diagrams.

1. Ascarbon dioxide levels in the atmosphere rise:

the temperature of the Earth rises

as the Earth warms, the rate of photosynthesis
in plants increases so more carbon dioxide

is removed from the atmosphere by plants,
reducing the greenhouse effect and reducing
global temperatures.

2. Asthe Earth warms:

ice cover melts, exposing soil or water

albedo decreases (albedo is the fraction of light
that is reflected by a body or surface)

more energy is absorbed by the Earth’s surface
global temperature rises

more ice melts.

3. Asthe Earth warms:

upper layers of permafrost melt, producing
waterlogged soil above frozen ground

methane gas is released in an anoxic environment
the greenhouse effect is enhanced

the Earth warms more, melting more permafrost.

4. Asthe Earth warms:

increased evaporation of water produces more
clouds

clouds increase albedo, reflecting more light
away from the Earth

temperature falls

rates of evaporation fall.

5.

As the Earth warms:

organic matter in soil is decomposed faster so
more carbon dioxide is released

enhanced greenhouse effect occurs
the Earth warms further

rates of decomposition increase.

As the Earth warms:

evaporation increases
snowfall at high latitudes increases
ice caps enlarge

more energy is reflected by increased albedo of
ice cover

the Earth cools

rates of evaporation fall.

As the Earth warms:

polar ice caps melt releasing large numbers of
icebergs into oceans

warm ocean currents such as the Gulf stream
are disrupted by additional freshwater input
into oceans

reduced transfer of energy to the poles reduces
temperature at high latitudes

ice sheets reform and icebergs retreat

warm currents are re-established.
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The Gaia hypothesis—a model of the Earth

In the 1970s, James Lovelock and Lynn Margulis put forward the Gaia hypothesis.
They argued that the Earth and its biological systems act as a single entity which
has self-regulating negative feedback loops to keep conditions on Earth within a
range favourable to life. The name “Gaia” was used because it is the name of an
Ancient Greek Earth goddess.

The argument is based on these facts:

¢ Thetemperature at the Earth’s surface is constant even though the Sun is
giving out 30% more energy than when the Earth was formed.

* The composition of the atmosphere is constant with 79% nitrogen,
21% oxygen and 0.03% carbon dioxide. Oxygen is a reactive gas and
should be reacting, but it does not.

* The oceans’ salinity is constant at about 3.4% but rivers washing salts into the
seas should increase this.

TOK

Does this image change the way
we interpret the hypothesis?

A Figure 16 An image of Gaia—
Ancient Greek Earth goddess

* Despite volcanic eruptions and meteor impacts the Earth remains habitable. @ Activity 11

After much criticism, James Lovelock and Andrew Watson developed a DaisyWorld
as a mathematical simulation to show that feedback mechanisms can evolve from
the activities of self-interested organisms—black and white daisies in this case.

In Lovelock’s book The Revenge of Gaia, he makes a strong case for the Earth
being an “older lady” now, more than halfway through her existence as a planet
and so not being able to bounce back from changes as well as she used to.

He suggests that we may be entering a phase of positive feedback when the
previously stable equilibrium will become unstable—passing a tipping point—
and we will shift to a new, hotter, equilibrium state. Controversially, he suggests
that the human population would survive but with a 90% reduction in numbers.

Tipping points

Small changes occur in systems and may not make a huge difference. But when
these changes tip the equilibrium over a threshold, known as a tipping point
(Figure 17), the system may transform into a very different one. Then positive
feedback loops drive the system to a new steady state.

Characteristics of tipping points

¢ They involve positive feedback which makes the change self-perpetuating
(for example, deforestation reduces regional rainfall, which increases fire-risk,
which causes forest dieback).

¢ Thereis a threshold beyond which a fast shift of ecological states occurs.
® The threshold point cannot be precisely predicted.

® The changes are long-lasting.

* The changes are hard to reverse.

* Thereisasignificant time lag between the pressures driving the change
and the appearance of impacts, creating great difficulties in ecological
management.
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ATL skills used: research

Search on the web for a DaisyWorld
or DaisyBall computer simulation
and have a go at the game.

Key term

An ecological tipping point

is reached when an ecosystem
experiences a shift to a new state in
which there are significant changes
to its biodiversity and the services it
provides.

tipping
point

; NN

A Figure 17 lllustrating a tipping point
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Key term

Keystone species are species
which have a large influence on
an ecosystem relative to their
population size. They are the
“glue” of their ecosystem and their
loss alters the ecosystem greatly.
They may be animals, plants or
microorganisms. Without them,
the ecosystem may not exist or
may exist in a very different form.
Examples include elephants, sea
stars, sea otters and grey wolves.

TOK

Does the use of the metaphor
“tipping point” influence our
perspective on this knowledge?

Examples of tipping points

1. Lake eutrophication—if nutrients are added to a lake ecosystem, it may
not change much until enough nutrients are added to shift the lake to a
new state—then plants grow excessively, light is blocked by decomposing
plant material, oxygen levels fall, and animals die. The lake is described as
eutrophic. It takes a great effort to restore such a lake to its previous state.

2. Extinction of a keystone species—if a keystone species is lost from an
ecosystem, the system may be transformed to a new state which cannot be
reversed.

3. Coral reef death—if ocean acidity levels rise enough, reef coral dies and
cannot regenerate.

Tipping points are well-known in local or regional ecosystems but there is debate
about whether or not we are reaching a global tipping point. Some people say
that climate change caused by human activities will force the Earth to a new,
much warmer state—as much as 8°C warmer than today. But evidence is that

we see warming in one region and cooling in others, wetter in some and drier in
others. The global system is extremely complex and every ecosystem responds
differently.

If there are global tipping points, there are major implications for decision-
makers. Some may think that below this point not much would change but once
itis reached, all is lost as society could not respond fast enough. That could lead
to inaction or despair: a point of view summed up as: “What's the point? There is
nothing we can do now.”

The best approach may be the precautionary one. This means that although we
do not know what will happen, we can take steps to modify what we do and so
minimize risk. Such risk management is the responsible route to take.

Complexity and stability

Most ecosystems are very complex. There are many feedback links, flows and
storages. It is likely that a high level of complexity makes for a more stable system
that can withstand stress and change better than a simple one. This may be
because another pathway can take over if one is removed.

Imagine a road system where one road is blocked by a broken-down truck;
vehicles can find an alternative route on other roads. If a community has a number
of predators and one is wiped out by disease, the other predators will increase

in number because there is more prey for them to eat. So prey numbers will not
increase in these circumstances.

Tundra ecosystems are fairly simple and populations in them may fluctuate widely
(e.g. lemming population numbers).

Monocultures (farming systems in which there is only one major crop) are vulnerable
to the sudden spread of a pest or disease through a large area with devastating
effect. The spread of potato blight through Ireland in 1845-48 provides an example.
Potato was the major crop grown over large areas of the island, and the cultural,
biological, economic and political consequences were severe.
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Resilience of systems

The resilience of a system measures how it responds to a disturbance. Resilience
is the ability of a system to return to its initial state after a disturbance. If it has low
resilience, it will enter a new state (see Figure 18).

Resilience can be modelled as a ball in a bowl. If the ball is pushed upwards, it
returns to the bottom of the bowl—its initial state. But if it is pushed enough, it will
leave the bowl and settle elsewhere—in an additional state. The higher the walls
of the bowl, the more resilience the system has because the more energy you
need to push it out of the bowl. See Figure 17 as well.

Resilience is generally considered a good thing, whether in a society, individual
or ecosystem, as it maintains stability of the system.

In eucalypt forests of Australia, fire is seen as a major hazard. But eucalypts have
evolved to survive forest fires. Their oil is highly flammable and the trees produce a lot
of litter which also burns easily. But the trees regenerate quickly after a fire because
they have buds within their trunks and plants that would have competed with them
are destroyed. The eucalypts are resilient. But when the indigenous eucalypts are
replaced by tree species that cannot withstand fire, it can be devastating.

In managed systems, such as agriculture, we want stability so we can predict that
the amount of food grown is about the same each year. If this does not happen,
there can be disastrous consequences (for example, the 1840s Irish potato
famine, and the 2022 East Africa drought and famine).

But resilience is not always good. For example, a pathogenic bacterium causing a
fatal disease could be very resilient to antibiotics. This would mean that it would kill
many people. In this case, resilience of the bacterium to antibiotics is not good for us.

Factors affecting ecosystem resilience

* The more diverse and complex an ecosystem, the more resilient it tends to
be as there are more interactions between different species.

* The greater the species biodiversity of the ecosystem, the greater the
likelihood that there is a species that can replace another if it dies out and so
maintain the equilibrium.

* The greater the genetic diversity within a species, the greater the resilience.
A monoculture of wheat or rice can be wiped out by a disease if none of the
plants have resistance which is more likely in a diverse gene pool.

* Species that can shift their geographical ranges are more resilient.

* The larger the ecosystem, the more resilience as animals can find each other
more easily and there is less edge-effect. For example, a lake is more resilient
than a puddle.

* The climate affects resilience—in the Arctic, regeneration of plants is very
slow as the low temperatures slow down photosynthesis and so growth. In
the tropical rainforests, growth rates are fast as light, temperature and water
are not limiting.

* Aspecies that reproduces at a faster rate can recover more quickly.
Those with a fast reproductive rate can recolonize the ecosystem faster.

This work must not be reproduced, stored, transmitted or circulated in any other form.

tipping point

current
state

resilience

P
additional state
initial state

A Figure 18 The more resilient a system,
the more disturbance it can deal with

A Figure 19 Fire in a eucalypt forest
in Australia
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Connections: This links to material
covered in subtopic 1.1.

* Humans can remove or mitigate the threat to the system (e.g. remove
pollutants, reduce invasive species) and this will result in faster recovery.

* Humans can decrease resilience by reducing biodiversity, e.g. monoculture
crops in the North American prairies; reducing size, e.g. making roads
through ecosystems and splitting them into smaller areas; and reducing
genetic diversity, in cloning e.g. bananas (see subtopic 3.1).

Emergent properties

An emergent property is a property of a system but not of the individual parts of
the system.

Examples of emergent properties

1. Your face: your eyes, ears, nose and mouth are all sensory organs but only
together do they make your face what it is.

2. Chlorine is a toxic gas and sodium is a very reactive metal. Bonded together,
they make the compound sodium chloride (salt).

3. Honey bees: a honey bee colony shows division of labour in which the
queen lays eggs, workers collect pollen and nectar and care for the eggs,
and drones mate with the queen. Individually a bee is not a functioning
colony, collectively bees are.

4. Predator-prey oscillations (see Figure 12).

5. Trophic cascades (see subtopic 2.5).

Models of systems

A modelis a simplified version of the real thing. Humans use models to help

us understand how a system works and to predict what happens if something
changes. Systems work in predictable ways, following rules. But as humans, we do
not always know what these rules are. A model can take many forms. It could be:

* aphysical model (e.g. a wind tunnel or river, a globe or model of the solar
system, an aquarium or a terrarium)

*  asoftware model (e.g. of climate change or evolution such as DaisyWorld)
* mathematical equations
* data flow diagrams.

Models have limitations as well as strengths. They may omit some of the
complexities of the real system (through lack of knowledge or for simplicity),
but they enable us to predict the effects of change to the inputs of the system.

The strengths of models are that they:
® are easier to work with than complex reality
* can be used to predict the effect of a change of input

® can be applied to other similar situations
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® can help us see patterns

* canbe used to visualize really small things (atoms) and really large things

(the solar system).
The weaknesses of models are:
® accuracy is lost because the model is simplified
e ifourassumptions are wrong, the model will be wrong

* predictions may be inaccurate.

Check your understanding

In this subtopic, you have covered:

*  systems being: living or non-living (e.g. biological,
social, economic); open (exchanging energy and
matter) or closed (exchanging matter only); at any
scale—small or large (a cell is a system; so are you,
a bicycle, a car, ahome, a pond, an ocean, a smart
phone, a farm, the Earth)

* systems as sets of interacting or interdependent
components which are organized to make a
functioning whole

* systems having storages and flows between storages

* flows providing the inputs and outputs of energy and
matter to a system and sometimes inputs are stored in
storage or stock

* material and energy undergo transfers and
transformations in flowing from one storage to the next

* feedbackloops may be negative (reduce change and
stabilize the equilibrium) or positive (increase change
and destabilize equilibrium leading to a tipping point)

* models have their limitations but can be useful in
helping us to understand systems

* emergent properties are those properties of a system
which are not held by its individual components

* resilience of a system is its ability to resist change or
adapt to disturbance; it is reduced in lower diversity

)) Taking it further

construct a systems diagram.
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or smaller systems, and by humans who fragment
ecosystems or reduce their biodiversity.

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

1.
2.

* Educate your peers about the importance of tipping points.

Define a system.

Draw an open theoretical system diagram showing
storages, flows, inputs and outputs.

List four ecosystems in increasing order of size.

Explain how
a. negative and
b. positive

feedback loops affect a system in terms of the
equilibrium reached.

Describe an example of a tipping point.

Explain what a model is and what its advantages and
disadvantages are.

Explain an emergent property using a named
example.

Describe resilience of a system and explain how scale
and complexity affect it.

e Build a bottle ecosystem, or other lab-based ecosystem (i.e. a mesocosm, terrarium, or aquarium) and use it to

*  Use your skills of system analysis to help solve a whole-school problem.
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|l Sustainability

Guiding questions

® What is sustainability and how can it be measured?

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

Understandings

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.

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

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

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

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.

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.

Unsustainable use of natural resources can lead to ecosystem collapse.

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

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.

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

11. Sustainability and environmental justice can be applied from at the individual to the
global scale.

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.

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.

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).

~

This work must not be reproduced, stored, transmitted or circulated in any other form.




Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Sustainability

15. Biocapacity is the capacity of a given biologically productive area to ‘ ‘ The ultimate test of a moral
generate an ongoing supply of renewable resources and to absorb its society is the kind of world that it

resulting wastes. ) to its child
16. Citizen science plays a role in monitoring Earth systems and whether eaves to s chutdren. , ,

resources are being used sustainably. Dietrich Bonhoeffer (1906-

17. Thereis a range of frameworks and models that support our understanding
of sustainability, each with uses and limitations.

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.

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 tomorrow. , ,
to those systems, and proposes that crossing those limits increases the risk
of abrupt and irreversible changes to Earth systems.

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.

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.

1945), German theologian

He who slaughters his cows
today shall thirst for milk

Muslim proverb

Sustainability

Being sustainable means living within the means of nature, on the interest or
sustainable natural income generated by natural capital. This means, for
example, not overfishing. Humans consume natural resources all the time.
You use electricity to power machines, heat or cool homes, you eat and drink,
wear clothes, use transport. But sustainability is a word that may mean different
things to different people and sustainability may be environmental, social or
economic.
Connections: This links to material

The word “sustainable” is often used as an adjective in front of words such as covered in subtopics 1.2 and 7.2.

resource, development and population.

Key terms

Sustainability is a measure of the extent to which human activities 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.

Natural income is the yield or harvest from natural resources.

Natural capital is the stock of natural resources on Earth. This includes rocks, soil, water, air and all living things. It also
includes the services that support life such as photosynthesis and the water cycle.

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

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

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.

This work must not be reproduced, stored, transmitted or circulated in any other form.




Foundation

Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

ATL skills used: thinking, research

Compare the two models in Figures 1 and 2.

social-environmental
environmental justice
natural resources stewardship
locally and globally

environmental
natural resource use
environmental management

environmental-economic
energy efficiency
subsidies/incentives for
use of natural resources

pollution prevention
(air, water, land, waste)

sustainable

economic
profit
cost savings
economic growth
research and
development

social

standard of living
education
community

equal opportunity

economic-social
business ethics
fair trade
workers' rights

A Figure 1 The spheres of a sustainable model. Only when all three overlap is there sustainability

1. Why do the social and economic circles of the Venn diagram overlap the
environmental circle?

2. s culture relevant to these models of sustainability? Where would you ccononmy,

draw itin?

3. Does the choice of model change how we treat our environment?
society
4. Evaluate these models. (Consider their strengths and weaknesses.)

P Figure 2 An alternative model of sustainability representing environment

all other systems within the environmental system
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Why sustainability?

Economists may have a different view from environmentalists on what
“sustainable development” means. You make judgements and decisions all the
time about the actions you take: what you eat, what you do, what you use, how
you behave to others. A sustainable society tries to ensure that it is a fair and
just one, a healthy one and one that leaves a healthy environment with enough
natural income to provide for future generations.

Any society that supports itself in part by depleting essential forms of natural
capital is unsustainable. There is a finite amount of materials on Earth and we are
using much of it unsustainably. In economic terms, we are living on the capital as
well as the interest. Our societies and economies cannot grow or make progress
outside environmental limits. Sensible use of renewable natural capital is
sustainable. Mining non-renewable natural capital (e.g. coal, metal ores) to
supply resources is not sustainable and the capital will eventually run out.

Look back at the key terms:

* social sustainability

® economic sustainability

® environmental sustainability.

Only when these three pillars are in balance can true sustainability be achieved
(Figure 1).

Environmental sustainability is managing resources to conserve biodiversity,
reduce or remove pollution and avoid depleting resources. Enhancing resilience
of systems enhances sustainability.

But environmental improvement is not sustainability unless it includes economic
and social factors.

Investing in social and human sustainability improves the human capital of society.

This means better health programmes, better nutrition, skills and knowledge. It
also means preserving the rights of future generations to these.

Economic sustainability is about efficient production of goods and services and
maintaining this over time. Indicators of economic development usually measure
monetary value and neglect the value of natural systems.

A common indicator of economic development is gross domestic product
(GDP)—the total value of goods and services produced by a country over a
period of time. But the challenge is to add the monetary value of natural goods
and services to GDP for a true measure of sustainability.

Green GDP is an indicator of economic growth with environmental factors taken

into account alongside the standard GDP of a country. Green GDP factors include

biodiversity losses and costs attributed to climate change.

Is it possible to balance these three pillars of sustainability? That is what society is
trying to do now.
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Key terms

Renewable natural capital can be
generated or replaced as fast as it is
being used. This includes all life and
ecosystems as well as non-living
systems such as the ozone layer or
groundwater.

Non-renewable natural capital
is either irreplaceable or can only
be replaced over geological
timescales (e.g. fossil fuels, soil,
water in aquifers and minerals).

Connections: This links to material
covered in subtopic 1.2.
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@D Activity 13

ATL skills used: communication, social, research, self-management

There are some hard facts here. Is it all bad? No; it is up to you to make a difference.
Circles of sustainable positivity

Work in groups of three or four. Each person in the group should choose a sustainable area (from social, economic and
environmental sustainability). Examples are:

* social: good nutrition, good healthcare, good education, good housing, aesthetics, cultural opportunities

* economic: increased wealth in a society, increased equity, decent employment opportunities, public infrastructure
improvements, renewable energy supplies

* environmental: conserving biodiversity, habitat restoration, cleaner air, cleaner water, improving soils.

Each person should draw a large circle on a piece of paper. Do some research and fill your circle with positive news, facts
and images (nothing negative). Think creatively.

Pass your circle to the next person in your group so they can add to it. Then repeat so each person has added something
positive to each circle. Finally, share your ideas with the class.

The term sustainable development was introduced in the Brundtland Report
Our Common Future (1987). It was defined as “development that meets the
needs of the present without compromising the ability of future generations to
meet their own needs”.

It took three years for the commission to investigate and then write the report.
The report stated that “critical global environmental problems were primarily the
result of the enormous poverty of the South and the non-sustainable patterns of
consumption and production in the North”.

The Brundtland Report was a crucial publication because it recognized
that human resource development (socio-economic development) and
environmental conservation were both necessary:

* inreducing poverty
* in promoting equity of wealth, gender and justice.

It also recognized limits to growth in industrialized countries.

@D Activity 14

ATL skills used: communication, research 3. What are the three principles of sustainability outlined

) in the report?
Following on from the Brundtland Report came the

Earth Summit of 1992 which led to Agenda 21, the Rio 4. Were any results of subsequent actions legally
Declaration and documents on forest conservation, binding on countries?

biodiversity and climate change. o ) )
5. How many countries signed the Rio Declaration?

1. Look up and make brief notes on the Brundtland Report. )
How relevant is the Brundtland Report today?

2. Who was Brundtland?
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Ecological overshoot

The World Wide Fund for Nature (WWF), an NGO, notes that “humanity’s annual
demand on the natural world has exceeded what the Earth can renew in a year

since the 1970s". This “ecological overshoot” has continued to grow over the years,
reaching a 50% deficit in 2008 and a 75% deficitin 2018. This means that it takes 1.75
years for the Earth to regenerate the renewable resources that people use and absorb
the carbon dioxide waste they produce, in a year.

Connections: This links to material
covered in subtopics 1.2 and 4.3.

How can this be possible when there is only one Earth? Renewable resources can
be harvested faster than they can be re-grown. In the same way, it is possible to
withdraw money from a bank account faster than waiting for any interest this money
generates. And, just like overdrawing from a bank account, using a renewable
resource faster than it can regenerate leads to depletion of the resource.

At present, people are often able to shift their sourcing when this happens.
However, at current consumption rates, the new sources will also run out of
resources. And some ecosystems will collapse even before the resource is
completely gone. This overshoot is due to the level of overall consumption
and per capita consumption. It is more in some parts of the world and cannot
continue indefinitely.

Earth Overshoot Day

Earth Overshoot Day marks the date when humanity’s demand for ecological
resources and services in a given year exceeds what the Earth can regenerate in
that year. We—as a global population—at present consume resources as if we
had 1.75 planets. Some use more than others. See Figures 3 and 4.

Earth Overshoot Day 2022

USA: 13th March
Jamaica: 20th December

Denmark: 28th March

Finland: 31st March

Vietnam: 12th September Netherlands: 12th April

Brazil: 12th August UK: 19th May

China: 2nd June

A Figure 3 Earth Overshoot Day 2022 for selected countries (from Global Footprint Network (GFN) data)
Adapted from: National Footprint and Biocapacity Accounts, 2022 (CC BY-SA 4.0)
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Earth Overshoot Day 1971- 2022

December
November
October
September
August
July

June

May

April
March
February

January

1971
1973
1975
1977
1979
1981
1983
1985
1987
1989
1991
1993
1995
1997
1999
2001
2003
2005
2007
2009
20M
2013
2015
2017
2019
2021
2022

[ when resource demand is within the Earth’s biocapacity
B when resource demand overshoots (exceeds) the Earth’s biocapacity

A Figure 4 Earth Overshoot Day up to 2022
Data from: National Footprint and Biocapacity Accounts, 2023 (CC BY-SA 4.0)

The Earth Overshoot Day is the estimated date each year when the GFN
calculates that all the natural income for the year has been used. In 2022 it was on
28 July. Look up the GFN site and find out what the Earth Overshoot Day is now.

While Earth Overshoot Day is an estimate, we know that globally humans are not
living within sustainable limits. Some of us are, but some are using far, far more
than is sustainable. There is huge inequality globally in use of natural resources.
What to do about it is challenging all humans.

Environmental justice is the right
of all people regardless of race,
gender, socio-economic status or
national origin to:

e live ina pollution-free
environment free from
hazardous waste

* have equitable access to natural
resources

* have fair treatment through
laws and regulations.

Environmental justice

Environmental justice is also known as “distributive justice”. This means that
the risks and benefits of environmental exploitation are equally distributed.

The global environmental justice movement developed in the 1980s, following
many cases in which local peoples were impacted by multinational corporations
extracting resources or creating industrial complexes that caused harm.

Sadly, there are many examples of environmental injustice. They can be classified
as examples of:

* hazardous waste dumping * land appropriation

insufficient safety measures climate justice issues.

® resource extraction
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You have already read about the Bhopal, Minamata and Deepwater Horizon
disasters. These all have environmental justice implications. Other examples are:

This work must not be reproduced, stored, transmitted or circulated in any other form.

landfill or incinerator sites for domestic or industrial waste that are situated

near communities of low income (e.g. Ghazipur in Delhi, India)

waste plastic disposal from high-income countries (HICs) to low-income
countries (LICs) and associated pollution of water and air (e.g. to Malaysia,

Thailand, Vietnam)

mining tailings dams (e.g. in Chile)

Maasai land rights in Tanzania and Kenya (see Case study 5)

indigenous land rights in Australia and North America

indigenous property rights in the Amazon

Connections: This links to material
covered in subtopics 1.1, 3.3, 4.2,
43,52,53,6.3,7.2,83andHL.a.

disparity in energy, electricity or water supplies for different groups

ina society.
‘; Maasai land rights
" From websites.umich.edu/~snre492/Jones/maasai.
5 htm
k7
@ [hereare over one million indigenous Maasai people
g who live in the African Great Lakes region of southern
O  Kenyaand northern Tanzania (Figure 5). They are

traditionally transhumance nomadic pastoralists who
live by herding their livestock—mostly cattle—over
vast areas of land in search of grazing and water.
Transhumance is the practice of moving livestock
seasonally from one grazing area to another. Maasai
people mostly live on the blood and milk of their
animals and rarely kill them for meat.

UGANDA KENYA

. Nairobi

INDIAN
OCEAN

TANZANIA

Bl Maasai area

A Figure 5 Maasai area

There was a view during colonization by the British
empire that the Maasai way of life was not compatible

with wildlife in the area and national parks were created
with no consideration for local peoples. It is easier for
authorities to regulate and know about a sedentary
population who stay in one place (for example, farmers)
than nomads. Also, land was privatized and rancher
colonists moved in to displace the Maasai.

Parks and animal reserves have proliferated as
governments encourage tourism, development and
sedentary lifestyles in towns, and Maasai traditional
lands have been taken from them.

The British and, after independence, the Kenyan
governments valued wildlife for the income from
tourism more than the indigenous Maasai. Various
land exchanges moved the Maasai from their
traditional grazing areas to smaller land areas which
were not compatible with pastoralism. The belief
was that the Maasai herds would overgraze to the
detriment of wildlife.

The Serengeti with its iconic wildebeest herds was
an area mostly lost to the Maasai and in the 1950s
they were moved to the Ngorongoro Conservation
Area (NCA) in Tanzania. Here is the highest
concentration of wildlife on Earth when the annual
migration of more than one million wildebeest,
half a million gazelles and quarter of a million
zebras come over from the Serengeti. It contains

a high population of lions and cheetahs and is

a refuge for elephants and black rhinos. While
management plans were supposed to protect the
Maasai, their lives became worse not better as the
plans prioritized wild animals, and thus tourism
income, not the Maasai.

9
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S
The Maasai have practised pastoralism for at least -
) ] ) earlier European settlers,
200 years and adjust their herd numbers in order ey mulineiionsls
to live sustainably. But various threats are damaging (flowers, fruit and increase in Kikuyu
them and driving them to more poverty, not less vegetables) using Rift population = extra
Fi 6). R lv thev h b - less land = Valley for commercial pressure on land;
( |gure ). Recently, t gy ave .egun to organize less mobility = produce expansion into
the|r struggle for land rights. Th|§ has not happened less migrgtiorl= I
earlier because the nature of their way of life ovErgEHINg = 7
thev h inale leader: is th carrying capacity
means they have no single leader; nor s there any exceeded urbanization due to
international advocate for their case. high birth rates and
. . rural-urban
The issues are: greater risk of drought Maasai under ’ migration

as some water supplies ’ threat

* scale of tourism industry are lost and demand \
_ _ ) increases from Kenya INCHESS I Maasai

* |ack of income from tourism to Maasai as awhole population
communities

o ltural diff bet . threat to plough up areas tourism: the latest Maasai moved out of
St 2l IEEGes [DRmEEl VeI SIORs around Narok to grow threat to the national parks and

. . . . . . wheat for Kenya's growing Maasai’s traditional reserves: loss of land
lack of inclusion of Maasai in decision-making population way of life, society and water supplies

and culture

* |ack of communication between groups
e land grabs by various groups A Figure 6 Threats to the Maasai
* climate change causing droughts

® increasing populations.

Sustainability indicators

ATL skills used: communication,

How we measure sustainability is crucial, and there are many ecological and
research, self-management

socio-economic indices we can use. These could be anything from air quality,
Read Case study 5 on Maasai environmental vulnerability and water poverty to GDP per capita (per head of
land rights. Research one local population), life expectancy or gender equity.

and one global example of an
environmental justice issue. Make a
display of your choice to show:

We can also measure sustainability on scales from local to global. The smaller the
scale, the more accurate it can be, but we need a global measurement to get the
whole picture.

* theissue Both environmental justice and sustainability can be viewed at operating scales

e the stakeholders—such ranging from the individual to intergovernmental organizations (Figure 7).

as companies, peoples,
governments, local authorities,
NGOs and pressure groups

* theimpacts of the activity
* the actions taken by all parties

* theresults.

This work must not be reproduced, stored, transmitted or circulated in any other form.




Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Sustainability

to behave

increasing uses, what it produces, who invests in it
scale . . . . .
A cultural, religious or political community on how it sets and regulates its rules and norms
(e.g. peaceful protest to reduce traffic or development)
A city and a country on setting policies and laws and socio-economic systems
v A global organization such as the UN on agreeing intergovernmental treaties and laws

Your individual decision on what to buy and use and how to dispose of it, where to live, how

A business or company on its aims and mission, how and where it operates, what resources it

A Figure 7 Scales of sustainability and environmental justice

Sustainability indicators include:

*  Dbiodiversity

pollution levels

* human population size, health and income
* energy production and consumption

* climate change

* ecological and carbon footprints.

Ecological footprints

An ecological footprint (EF) is a model used to estimate the demands that
human populations place on the environment. The measure takes into account

the area required to provide all the resources needed by the population, plus the

assimilation of all wastes. When the EF is greater than the area available to the
population, the situation is unsustainable: the population exceeds the carrying
capacity (see subtopic 8.4) of the environment.

EFs may vary significantly from country to country and person to person and
include aspects such as lifestyle choices (EVS), productivity of food production
systems, land use and industry.

The ecological footprint indicator of sustainability can be applied at an individual
to global scale, and it is visual so can be interpreted easily.

There are other measures of ecological footprint. A carbon footprint is
the amount of greenhouse gases produced, measured in carbon dioxide
equivalents. A water footprint measures water use.

Carrying capacity is the inverse of EF. Carrying capacity is the number of a
population that a unit of land can support. EF is the area of land that is needed to
support that population.

Biocapacity and ecological footprints are methods of measuring human impact
on the environment.

If an area’s EF is greater than its biocapacity, the situation is unsustainable.

This work must not be reproduced, stored, transmitted or circulated in any other form.

Key terms

An ecological footprint (EF) is
the area of land and water required
to sustainably provide all the
resources required at the rate of
consumption and to assimilate all
wastes at the rate of production by
a given population.

Carrying capacity is the maximum
number of individuals of a

species that the environment can
sustainably support.

Biocapacity is the capacity of a
biologically productive area to
generate a supply of renewable
resources and to absorb its waste.

@ Activity 16

ATL skills used: thinking,
communication, social, research

1. Measure your EF at
www.footprintcalculator.
org/home

2. Inwhat ways does your EF
differ from those of your
classmates and why?

3. Plotyour class EFs graphically.
Comment on the graph.

4. How might you reduce your EF?

5. How might the EF of other
socio-economic groups differ?

6. Evaluate the accuracy of using
an EF calculator.
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Foundation

¢ Tool 1: Experimental techniques
¢ Tool 2: Technology
* Inquiry 1: Exploring and designing

Produce a questionnaire of your own to calculate the EF of a person. You can use the ideas in
Figure 8 to help you.

carbon

represents the amount of forest land that
could sequester CO, emissions from the
burning of fossil fuels, excluding the
fraction absorbed by the oceans which
leads to acidification

——

; i e S
grazing land
represents the

amount of grazing

land used to raise
livestock for meat,
dairy, hide and
wool products

cropland
represents the amount
of cropland used to
grow crops for food and
fibre for human
consumption as well as for
animal feed, oil crops and rubber

1 Bl
forest built-up land fishing grounds
represents the amount represents the amount | calculated from the
of forest required to of land covered by estimated primary
supply timber products, human infrastructure, production required
pulp and fuel wood including transportation, | to support the fish
housing, industrial and seafood caught,
structures and reservoirs | based on catch data
for hydropower for marine and
freshwater species

A Figure 8 Ecological footprint calculator
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In 1961, it was calculated that the EF of all people on Earth was 0.72 global hectares Connections: This links to material
(gha) per person. Then the biocapacity of the Earth was within sustainable limits. covered in subtopics 4.2, 6.2, 6.3

In 2018, the EF was equivalent to 1.75 Earths or 2.8 gha per person. [t would take ~ @nd 83
21 months to regenerate one year's worth of resources that humans use. Since

the 1970s, we have been in ecological overshoot: our annual demand on the

natural world exceeds what it can supply.

[€) Data-based questions

3.5
3.01 Key . .
. . TR PSP RISLITE ecological footprint
259 e OCLLLAAAL TIPSO - biocapacity
20- «i carbon footprint

1.5

"t
II,I':,,I" £y

U

Ygpprnnt

/
!
"
Yz

1.04#

global hectares per person

0.5

O|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 4Flgure9G|oba|EFandblocapaCIty1961—2022
1961 1970 1980 1990 2000 2010 2020 Datafrom: © 2022 WWF - World Wide Fund For Nature

1. Study Figure 9, a graph from the GFN organization in WWF Living Planet Report 2022.

a. Explain why the biocapacity has fallen but global d. Explain how some countries increase their
EF remained about the same. carrying capacity.

b. List reasons for the uneven distribution of natural e. Describe the change in carbon footprint from
resources across the Earth. 1961 to 2022.

c. List reasons for the uneven consumption of natural f. Explain why this has risen slightly.
resources.

Key
Bl < 1.7 gha/person
1.7-3.4 gha/person
[ 3.4-5.1 gha/person
I 5.1-6.7 gha/person
[ >6.7 gha/person
insufficient data

A Figure 10 Global EF per person
WWEF (2022) Living Planet Report 2022 - Building a nature-positive society. Almond, R.E.A., Grooten, M., Juffe Bignoli, D. & Petersen, T.
(Eds). WWF, Gland, Switzerland.
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2. Study Figure 10. The Earth’s biocapacity was 1.6 gha per person in 2022.

The ecological footprint of a country depends on several factors: its population size and consumption per
capita—how many people and how much land each one uses. It includes the cropland and other land that is
needed to grow food, grow biofuels, graze animals for meat, produce wood and dig up minerals, and the
area of land needed to absorb wastes—not just solid waste but wastewater, sewage and carbon dioxide.

a. Listthe regions on Earth in which the EF per person is lower than global biocapacity.
b. Describe possible reasons for high EFs in North America, Australia and Mongolia.

c.  Where else in the world is EF very high? Explain why.

d. State possible reasons for insufficient data from Greenland and Iceland.

e. State possible reasons for insufficient data from the country at the Horn of Africa.

Sustainability models

Sustainability models, like all models, are simplified versions of reality and
therefore have both uses and limitations. Here we look at four sustainability
frameworks and models:

e Sustainable Development Goals (SDGs)
* planetary boundaries model
¢ doughnut economics model

e circular economy.

@ Activity 17

ATL skills used: social, research, self-management

The Millennium Ecosystem Assessment (MEA) is funded by the UN and started in 2001. Itis a research programme
that focuses on how ecosystems have changed over the last decades and predicts changes that will happen. In 2005,

it released the results of its four-year study of the Earth's natural resources. It was not happy reading. The report said that
natural resources (food, freshwater, fisheries, timber, air) are being used in ways that degrade them so as to make them
unsustainable in the longer term.

Key facts reported in 2005 were:

60% of world ecosystems have been degraded
about 25% of the Earth’s land surface is now cultivated

we use between 40% and 50% of all available freshwater running off the land and water withdrawals have doubled
over the past 40 years

over 25% of all fish stocks are overharvested

since 1980, about 35% of mangroves have been destroyed

about 20% of corals have been lost in 20 years and another 20% degraded

nutrient pollution has led to eutrophication of waters and dead coastal zones

species extinction rates are now between 100 and 1,000 times above the background rate

we have had more effect on the ecosystems of the Earth in the last 50 years than ever before. Q
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©

Some recommendations were to:

* remove subsidies to agriculture, fisheries and energy sources that harm the environment

* encourage landowners to manage property in ways that enhance the supply of ecosystem services, such as carbon

storage, and the generation of freshwater

* protect more areas from development, especially in the oceans.

1. Research statistics for the key indicators listed and attempt to complete Table 1.

2. Add other data to the key indicators that you think is relevant.

3. Compare your data with others in the class.

| 2005 | Current year

Degraded ecosystems percentage 60%

Land surface area cultivated 25%

Freshwater use 40-50%

Fish stocks overharvested 25%

Mangroves destroyed 35%

Corals lost 20%

Species extinction rates 100-1,000x

background levels

A Table 1 Table of key indicators

Sustainable Development Goals

Sustainable Development Goals (SDGs) are 17 goals formulated by the UN in
2015 which run until 2030 or beyond. They are assessed each year.

They followed on from the Millennium Development Goals (MDGs), which
endedin 2015.

The MDGs were eight goals to be achieved by 2015 that responded to the
world'’s main development challenges. They were designed for low-income
countries (LICs) and middle-income countries (MICs) only. The MDGs were:

Goal 1: Eradicate extreme poverty and hunger

Goal 2: Achieve universal primary education

Goal 3: Promote gender equality and empower women
Goal 4: Reduce child mortality

Goal 5: Improve maternal health

Goal 6: Combat HIV/AIDS, malaria and other diseases
Goal 7: Ensure environmental sustainability

Goal 8: Develop a Global Partnership for Development

This work must not be reproduced, stored, transmitted or circulated in any other form.

TOK

To what extent are you optimistic
about the results of the impact of
humans on Earth? Use examples to
support your ideas.

To what extent do governments
have the responsibility to take steps
to safeguard the environment and
protect humans from suffering?
Support your ideas with examples.

Connections: This links to material
covered in subtopics 4.2, 5.2, 7.2
and 8.3.
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There were successes of the MDGs but the results were mixed:
* upto 471 million people lifted out of poverty—halving the total number
* gender disparity reduced

* more clean drinking water worldwide

21 million lives saved.

But there was greater progress among LICs than MICs. The global economic
crisis of 2008 reduced funding. Environmental progress was low and, above
all, the goals were created top-down. This meant planning did not involve the
people the goals were meant to help.

Critics of the MDGs said that reduction in poverty would have happened anyway
due to economic growth.

The SDGs have followed on from the MDGs. The SDGs aim to build on the work
already done by the MDGs. But there is quite a lot of disagreement on whether
this is the best way to go about it.

GENDER CLEAN WATER
EQUALITY AND SANITATION

NO ZERD GOOD HEALTH QUALITY
POVERTY HUNGER AND WELL-BEING EDUCATION

Tl

DEGENT WORK AND INDUSTRY, INNOVATION 1 REDUCED 1 SUSTAINABLE GITIES 1 RESPONSIBLE
ECONOMIC GROWTH AND INFRASTRUGTURE INEQUALITIES AND GOMMUNITIES CONSUMPTION
AND PRODUCTION
‘I' g ] =|=2[=]
CLIMATE LIFE BELOW LIFE PEAGE, JUSTICE PARTNERSHIPS
13 Stok 14 Wi 15 ON LAND 16 AND STRONG 17 Finiesons .s‘"';‘
INSTITUTIONS = =
THE GLOBAL GOALS
For Sustainable Development
A Figure 11 Sustainable Each goal shown in Figure 11 has typically 8 to 12 targets. Each target has one to

four indicators in three tiers to measure progress. The targets are either outcomes
or means of implementation. Some targets have internationally recognized
methodologies for assessing whether or not they are reached. Some do not. This
complex arrangement was reviewed in 2020 with some changes.

Development Goals

There is no question that these are admirable and necessary goals for the world.
And progress is being made. But the challenges are huge. Compare the goals in
Figure 1T with the comments below.

1. Extreme poverty means living on less than USD 2.15 per day (2017 prices)
and in 2021 this included 9% of the world'’s population—700 million people.
Most were in South Asia or Sub-Saharan Africa.

2. Around the world, one in nine people are undernourished, mostly in LICs.

3. Healthcare is improving and life expectancy mostly increasing.
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10.

1.

12.

13.

14.

15.

16.
17.

Major progress has been made in primary education and reducing
discrimination in education.

Gender equality, reduction in female genital mutilation (FGM) and
empowering women are mostly happening.

Water stress (see subtopic 4.2) limits access to clean water for 2.2 billion
people.

Progress on clean energy has happened in India, Bangladesh and Kenya but
840 million people do not have access to electricity.

Economic growth and decent work are variable with trafficking and
exploitation of youth.

Decoupling of carbon emissions from economic growth is improving but
only 53% of the world's population use the internet.

Reducing inequality and discrimination against women, minorities and those
with disabilities has had mixed progress.

About 3.9 billion people globally live in cities and about 25% of these live
in slums.

Reducing plastic waste, increasing recycling and removing fossil fuel
subsidies are all happening.

A just transition to combating climate change and reducing risks is the goal
but wildfires, droughts, floods and hurricanes appear to be more frequent
and those in vulnerable conditions suffer more.

Reducing marine plastic pollution and illegal fishing are key but three billion
people rely on marine life for their livelihood.

Deforestation and desertification increase biodiversity losses; poaching,
illegal logging and soil acidification add to the issues. Species extinctions are
increasing.

Reducing violence, abuse, exploitation, crime and corruption are clear goals.

International cooperation is essential for any of these goals to be met—
cooperation not competition.

According to the World Bank in 2019, 659 million people on Earth lived below
the poverty line of USD2.15 per day. This was a reduction but may have been due
to economic growth which takes people out of poverty.

Many people still live in conditions that do not meet their fundamental daily
needs, and that is unacceptable.

Uses of the SDGs

A collective agenda with common ground—a global agenda for sustainable
development at the highest level means that governments can use political
pressure on challengers or each other.

Universal goals for all countries, and not only LICs—all countries are working
towards the same goals.

A galvanizing agenda—while the goals are not legally binding, there is more
freedom for countries to address inequalities within and between countries.
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* The goal of ending poverty is tangible and the MDGs made progress
towards it, which the SDGs continue.

Limitations of the SDGs

* The goals do not go far enough or fast enough. The targets move slowly up
to 2030 but unanticipated things (conflict, famine, floods) happen each year
to deflect the course.

¢ Top-down and bureaucratic—there are some 169 targets and much
reporting and gathering of necessary evidence, but on the ground progress
may be small.

¢ |gnoring local contexts—while there must be a balance between respecting
local context and working at the international level, it is hard to find this
balance.

¢ lack of reliable data—the wider the data collection, the less reliable it may
be, yet data is crucial to know if progress is being made.

* The goals are not binding—therefore there are no penalties for not acting
and no accountability. It is up to individual governments to create the
systems.

* |gnoring underlying inequalities—economic theory is based on financial
values of companies and GDP of countries. If mainstream economics is
fundamentally the wrong measure for all types of sustainability, that has
to change.

You may wonder why this continues if we all know it to be so. It is perhaps due to
many factors, including the following:

* Inertia—this is when changing what we do seems too difficult to achieve.

*  Theresult of the “tragedy of the commons” (see subtopics 3.2 and 6.3)—
this is when so many individuals act in their own interest to harvest a resource
that they destroy the long-term future of that resource. Hence, there is
none for anyone. It may be obvious that this will happen, but because each
individual benefits from taking the resource they continue to do so. For
example, you may know that hunting an endangered species will result in its
extinction. But if your family are starving and it is the only source of food, you
will probably hunt it to eat it.

Some people think that the real worth of natural capital is about the same as

the value of the gross world product (total global output)—about USD 65 trillion
per year. But we are only just beginning to give economic value to soil, water and
clean air, and to measure the cost of loss of biodiversity.

At the same time, the average person alive now is in a better situation than
anyone in history.

Connections: This links to material The planetary boundaries model

covered in subtopics 2.3, 3.2, 4.2, In 2009, Johan Rockstrém and 28 internationally renowned scientists identified
5.2,6.2,6.4and 8.1. nine key processes that regulate the stability and resilience of our planet.
They proposed quantitative “planetary boundaries” within which humanity
can continue to develop and thrive for generations to come. Crossing these
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boundaries increases the risk of generating large-scale abrupt or irreversible
environmental changes.

The planetary boundaries model attempts to answer the question: up to what
limits will the Earth system be able to absorb human activities without
compromising the living conditions of species?

These models from 2009 (Figure 12) and 2022 (Figure 13) describe the nine
processes and systems that regulate the stability and resilience of the Earth in
the Holocene Epoch. The traffic light system shows how human activity has
moved the process or system to a danger zone in which there is risk of fast
and irreversible change. Green is within the boundary, yellow is the zone of
uncertainty and orange is high risk.

biosphere integrity

climate

- change
novel entities

. (not yet quantified)

Increasing risk

stratospheric
ozone depletion

land-system
change

st‘ifatospheric s
ozone depletion

atmospheric

'/ aerosol loading
3 (not yet
quantified)

freshwater use

),at'mospheric aerosol
N loading

(not yet quantified) 5z
freshwater use

ocean
acidification
acidification

E/MSY = extinctions per million
species years

biogeochemical P = phosphorus

flows N = nitrogen
A Figure 12 The nine planetary boundaries model in 2009 A Figure 13 The nine planetary boundaries model in January 2022
Adapted from: |. Lokrantz/Azote based on Steffen et al. 2015 Adapted from: Azote for Stockholm Resilience Centre, based on
(CCBY 4.0) analysis in Persson et al. 2022 and Steffen et al. 2015 (CC BY 4.0)

Uses of the planetary boundaries model

* |dentifies science-based limits to human disturbance of Earth systems.

*  Focuses on more than just climate change (which dominates discussion).
*  Alerts the public and policymakers to the urgent need for action.
Limitations of the planetary boundaries model

* Focuses only on ecological systems and does not consider the human
dimension necessary to take action for environmental justice.

* |saworkin progress—assessments of boundaries are changing as new data
becomes available.

* The focus on global boundaries may not be a useful guide for local and
country-level action.
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Foundation

Note: Novel entities = chemical pollution

* There are about 350,000 different manufactured chemicals on the
market today.

®  Plastic production increased by 79% between 2000 and 2015.

* The total mass of plastics on the planet is now more than twice the mass of
all living mammals.

*  About 80% of all plastics ever produced remain in the environment.

®  Plastics contain more than 10,000 other chemicals, so their environmental
degradation creates new combinations of materials and unprecedented
environmental risks.

@ Activity 18

ATL skills used: thinking, research
1. State which planetary boundaries in this model were crossed in 2009.
2. Describe the differences between the 2009 and 2022 models.

3. InMay 2022 it was reported that the boundary for freshwater use had been crossed. Research the state of the
boundaries model now and redraw the model to show this.

4. Use the paragraphs below as a guide to explain crossed planetary boundaries.

Loss of biosphere integrity (biodiversity loss and extinctions)

Bll stands for Biodiversity Intactness Index. Similar to the extinction rate, this measures how well the biodiversity of a
given area has been maintained. A well-functioning and resilient ecosystem has a Bll of over 90%. At-risk ecosystems
have a Bll of less than 30%.

The Millennium Ecosystem Assessment of 2005 concluded that changes to ecosystems due to human activities were
more rapid in the past 50 years than at any time in human history, increasing the risks of abrupt and irreversible changes.
The main drivers of change are the demand for food, water and natural resources, causing severe biodiversity loss

and leading to changes in ecosystem services. These drivers are either steady, showing no evidence of declining over
time, or are increasing in intensity. The current high rates of ecosystem damage and extinction can be slowed by efforts
to protect the integrity of living systems (the biosphere), enhancing habitat, and improving connectivity between
ecosystems while maintaining the high agricultural productivity that humanity needs.

Biogeochemical flows: Nitrogen and phosphorus flows to the biosphere and oceans

The biogeochemical cycles of nitrogen and phosphorus have been radically changed by humans as a result of many
industrial and agricultural processes. Nitrogen and phosphorus are both essential elements for plant growth, and
production and application of fertilizers is the main concern.

Human activities now convert more atmospheric nitrogen into reactive forms than all of the Earth’s natural processes
combined. Much of this new reactive nitrogen is emitted to the atmosphere in various forms rather than taken up by
crops. When it rains, it pollutes waterways and coastal zones or accumulates in the terrestrial biosphere.

A relatively small proportion of phosphorus fertilizers applied to food production systems is taken up by plants; much of the
phosphorus mobilized by humans also ends up in aquatic systems. These can become depleted of oxygen when bacteria
consume algal blooms that grow in response to the high nutrient supply.

A significant fraction of the applied nitrogen and phosphorus makes its way to the sea and can push marine and
aquatic systems across ecological thresholds of their own.
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Sustainability

The doughnut economics model

The doughnut economics model is a framework for creating a regenerative and

distributive economy that meets the needs of all people within the means of
the planet.

Search on the web for Kate Raworth’s 2018 TED talk on doughnut economics. Then
examine Figure 14, the doughnut of social and planetary boundaries.
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A Figure 14 Model of doughnut economics

There are two concentric rings:

a social foundation to ensure that no one is left falling short on life's essentials

an ecological ceiling to ensure that humanity does not collectively overshoot
the planetary boundaries that protect Earth’s life-support systems.

According to the Doughnut Economics Action Lab website, between themiisa

“doughnut-shape space that is both ecologically safe and socially just: a space in

which humanity can thrive”.

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. Together the social foundation and the ecological
ceiling represent the minimum conditions for an economy that is ecologically safe

and socially just.
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Key terms

Regenerative design is a principle
in which products or services
contribute to systems that renew or
replenish themselves. This means
the materials and energy that go
into a product or process can be
reintroduced into the same process
or system, requiring little to no
inputs to maintain it. At the heart

of regenerative design is a strong
connection to the place in which

a product or process is extracted,
produced, used and disposed of at
end of life.

Distributive design is about
designing our activities in such a
way that they share the value from
the start, instead of redistributing

it afterwards. This value could be
money, but also land, companies
and the ability to create money.
Distributive economics is an
economic paradigm which
promotes the equitable distribution
of wealth through a combination of
open design, flexible fabrication,
and open business models,
towards replicability.




Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Foundation

Today, billions of people still fall short of the social foundation, while humanity has
collectively overshot most of the planetary boundaries.

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.

This will only be achieved if economies become regenerative and distributive by
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.

Uses of the doughnut economics model

This model has both ecological and social elements, so it:
* supports the concept of environmental justice

* hasreached popular awareness

* is being used at different scales (e.g. countries, cities, neighbourhoods,
businesses)

® supports action on sustainability.

@ Activity 19

ATL skills used: thinking, research, self-management

Visit the Doughnut Economics Action Lab (DEAL) website or find a copy of the book Doughnut Economics by Kate
Raworth.

1. State the five principles of doughnut
economics in practice.

climate change

2. Describe the mindset suggested in the
website or book for a 21st century economist.

3. Figure 15 combines the planetary boundaries
model and the doughnut economics model.

a. Several of the shortfalls are large. Choose
three and explain why they are so large,
giving an example for each one.

b. Evaluate the benefits and disadvantages
of combining the two models.

. . - ‘ca\
4. Look at doughnuteconomics.org/tools/173 : ?0\:\:,"\59
which is a visualization of the doughnut model ___of

for different countries.

a. Listthe data sets used to create this model.

b. Selectfour countries from the list and

comment on the overshoot of planetary A Figure 15 Combining the planetary boundaries and
boundaries and shortfall of life essentials doughnut models
of these countries. Adapted from: Steffen et al. 2015 in Folke, C. et al. (2021). Our future in
) ) the anthropocene biosphere. Ambio, 50(4), 834-869.
¢. Explain reasons for these differences. https://doi.org/10.1007/s13280-021-01544-8 (CC BY 4.0)
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Sustainability

Limitations of the doughnut economics model
* |saworkin progress.

*  Willnot work as long as individuals are focused on their comparative wealth
and income levels.

* Advocates broad principles of regenerative and distributive practice

¢ Does not propose specific policies.

The circular economy model

After her solo voyage, Ellen MacArthur realized how the Earth is like a ship. It has
all the resources on board but no more. And we cannot get more. She asked why
we have a linear economy of take, make, use and dispose instead of a circular
one of take, make and use but then reuse, repair, remake, remove waste and
regenerate natural systems. This is the circular economy. The circular economy is
based on three principles, driven by design:

1. Eliminate waste and pollution—in our linear economy, raw materials are
extracted, processed into products, used and mostly then become waste.
Waste is recycled, incinerated or goes to landfill or the oceans. As natural
resources are finite, this is not sustainable.

If product design was such that materials re-entered the economy at the

end of their use, waste could be eliminated or very much reduced. For
example, a crisp packet is used once and may be made of various materials
which cannot be recycled. If it were designed to enter the circular economy,
it could be remade into another crisp packet or other product.

2. Circulate products and materials (at their highest value)—this can be in a
technical or a biological cycle (see Figure 16— the butterfly model systems

diagram).
renewables @ I%‘ finite materials

|
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farming/
collection parts manufacturer
regeneration
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feedstock product manufacturer
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/redistribute
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IR
bi consumer ]
Zr]aerq ic . ( collection collection <« Figure 16 The butterfly
igestion ' s model of the circular
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biochemical = Adapted from: Ellen
feedstock o Macarthur Foundation /
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TOK

Human science and natural science
models change through time.

1. What role do paradigm shifts
play in the progression of
models?

2. lsit possible to eliminate
the effect of the observerin
the pursuit of constructing
models?

3. Towhat extent can a single
model provide a good basis
to make decisions about
sustainability and justice?

In the technical cycle, it is most efficient to maintain and reuse entire
products. For example, a phone is useful as a phone, not as a pile of
components. Sharing instead of owning is efficient, while resale or
donation of unwanted goods is excellent. Eventually the product can be
deconstructed into its raw materials which are used, not wasted.

In the biological cycle, food by-products which are biodegradable can be
composted or anaerobically digested, with the nutrients captured and used
to regenerate soil or grow more food.

Regenerate nature—shift the focus from extraction to regeneration and build
natural capital. There is no waste in nature, so we emulate that. For example,
the food industry works regeneratively, restoring soil fertility and resilience
and biodiversity. Agroforestry, conservation ecology and organic farming, for
example, all have a place here.

Uses of the circular economy model

Regeneration of natural systems.

Reduction of greenhouse gas emissions.

Improvement of local food networks and supporting local communities.
Reduction of waste by extending product life cycle.

Changed consumer habits.

Limitations of the circular economy model

Lack of environmental awareness by consumers and companies.
Lack of regulations enforcing recycling of products.
Some waste not recyclable and technical limitations.

Lack of finance.

Check your understanding

In this subtopic, you have covered:

what sustainability is and different uses of the term
what sustainable development means

measuring sustainability and economic development
environmental justice issues

ecological footprints

models used to measure sustainability—SDGs, planetary boundaries,
doughnut economics and circular economy.

What is sustainability and how can it be measured?

1.

List and define the three types of sustainability.

2. Explain why sustainability is so important.
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Sustainability

>

3. Listfive sustainability indicators.
4. Explain the concept of an ecological footprint.

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

5. Define sustainable development.

6. Define environmental justice.

7. Describe one example of environmental injustice.
8

List and evaluate SDGs which involve environmental and social justice.

)) Taking it further

* Present research on examples of environmental injustice and inequalities
leading to problems of access to resources.

* Promote the doughnut economic model or circular economy strategies
for the school community.

* Usean SDG to advocate for a particular issue.

* |nvestigate the whole-school carbon footprint and produce a plan to
reduce the school'’s carbon emissions.

* Design a sustainability walk to highlight sustainable options locally.
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1.4 Practical work: Questionnaires
and surveys

Within the ESS is a list of skills you need to acquire. You will need to master these
skills before you start on your individual investigation.

Practical work is expected to take up 30 hours of your lesson time. This is in
addition to the 10 hours you need to complete your individual investigation
(see subtopic 2.6).

Most of the skills are explained in the relevant topics but there are two extra
subtopics in this book: 1.4 and 2.6. These contain skills and experimental
methodologies that you need to know and practise until they become effortless.
Subtopics 1.4 and 2.6 apply to both SLand HL students.

In this subtopic (1.4), you will study how to develop:
* questionnaires and surveys

*  behaviour over time graphs.

1

Questionnaires and surveys are suggested at various places in the ESS guide

e 1.1.5 Design and carry out questionnaires/surveys/interviews, using online collaborative survey tools, to correlate
perspectives with attitudes towards particular environmental or sustainability issues. Select a suitable statistical tool
to analyse this data.

e 3.3.12 Use questionnaires to assess the impact of ecotourism or the values that it promotes.
e 5.2.17 Create a survey to investigate food preferences and the worldviews of various groups.

* 6.3.4 Create surveys to investigate attitudes to a proposed solution in the school or community to mitigate
climate change.

e 7.1.7 Create a survey to investigate the value that members of the school community place on different
ecosystem services.

Questionnaires and surveys

These are useful tools to collect information about topics including:

¢ correlating worldviews and perspectives with attitudes towards particular
environmental or sustainability issues

* ecological footprints and their link with age, gender, income,
educational level

* animal conservation status and level of development of a country.
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Questionnaires allow for the collection of up-to-date data that is specific to the
purpose of the study. Well-designed questionnaires allow for graphical displays
and statistical analysis. In some cases you may need to weight the response for
really useful data.

Questionnaire design

Here are some basic rules for designing a questionnaire.

1.

10.

Keep it short, no more than five to seven questions. People may be in a

hurry, so a short simple questionnaire allows them to continue with their daily

routine without too much interruption.

Keep it simple. You might know everything there is to know about what you
are investigating but your target audience may not. Avoid technical terms.

Stick to closed questions; they are easier to analyse and display graphically.
Closed questions are where you give a limited number of options to a
particular question (Figure 1).

Question order

a. Start with a screening question to establish whether or not the person
should complete the questionnaire. You may only want people who are
resident in the country of study or you may only want tourists.

b. Move on to simple questions. You may need to know age group or
education level. These are often the independent variable aspect of
your survey.

c. Then ask the harder questions. These are probably the ones that involve
the substance of your study (maybe the dependent variable).

Do not use biased questions that will push the respondent in a particular
direction.

For sensitive questions (for example, about age, income or education
level) make sure you use closed questions with categories for responses.
See Figure 2 for an example.

Run a pilot with friends and family to make sure the questionnaire gives you
the information you need.

Make any necessary adjustments based on the pilot.

Make arrangements for the respondent to complete the questionnaire
anonymously. In face-to-face interviews give the respondent the
questionnaire and let them place it in an envelope.

Always ask yourself, “does this question relate clearly and directly to my
investigation?” If the answer is “no”, remove the question and think again.

Advantages of questionnaires

1.
2.
3.

Standardized questions and responses are reasonably objective.
Data collection is quick.

You can collect a lot of information in a short period of time, especially if you
are doing face-to-face data collection.
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Practical work

Key term

A questionnaire is a series of
questions with a limited set of
responses designed to obtain
information about a particular topic.

How do you get to school?
Tick the appropriate response and

move quickly on to the next question.

Walk

Cycle

School bus

Public transport

Car

Other

A Figure 1 Example of a closed question

How old are you?

Under 21

21-40

41-60

Over 60

A Figure 2 Example of how to tackle
sensitive questions

57



Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Foundation
Disadvantages of questionnaires
1. Data collection may be quick but good questionnaires take time to design.
2. You are sometimes relying on the memory of the respondents—not always
very accurate.
3. Ifyou are not conducting the questionnaire face to face you cannot explain
the questions if they are not clear to the respondent.
4. Open-ended questions are difficult and time-consuming to analyse
effectively, so do not use too many.
5. Ifthe questionnaire is too long there is a risk that responses will be superficial,
so keep it short.
6. People may not answer honestly if they feel embarrassed or if they think the
response will damage them in some way.
Distribution of the questionnaire
Having designed and piloted the questionnaire you now have to collect the
information. There are a number of options for this.
1. Face-to-face interviews
This involves you going out and conducting the survey face to face with the target
population. This method can be time-consuming but it does tend to produce
plenty of data. Where you go to conduct the survey will depend on the topic but
generally speaking you can:
* goto local centres of population (towns, villages, cities)
* gototourist sites, beaches and parks
* visitlocal shopping centres
® use your school population—students, teachers and parents.
You may need to seek permission for some of these options, so check first.
2. Email oronline
If you are using your school population, you may be able to get access to the
school’s list of email addresses for students and staff and send your survey out
by email. Many websites now have a questionnaire facility so you could send the
survey out as an online survey.
3. Mail—very traditional but rather slow. Not recommended.
o o _ It is usually impossible to complete your questionnaire for a whole population.
Sampling is a Stat'St'C?| technique Therefore, it is necessary to ask a representative sample of the population.
that allows you to obtain However, the sample must be unbiased, representative of the whole population
reprgsentatwe data froma small and include at least 30 people. The more people the better and more reliable,
portion of the whole population. but also the more time-consuming.

58 This work must not be reproduced, stored, transmitted or circulated in any other form.



Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

There are four techniques that can be used to achieve an unbiased sample for
questionnaires:

* systematic * random
e stratified ® convenience.
Systematic sampling

This is sometimes called “nth” sampling—you simply ask people at a given
interval, for example, every fifth person. The interval will depend on where you
are and whether or not the area is busy. This method is very straightforward and
the most useful method if you are dealing with an unknown population—for
example, asking people on the street or in a mall. Here's what to do.

1. Selectaninterval (e.g. ask every fifth person that passes you).
2. Select a strategic sampling position.

3. Stop every fifth person that passes you and ask them if they mind completing
your questionnaire.

4. Conduct your questionnaire with that person.

5. Repeat this process until you have a minimum of 30 completed
questionnaires.

Stratified sampling

This is the method to use if you are targeting particular groups for the
questionnaire. For example, you may want to ask just men, just women or a
particular age group. This opens up two possibilities.

* Do you want an even number of respondents in each of your groups?

¢ Do you wantanumber of respondents in each category that is representative
of the population as a whole? This may be hard to achieve.

The choice is yours.
Using the earlier example:

* You may want an equal number of people from each of four age groups:
under 21, 21-40, 40-60 and over 60.

* Inthis case, you can stop every person that passes you and ask which age
group they fitinto. Only continue with the questionnaire if they are in the age
group(s) that interests you.

*  Repeat until you have a minimum of 30 completed questionnaires in total.
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Use random.org to generate a
random number

1.
2.

Go to www.random.org.

Go to “True random number
generator” and set the
minimum number to 1 and the
maximum number to the last
number on your list.

Click “generate”—this will give
you a number.

Repeat until you have
the required number of
participants.

Random sampling

In this method, every member of the population has an equal chance of being
selected. The method involves the use of random number tables or generators.
With questionnaires, this can only be done if you have access to a list of the whole
population. For example, you may be conducting the questionnaire for the whole
school, a particular year group or all parents. Here’s what to do.

1. Take a list of the entire population and allocate a number to each member of
the population.

2. Generate a random number.
3. Find that number on your list—this person will be one of your respondents.

4. Repeat this until you have a minimum of 30 names to conduct the
questionnaire with.

Convenience sampling

In this case, the selection of respondents is based on the fact that they are easy
for the researcher to access. They may be in a good geographic location or
available at the right time or just happy to participate. There are problems here of
selection bias and sampling bias. This must be noted in analysis and evaluation.

Possible uses of a questionnaire

Questionnaires are a tool which could form part of your investigation. They are
designed to generate data. They do not form a full individual investigation.

Example 1: Investigate the relationship between age and environmental
attitudes

Research question: Is there a relationship between age and environmental
attitudes?

The independent variable could be: age group—for example, over 25 or
under 25.

This could be used to practise the following internal assessment (IA) skills.

* Planning: if you use this as an example then plan your own investigation
® Results, analysis and conclusion

* Discussion and evaluation

¢ Application

e  Communication
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How to tackle this research question:

1. Select a number of environmental issues that are covered in the ESS syllabus.

2. Design a questionnaire so that each question has three responses:
a. ecocentric
b. anthropocentric
c. technocentric.

Collecting the data: the questionnaire

The responses on the questionnaire in Figure 3 are given a letter (e, a ort) to
make it easier for you to understand. Do not identify answers in this way on the
questionnaire you use.

*  Figure 3 shows some possible questions on a few of the topics you study—
the aim is to give you some ideas. Make your own questionnaire to suit your
area and your target audience.

* Do notask too many questions. The ideal number is five to seven.
*  Mix up the responses so there is no clear pattern for respondents to follow.

* Adjust the responses to suit your audience, especially if you are going to ask
the general public.

*  Pictures are not essential, but relevant pictures give people an idea of what
you are talking about.

e Other possible issues that you could use include loss of biodiversity;
eutrophication; soil degradation; ozone depletion; tropospheric ozone or
photochemical smog; resource depletion; solid domestic waste.

Practical work

Reminder: There are three main
environmental value systems
(EVSs):
¢ The ecocentric worldview puts
ecology and nature as central
to humanity and emphasizes a
less materialistic approach to
life with greater self-sufficiency
of societies. Itis life-centred—
respects the rights of nature and
the dependence of humans on
nature so has a holistic view of life
which is Earth-centred. Extreme
ecocentrists are deep ecologists.

¢ The anthropocentric
worldview believes humans
must sustainably manage the
global system. This might
be through the use of taxes,
environmental regulation and
legislation. It is human-centred
—humans are not dependent
on nature but nature is there to
benefit humankind.

¢ The technocentric worldview

believes that technological
developments can provide
solutions to environmental
problems. Environmental
managers are technocentrists.
Extreme technocentrists are
cornucopians.

suitable?

1. The photograph shows one of the impacts of global climate
change. This is considered by some to be a major environmental
issue. Which one of the following solutions do you think is most

We must educate people to encourage the reduction of
greenhouse gases (GHGs)— such as use public transport,
reduce electricity consumption, change diets. (e)

and taxes. (a)

We must regulate the production of GHGs through legislation

We must look to technology for solutions—such as renewable
energy, scrubbers, hybrid cars. (t)

2. Human population growth is significant. Most people agree that this will cause problems. What is the solution?

Further scientific research is needed to ensure we can increase space, food production, water supply and resources. (t)

It does not matter if people become less materialistic and more self-sufficient. (e)

Policies such as China’s “One child policy” should be employed to bring population growth under control. (a)
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3. Acid deposition is a serious problem in some areas of the world. How should we deal with this issue?

We must educate people to encourage them to reduce the combustion of fossil fuels that cause acid deposition. (e)

We must use legislation and impose taxes in order to reduce the production of the gases that cause acid
deposition. (a)

We must look to technology for solutions—such as renewable energy, scrubbers, hybrid cars. (t)

4. The Great Pacific Garbage Patch (GPGP) is a mass of plastic in the middle of the Pacific Ocean. How can we avoid
adding more plastic to it?

Clean up the GPGP. (a)

Reduce, reuse and recycle. (t)

Raise awareness (through education) of the concept of biorights and the need for humans to self-regulate
consumption of plastics. (e)

A Figure 3 A section of a possible questionnaire on the subject of environmental attitudes

Once you have designed the questionnaire, select a sampling technigue then go
out and gather your data.

Collating the data

1. Thefirst step is simple—separate the questionnaires into piles according to
the independent variable. In this case, that is age.

2. Use a blank questionnaire and the five-bar tally system to record how many
people responded to each question in each of the response categories. An
example is shown in Figure 4.

The photograph shows one of the impacts of global climate change. This is considered by some to be a major
environmental issue. Which one of the following solutions do you think is most suitable?

We must educate people to encourage the reduction of GHGs— such as use public transport, Vaaaa
reduce electricity consumption, change diets. L
pyyya
We must regulate the production of GHGs through legislation and taxes. /117
Look to technology for solutions—such as renewable energy, scrubbers, hybrid cars. /

A Figure 4 Example of collation of answers by under 25s for question 1 (Figure 3). This uses the five-bar tally system, which makes
questionnaire collation very easy

3. Full collation will give you a table that summarizes the data as in Table 1.

Ecocentric Anthropocentric Technocentric

Over 25s Under 25s Over 25s Under 25s Over 25s Under 25s
Global climate change 5 6 3 5 7 5
Human population growth 4 9 4 4 8 4
Acid deposition 3 9 3 5 9 3
GPGP 2 5 2 6 5 2

A Table 1 Collation of results of our fictitious example. Sample size 118 of which 55 over 25 and 63 under 25.
(Note—these are purely fictitious numbers.)
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Practical work

Presenting the data .
9 This could be used to
The numbers from your table can then be used to produce a suitable practise the following
presentation form, such as the bar chart in Figure 5. 1A skill.
35 * Planning: ifyou
& GPGP use thisasan
0 30 1 & acid deposition example, then
[
3 25- N human population Plan yourown
5 growth investigation
2 20 -
o M global climate change
B 154 .
_qg .............
e 104
2
5 -
O -

25s
ecocentric

25s
technocentric

anthropocentric

environmental value system

A Figure 5 Bar chart showing distribution of environmental attitudes according to age
Adapted from: Six Red Marbles and OUP

Example 2: Environmental attitude survey

Table 2 shows a range of quotes with which participants are invited to agree or
disagree.

Statement

Agree | Disagree

“Let us a little permit Nature to take her own way; she better understands her own affairs than we.”
Michel de Montaigne

“For the first time in the history of the world, every human being is now subjected to contact with
dangerous chemicals, from the moment of conception until death.” Rachel Carson

“There are no passengers on Spaceship Earth. We are all crew.” Marshall McLuhan

“We shall require a substantially new manner of thinking if mankind is to survive.” Albert Einstein

“Every creature is better alive than dead, men and moose and pine-trees, and he who understands it
aright will rather preserve its life than destroy it” H.D. Thoreau

“We do not inherit the earth from our ancestors, we borrow it from our children.” Attributed to Chief
Seattle

“The system of nature, of which man is a part, tends to be self-balancing, self-adjusting, self-cleansing.
Not so with technology”. E.F. Schumacher

“Your grandchildren will likely find it incredible—or even sinful—that you burned up a gallon of
gasoline to fetch a pack of cigarettes!” Paul MacCready |r

“Don’t blow it—good planets are hard to find.” Quote in Time magazine

“Athing is right when it tends to preserve the integrity, stability and beauty of the biotic community.
It is wrong when it tends otherwise.” Aldo Leopold

A Table 2 Section of a questionnaire on environmental attitudes

This work must not be reproduced, stored, transmitted or circulated in any other form.

63



Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Foundation

This could be used to
practise the following IA
skills.

* Planning: if you use
this as an example
then plan your own
investigation

® Results, analysis and
conclusion

You do not have to use these quotes; you can use any others that you
prefer. Go online and select your own quotes. You can find some that show
anthropocentric or technocentric attitudes.

Example 3: Environmental value systems and natural resources—a
bipolar analysis

A bipolar questionnaire poses a series of questions to which the respondent rates

their feelings or ideas on a sliding scale. You could use this type of questionnaire
to compare the differences between, for example, ages, genders, income

groups. Or you could gather the overall data to check opinions in a population as

awhole.

Collecting the data

Table 3 shows the form of a bipolar questionnaire.

Worldviews can

be considered on a
sliding scale from most
ecocentric to most
technocentric. Using
a scale of 1-5 (where 1
is the most ecocentric
viewpoint and 5 is the
most technocentric),
rate your response

to each of the natural
resource issues below.

ECOCENTRIC

People can be educated
to see the environment
holistically. People must
exercise self-restraint
and be:

* |ess materialistic

e self-sufficient.

ANTHROPOCENTRIC

People can manage the
environment sustainably
through:

* taxes, environmental
regulation and legislation

* debate to reach a
consensual, pragmatic
approach to solving
environmental problems.

TECHNOCENTRIC

Technological developments
can provide solutions to
environmental problems and
improve the lot of humanity.
This can be done through
scientific research to form
policies and understand how
systems can be controlled,
manipulated or exchanged to
solve resource depletion.

Fossil fuel depletion 1 3 5
Water shortages 1 3 5
Soil depletion and 1 3 5
desertification

Precious metals or 1 3 5
gemstone depletion

Biodiversity loss 1 3 5
Landscape degradation 1 3 5
Deforestation 1 3 5

A Table 3 Part of a bipolar questionnaire on distribution of environmental attitudes
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Again, you could support these ideas with pictures to help your respondents
visualize the problems associated with the loss or excess use of these natural
resources.

Once you have designed the questionnaire, select a sampling technique then go
out and gather your data.

To save paper, you could have a single questionnaire and fill in the responses on a
digital version.

Collating the data

1. Again, the first step for the paper version is to collate the questionnaire data.
If you are gathering general data for the population you do not need to
separate into piles (if you have an independent variable you are interested in
then you do have to).

2. a. Usea blank questionnaire and the five-bar tally system to record how
many people responded to each question in each of the response
categories.

b. Ifyou used a digital version to record responses, you will already have
everything in your digital version. Warning: this method requires a lot of
concentration—it is easy to get distracted and forget.

Presenting the data

This data can be presented as a bar graph, as in the previous examples and
Figure 6, or it can be shown in other ways. The most appropriate way to present
your data will be a way that assists analysis.

45

w
o O
|

30 +

number of respondents

== NN
o v O 0o ;v
| I I I S I |

ecocentric  anthropocentric technocentric <« Figure 6 Bar graph (again from completely fictitious

environmental attitude data) to show total number of responses in each category

Behaviour over time graphs

Behaviour over time graphs show how a variable changes over time. Time is
plotted along the horizontal (x) axis. The “behaviour” of the variable that changes
over time is plotted on the vertical (y) axis. Often behaviour over time graphs are
used to make projections of possible trends. They focus on patterns of change
not on a single event. By plotting time into the future with different scenarios,
behaviour over time graphs help us to focus on underlying causes.

The first section of the graph in Figure 7 (solid line) is behaviour observed up to
the present. The second section (dotted lines) represents predicted alternative
scenarios.

This work must not be reproduced, stored, transmitted or circulated in any other form.

Practical work

65



Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Foundation

A Figure 7 The form of a behaviour over time graph

Questions to ask in behaviour over time graphs include the following:
* Whatis changing?

* Howisit changing?

¢  Whyisitchanging?

¢ What are the relationships of the system?

- - behaviour and technology changes only
behaviour changes only

------ technology changes only

no significant behaviour or technology changes
high
2
= N
e ~
S i ~
5 medium -~ _ _ _ .d
%2} -~
o}
(%)
_,TB [
c
Gg) low
c b
o
>
S impossible
| to predict a
verylow this region

I I I I I
1800 1900 2000 2100 2200
year

A Figure 8 Behaviour over time graph showing possible declines in environmental
sustainability. The box represents a region where environmental sustainability levels are
unknown; perhaps when a tipping point is reached

Adapted from Dennis C Hopkins
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@ Activity 20

ATL skills used: thinking

Practical work

Look at the behaviour over time graph in Figure 8.

1. List at least three more variables (not listed below) which could be on the
y-axis.

2. Describe two possible changes in behaviour that would cause the line to
decrease more slowly.

3. Describe two possible changes in technology that would cause the line
to decrease more slowly.

4. Describe two different changes in both behaviour and in technology that
may cause sustainability to fall.

Behaviour over time graphs and UN population predictions

Figure 9 shows UN predictions about world population through the 21st century.

United Nations population predictions to 2100: 95% certainty range
16 —

Projection

14 —

12

10

08

06

04

02
1950 2000 2050 2100

median 95% predicion high-fertility = «cc----- low-fertility
projection intervals scenario scenario
A Figure 9 Behaviour over time graph from the UN concerning world population predictions
Adapted from Population Matters. Data from: United Nations, 2022.

The y-axis could be used to show predictions about any variable that changes over time.
Examples include:

* biodiversity levels * meat-eating in a group

* sealevelrise * replacement of indigenous

traditional lifestyles
* global temperature changes

o * smoking or vaping in an age group
* carbon dioxide levels

e littering.
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Exam-style questions

1.

To what extent can the different environmental value

systems improve the sustainability of food production?
(9]

In addressing environmental issues, mitigation
strategies may be seen as primarily ecocentric and
adaptation strategies as primarily technocentric.

To what extent is this view valid in the context of
named strategies for addressing the issue of global
warming? [9]

Discuss the role of feedback mechanisms in maintaining
the stability and promoting the restoration of plant

communities threatened by human impacts. [9]
a. i. Identify one transfer and one transformation
process shown in Figure 1. [2]

ii.  Outline how urbanization might impact two of
the storages in Figure 1. [2]

Evaporation

A Figure 1 Representation of the water cycle

Plant uptake

b. Run-off from agricultural land can result in excess
nutrients entering water bodies. Outline one
indirect measure of organic pollution. [3]

Outline how a positive feedback loop can impact an
ecosystem. (4]

To what extent would different environmental value
systems be successful in reducing a society’s ecological
footprint? [9]

To what extent do the approaches and strategies of
different environmental value systems improve access to
freshwater? (9]

a. Outline how the concept of sustainability can be
applied to managing natural capital. (4]

b. Explain how environmental indicators are used to
assess sustainability. [7]

Sub*mation

Infiltration and percolation

Groundwater flow
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Exam-style questions

9. a. With reference to processes occurring within the 11. Outline how feedback loops are involved in alternate
atmospheric system identify two transformations of stable states and the tipping points between them. [4]
matter. [2] . o
12. Outline how the model shown in Figure 2
b. With reference to processes occurring within demonstrates positive feedback. (2]
the atmospheric system identify two transfers of ) -
energy. 2] 13. Outline two historical influences on the development of

the modern environmental movement. [4]
10. Outline the factors that lead to different environmental
value systems in contrasting cultures. (4]

A Figure 2 Tourism multiplier effect

This work must not be reproduced, stored, transmitted or circulated in any other form.







pion Education (Aust) Pty Ltd on 28/11/2024 under licence.

!N HL lenses

Introduction to the HL lenses

You should have already worked through Foundation (Topic 1), which introduces the three
concepts—perspectives, systems and sustainability. As you work through Topics 2-8, these
concepts will become clearer as we refer to them in each topic.

In Topics 2-8, there is additional HL (AHL) content which gives you greater depth and breadth.
In this section are the three HL lenses:

¢ HL.a—environmental law

* HL.b—environmental economics

* HL.c—environmental ethics.

These lenses give you viewpoints from different disciplines and should help you to make
more connections between areas of the course. The aim is to increase your knowledge and
understanding of the complexities of environmental issues, solutions and management.
Figure 1 shows how the parts and concepts of the ESS course are linked.

We suggest that as an HL student you are aware of the content of these lenses early on in
your study of the course and then refer to them when considering other topics. Of course, SL
students are welcome to have a look as well but HL students are expected to synthesize and
analyse with greater depth and breadth, and to use these lenses where appropriate.

@ Activity 1

ATL skills used: thinking,
communication, self-management

Concepts

perspectives
systems
sustainability

1. Read the understandings for the
three HL lenses.

2. ForeachHLlens, create a table
with three columns and as many
rows as there are understandings.

3. Fillin the understandings in the first
column.

engagement/ action 4. Inthe second column, add

relevant examples for as many
understandings as you can.

You will not be able to do this all

at once but keep looking back to
your tables and add examples as
they arise in the course.

Content

SLand HL
statements

Contexts

case studies/
world examples 5. Inthethird column, link these
understandings and the concepts to

issues that you cover in the course.

A Figure 1 HL relationships between concepts, contexts, content and HL lenses
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A Figure 1 Example of a symbol
representing a law—a “no entry” road sign .
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Environmental law

Guiding question

How can environmental law help to ensure the sustainable management of Earth

systems?

Understandings

Laws are rules that govern human behaviour and are
enforced by social or governmental authority.

Environmental law refers specifically to the rules about
how human beings use and impact natural resources,
with the aim of improving social and ecological
sustainability.

Environmental laws can have an important role in
addressing and supporting environmental justice, but
they can be difficult to approve due to lobbying.

Environmental law is built into existing legal frameworks,
but its success can vary from country to country.

Environmental constitutionalism refers to the
introduction of environmental rights and obligations into
the constitution.

Environmental laws can be drafted at the local, national
or international level.

Why have laws?

What are laws?

7.

10.

11.

International law provides an essential framework
for addressing transboundary issues of pollution and
resource management.

UN conferences produce international conventions
(agreements) that are legally binding, and protocols
that may become legally binding, to all signatories.

International agreements can generate institutions or
organizations to aid their implementation.

The application of international environmental law
has been examined within international courts and
tribunals.

There is an increasing number of laws granting legal
personhood to natural entities in order to strengthen
environmental protection.

. Both legal and economic strategies can play a role in

maintaining sustainable use of the environment.

Laws are rules that govern human behaviour and are made and enforced by social
or governmental authority. They are binding on the conduct of a community, aim
to protect against abuses, and ensure rights as citizens.

* Laws defend us from people who may wish to do us harm for no good
reason. The International Criminal Court seeks to do this by trying individuals
for genocide, war crimes, crimes against humanity and aggression.

Laws promote the common good. If we all pursue self-interest only, all

eventually suffer. The tragedy of the commons demonstrates this and there
are examples throughout the book.

* laws helpin resolving disputes over limited resources. The Antarctic Treaty
ensured that Antarctica was used for peaceful purposes with no disputes
over sovereign territory.

* laws help people to do the right thing. This could be in the form of moral
laws or laws about doing no harm to others. Doing no harm to minorities is

part of this.
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Environmental law

What is environmental law?
Environmental laws are the legal frameworks that protect the natural environment.

Environmental law refers specifically to the rules about how human beings use
and impact natural resources, with the aim of improving social and ecological
sustainability.

The most important areas of environmental law relate to:
*  pollution management—of air, soil and water
* wildlife and habitat conservation

e conservation of resources—environmental impact assessments (EIAs) on
projects such as mining, development, industrial complexes, housing
growth to address sustainability of forests, minerals, fisheries

e climate change.
Why have environmental laws?

Our environment is the total of all living and non-living things that influence
human life. Clearly if laws only applied to actions between humans or to property
belonging to humans, much of the environment would not be covered by the
rule of law and common resources would be open to exploitation by a minority.
Environmental laws attempt to prevent overexploitation and degradation of
natural resources for the short-term interests of a minority, above the long-term
interests of the common good. Laws can support or ensure ethical behaviour
when economic systems incentivize environmental and social harm.

Levels of drafting of environmental laws

Environmental laws can be drafted at the local, national or international level.
Generally speaking, laws made at higher national or international levels
supersede those made at lower or local levels, depending on the scope of power
of the authority involved.

International

International laws or bilateral agreements may be created and applied

to transboundary environmental issues related to pollution and resource
management. International environmental agreements exist regarding, for
example, fisheries, air pollution and trade in endangered species.

Examples include the Montreal Protocol, Kyoto Protocol, CITES and IUCN.
National

Environmental laws around the world vary in scope, but typically share a common
purpose: they use the legal system to protect the natural world and promote
sustainability and environmental protection. This may involve forming an
environment agency, or another body which oversees and enforces the laws and
regulations, and ensures remedial work is done.

The USA Environmental Protection Agency (EPA) was founded in 1970 to
establish and enforce environmental laws. The mission of the EPA is to protect
human health and the environment.
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TOK

Laws necessarily limit freedoms and
therefore do harm to some as an
unintended side-effect.

How true is it that laws must limit
freedom and do have unintended
side-effects?

A Figure 2 Environmental laws are
designed to protect the environment

Connections: This links to material
covered in subtopics 1.3, 3.3, 4.3,
71land7.2.

Connections: This links to material
covered in subtopics 3.2, 3.3, 6.3
and 6.4.
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HL lenses

The EPA works to ensure that:
e Americans have clean air, land and water

* national efforts to reduce environmental risks are based on the best available
scientific information

* federal laws protecting human health and the environment are administered
and enforced fairly, effectively and as Congress intended

e environmental stewardship is integral to USA policies concerning natural
resources, human health, economic growth, energy, transportation,
agriculture, industry and international trade, and these factors are similarly
considered in establishing environmental policy

e all parts of society—communities, individuals, businesses, and state, local
and tribal governments—have access to accurate information sufficient to
effectively participate in managing human health and environmental risks

e contaminated lands and toxic sites are cleaned up by potentially responsible
parties and revitalized

e chemicals in the marketplace are reviewed for safety.
Other national laws cover specific areas of the environment.

1. Air quality

Environmental law seeks to reduce air pollution levels and carbon emissions,
particularly where they are harmful to human health. It does this through
outlawing or limiting specific chemicals and pollutants, mandating air quality
targets and enforcing regulations. About 97% of the world’s population live
in areas where air quality is usually worse than World Health Organization
guidelines.

Air quality indices (AQI) measure pollutants such as ozone, sulfur dioxide,
nitrogen dioxide and particulate matter, but exactly what is measured depends
on the country. There are websites giving global, national and local data on AQ
in real time so that authorities can either issue warnings or stop outdoor activities.

China’s New Air Law of 2015 has reduced air pollution nearly as much in seven
: years as the USA did in three decades, helping to bring down average global
A Figure 3 Air pollution from car smog levels. Cities are required to meet national air pollution targets including
combustion engines greenhouse gases (GHGs) by controlling coal use and transport emissions.
However, it should be remembered that not all bad air quality is caused by
anthropogenic sources. Beijing suffers the effects of sandstorms from the Gobi
Desert, in which case the AQI can go above 1,000.

2. Water quality

Water pollution laws govern what can, and cannot, be discharged into water
sources. They also control sewage treatment and disposal, plastics waste
reduction in water sources, wastewater and animal waste management in
industrial and agricultural sectors, and surface water run-off in urban areas and
construction sites.

A Figure 4 Water pollution
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Environmental law

Inthe USA, the Clean Water Act (CWA) established the basic structure for
regulating discharges of pollutants into the waters of the USA and regulating
quality standards for surface waters. This Act was created in 1948 and
significantly reorganized and expanded in 1972. It was a most important modern
environmental law.

3. Soil quality

Soil quality laws mandate what types of chemical discharges are allowed on
soil and sediment, how soil health should be measured and monitored, and
how pollutants should be cleaned up in the event of spills or other contaminant
emergencies.

The EU Soil Health Law of 2023 sets a strategy for all soils to be in healthy
condition by 2050 and to make protecting, restoring and sustainably using soils
the norm. This is a comprehensive legal framework for soil protection.

4. Sustainability

These are environmental laws that protect biodiversity, natural habitats and
existing ecosystems. Most governments have national laws that govern resource
exploitation, both terrestrial and aquatic. These cover hunting and fishing,
mineral resources, water resources and forestry.

In India, the Biological Diversity Act of 2002 was in response to obligations under
the UN Convention on Biodiversity (CBD). It aims to protect biodiversity, facilitate

sustainable management of biological resources, and allow for equitable sharing

of benefits.

To encourage renewable energy investment, environmental laws help to regulate
and support industries such as wind, solar, biomass and hydroelectric. Nations
may introduce subsidies or incentives to use renewable energy sources or reduce
energy use.

On recycling of products, Germany has the highest recycling rate in the world at
over 66%. This is due to strong government rulings.

* Under the Packaging Ordinance (Verpackungsverordnung - VerpackV) of
1991, manufacturers and distributors of goods are responsible for ensuring
packaging is either returned or recycled. This applies to commercial
and domestic goods. Quotas are set for the recovery of materials, which
manufacturers and distributors must abide by.

e Underthe Closed Substance Cycle and Waste Management Act of 1996,
producers of goods are responsible for the avoidance, recycling, reuse,
and correct disposal of any waste. This is the circular economy model
(see subtopic 1.3).

* The green dot on packaging means it is accepted for recycling and that the
manufacturer has contributed to the cost of recycling it. Companies pay
a licence fee to join the scheme, if they do not have to collect recyclable
packaging themselves.

In addition, the culture of recycling is strong in the community and made easy
for consumers with a national system of bins for different wastes. There is also a
“refund on return” scheme for bottles and cans.
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HL lenses

Local

At the local level, councils can have laws about recycling and waste disposal.
In the UK, local councils collect waste and there are 338 local authorities in
England. Each council has slightly different rules, so there is considerable
variation in “household waste” recycling rates (from 18-64% in 2020-21). This
is confusing for consumers and many give up trying to “do the right thing” if
littering is not punished in some way.

Other laws and regulations at local level may be about air pollution caused by

A Figure 5Recycling bin with glass, plastic  yoffic congestion, noise levels, littering control, planning regulations, recycling

and metal .
requirements and so on.
Many cities around the world are working on schemes to reduce air pollution.
Some schemes offer incentives for compliance, others apply penalties for
non-compliance.
@ Activity 2
ATL skills used: thinking, communication, research
Find an example of a local environmental law or regulation where you live—for
example, relating to air, water or soil pollution.
1. Describe what it says.
2. Explain why itisin force.
3. Explain what it aims to achieve.
4. Evaluate its effect.
= The Tasmanian Dam Case, 1983 groups did not. The case went to the Australian
%’ High Court which decided (in a judge vote of 4 to 3)
2 The South West Wilderness area of Tasmania that the federal government was correct. The dam
»  isremote and rugged, has unique wildlife and did not go ahead.
3 flora, and is a UNESCO World Heritage Area. The _
8 Gordon-below-Franklin Dam project was planned Th|s' was a landmark CaSQ. Wheh UNESCO
to generate hydroelectricity and much-needed dgagnates a World Heritage Site, this has no
employment in the area by damming the Gordon binding force on any government. The overriding of
River. After a failed attempt to stop other dams at state law by federal law, in support of the UNESCO
Lake Pedder in the 1970s, the Tasmanian Green de5|gn§t|on, el be seen B commitment to
movement protested against the Gordon Dam upholding environmental aims.

project. The pro-dam lobby also protested that it
should go ahead in a state with high unemployment
that needed more power.

Large parts of Australia’s main national
environmental law, the Environment Protection and
Biodiversity Conservation Act 1999, depend for
The state government supported the dam but the their constitutional validity on the decision in the
federal Australian government and environmental Tasmanian Dam Case.

A Figure 6 Lake Pedder
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Environmental law

Environmental impact assessments (EIAs)

TOK

Environmental law underpins the environmental impact assessments (EIAs) that
many governments require. These assessments investigate and report on the
environmental impacts of projects before they can be carried out. ElAs are vital in
enabling sustainable development to occur.

How can we know when we should
trust and defer to the authority of
environmental experts?

Effectiveness of environmental laws

When a law is passed it is written into the statute book of a country, which is

a collection of all the existing laws of that country. The effectiveness of the law
depends on the strength of legislation and its enforcement. This can be diluted
by various parties which lobby politically for weaker laws, or if enforcement is not
firm enough; there has to be enough funding for regulators to identify and fine
those who break the laws. Environmental laws are less effective if funding is low
or if the laws are not generally accepted by civil society.

Economic systems incentivize financial profit for shareholders and directors over
the long-term interests of the common good. If the polluter-pays principle is not

enforced (see subtopic HL.b), the majority can suffer.

UK sewage in watercourses

Several decades ago, England and Wales became the
only countries in the world to have a fully privatized
water and sewage disposal system. There are 11 water
companies, many owned by overseas companies.

The UK's antiquated sewerage system is inadequate.
Water companies have failed to invest to protect
coastal and river environments. Instead, they rely on a
network of around 18,000 licensed sewer overflows

to routinely discharge raw sewage into rivers and

the ocean. The sewer system carries rainwater and
wastewater from homes along the same pipes to water
treatment works. When there is too much rainfall,
water companies are allowed to discharge overflow
from these pipes into the rivers and seas. In total, water
firms in England discharged raw sewage into rivers
372,533 times in 2021. Only 14% of these rivers are in
good biological health.

Case study 2

No new reservoirs have been opened since the water
industry was privatized in 1991 and since that time the
population of the UK has expanded by over 10 million.

The UK government water services regulation authority
(OFWAT) regulates the companies but focuses on
security and quality of supply and on keeping bills to
consumers as low as possible. Over five years, there
have been fines for pollution of GBP 250 million;
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however, some GBP 50 billion has been paid to
shareholders of these companies since privatization.
The water companies self-monitor and report
sewage discharges to OFWAT but the government
does not have the funding to do its own inspecting
in enough breadth.

A Figure 7 Sewage outfall pipe discharging into a lake

Questions
1. Explain why the water companies discharge
raw sewage into English waterways.

2. Explain the potential results of sewage discharges
into waterways.

3. Discuss the ways in which English water
companies could improve the quality of water for
consumers and the environment.
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HL lenses

. . International environmental law
@ Activity 3
Causes of climate change, its consequences and solutions inevitably cross
ATL skills used: thinking, national borders, so environmental law frequently requires international
communication, social, research discussion and regulation.

Search online for “international
environment organizations” and
choose one that interests you.

The UN held one of the first international summits on environmental problems

and issues in 1972. Since then, governments at multiple levels—along with human

rights groups, non-governmental organizations (NGOs), and other international

1. Research this organization: groups—have developed various frameworks, policies and treaties to safeguard

o L natural resources, protect the environment, and forge connections between nations.

e Describe its mission. . . s o
International environmental lawyers have played a significant role in this.

* Explain how it operates. o ) ) ) ) )

Organizations working on environmental law at an international level include the

* BEvaluate its achievements. UNEP, CITES, Greenpeace, ClientEarth and WWF.
2. Discuss your selected
organization with your class
and establish what successful A nation’s constitution is a set of principles and rules by which a country is
organizations have in common. organized and governed. In many nations (e.g. India, Singapore, the USA) the
constitution is one document, ratified at the time the nation came into being.

How do these laws work?

Constitutional law is the body of law that defines the relationship between
different entities within a nation, most commonly the judiciary, the executive and
the legislature bodies.

* Environmental constitutionalism—where environmental rights and
obligations are incorporated into national constitutions—has become a
widespread phenomenon. Internationally, more and more environmental
cases are effectively addressed by nations’ constitutions. Climate change

A Figure 8 A country’s written constitution issues are increasingly being addressed in this manner.

¢ Climate constitutionalism is increasing to address the global threat

TOK created by the climate crisis. Around the world, 150 countries had taken
action on environmental constitutionalism as of 2017, and in 2020, the

How true is it that factual evidence London School of Economics identified 11 countries with “climate clauses” in

may be abused, dismissed or their constitutions. They are Algeria, Bolivia, Cote d’Ivoire, Cuba, Dominican

ignored in politics? Republic, Ecuador, Thailand, Tunisia, Venezuela, Vietnam and Zambia.

There may be more now. Most of these clauses are broad aspirations and
pledges to action, not targets. Rights-based provisions are relatively scarce
but Tunisia’s constitution guarantees all citizens the right to participate in the
protection of the climate.

More examples of international laws

International law in general sets out the rules that apply to relationships between
states. It also sets out rules on many issues that states have agreed are of
international importance. It provides an essential framework for addressing
transboundary issues of pollution and resource management.

The ASEAN Agreement on Transboundary Haze Pollution (AATHP)

This is a legally binding environmental agreement signed in 2002 by the 10 states
of the Association of Southeast Asian Nations (ASEAN) to reduce pollution by
haze in Southeast Asia.
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Haze occurs when suspended dust and smoke particles accumulate in relatively
dry air; PM, , particulates do most damage to lungs. Haze from forest fires is a real
problem when deforestation for agriculture, mainly in Sumatra and Kalimantan,

is wind-blown over many ASEAN countries. The south-west monsoon blows the
haze over Thailand, Singapore, Brunei and the Malay peninsula. Enforcement

of the agreement is difficult, however, as it partly depends on educating small
farmers to encourage sustainable practices.

Indonesia signed the agreement late and it is the third largest GHG emitter
country in the world. Some 75% of its emissions are from deforestation.
Singapore has imposed strict rules on multinational palm oil companies that
invested in Indonesia. Greenpeace called for tighter regulations to control the
overseas operations of big food companies, highlighting that contract farming
through subsidiaries of multinational corporations was a major factor behind the
high number of haze hotspots.

The FAO International Plan of Action (IPOA) to prevent, deter and eliminate
lllegal, Unreported and Unregulated fishing (IUU)

The International Plan of Action (IPOA) is voluntary within the framework of the
UN Food and Agriculture Organization (FAO) Code of Conduct for Responsible
Fisheries.

lllegal, unreported and unregulated fishing (IUU) is an issue around the world.
IUU occurs in most fisheries, and accounts for up to 30% of total catches in
some. The objective of the IPOA is to prevent, deter and eliminate IUU fishing
by providing all states with comprehensive, effective and transparent measures
by which to act, including through appropriate regional fisheries management
organizations established in accordance with international law.

exclusive economic zone Regional fisheries management

organization (RFMO) area @

transferring

misreporting vessel
catches  with fish without

false flag authorization

200 nautical miles

nation A

fishing in prohibited

area fishing out of
season
. . . notreporting
nation B ﬁshmg with catches
illegal gear
<]

without licence

failure to broadcast
vessel location

G fishing in RFMO

A Figure 9 US graphic on IUU fishing
Adapted from: U.S. Government Accountability Office
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Connections: This links to material
covered in subtopics 6.3 and 8.3.

@ Activity 4

ATL skills used: thinking,
communication, research

Consider Figure 9 and your studies
on sustainability and aquatic food
production systems.

1. Review the ways in which IUU
fishing may occur. How many
are shown in Figure 97

2. Which of these do you think
are easier to regulate and why?

3. Describe ways in which
nations A and B could ensure
protection of their own EEZs
(exclusive economic zones).

4. Explain why sustainable fishing
is so difficult to achieve.
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At what level do political leaders
and officials have different ethical
obligations and responsibilities
when making decisions that have
such large impacts?

Connections: This links to material
covered in subtopics 1.3, 3.3, 6.2,
6.3, 7.1and 7.2.

Connections : This links to material
covered in subtopic 3.3.

What does the UN do?

UN conferences produce international conventions (agreements) that are legally
binding and protocols that may become legally binding to all signatories, though
their development can be very slow and challenging.

There are difficulties involved in negotiating international agreements and the
agreements have mixed results. Difficulties include:

e the complexity of the agreements
e rapidly evolving scientific knowledge

e pressures on individual governments from internal stakeholders with
differing interests

e conflicts between countries over “differentiated responsibilities”

e financing commitments of high-income countries (HICs) towards low-income
countries (LICs)

e general geopolitical conflicts
* potential economic impact of agreements.

But as people recognize that climate change is happening and affecting them, it
becomes a more urgent issue.

The rule of law in environmental matters is essential for equity in terms of the
advancement of Sustainable Development Goals (SDGs), the provision of fair
access by assuring a rights-based approach, and the promotion and protection of
environmental and other socio-economic rights.

The United Nations Environment Programme (UNEP) is responsible for coordinating
responses to environmental issues within the UN system. Conflicts over natural
resources and environmental crimes intensify the problems. At least 40% of internal
conflicts over the last 60 years have a link to natural resources.

The Montreal Protocol of 1987 was an international treaty to phase out production
of ozone depleting substances (ODS). Since then there have been nine revisions
and the Kigali Amendment of 2016 phased down hydrofluorocarbons (HFCs) too
as they are potent greenhouse gases (GHGs). The Montreal Protocol was widely
adopted because:

¢ replacement chemicals (HFCs) could be produced
e there was a clear scientific issue of ozone depletion
* the public recognized and understood the risks.

The Kyoto Protocol on GHG emissions, adopted in 1997, came into force in 2005
with 192 parties. It committed states to reduce GHG emissions by anthropogenic
activities which are causing climate change.

A second round of targets in the Doha Amendment in 2012 had lower take-up by
countries, with the USA not ratifying the Amendment and others dropping out. By
2020, 147 states had agreed to the Doha Amendment.
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The Paris Agreement of 2015 was negotiated by 196 countries and signed by
195 (Iran, a major emitter, did not sign). The goal of this Agreement is to keep
the global temperature increase to 2°C above pre-industrial levels and to reach
net zero in carbon emissions by 2050. Each year there are conferences to assess
progress and agree goals. These are the COP conferences.

Unfortunately, zero carbon targets are far more complex to agree and implement
than those for phasing out ODS; they vary depending on many factors and some
countries are able to fund emission reductions in other countries, thus meeting
their own targets. As a result, progress towards the Paris Agreement targets has
been slow.

International conventions and courts
Conventions

International agreements can generate institutions or organizations to aid their
implementation. There is a range of conventions covered in the ESS course.
Specific agreements are the most successful, for example:

* the Convention on International Trade in Endangered Species (CITES)
¢ the International Union for Conservation of Nature (IUCN).
Courts and tribunals

International courts and tribunals have had some role in the development of
international environmental law.

e The International Court of Justice (IC]), which has its seat in The Hague, is the
principal judicial organ of the UN and rules on cases of discrimination and
disputes between nations.

For example, the Silala River in the Atacama Desert flows across the Chilean
and Bolivian borders and its status as an international waterway was disputed.
This centred on which country could take the water in a time of mega-drought.
The court did not need to rule in the end as both parties agreed there that it
was an international waterway and they would share the waters.

¢ TheInternational Tribunal for the Law of the Sea (ITLOS) is an independent
judicial body established by the 1982 UN Convention on the Law of the Sea.

*  The European Court of Justice (EC]) is the supreme court of the European
Union (EU). It makes sure EU law is applied in the same way across the EU
and that EU institutions and countries abide by EU law.

One case was concerned with a Belgian law that prohibited waste that
originated in member states from being dumped or stored in Wallonia (an
area of Belgium). The EC] ruled that waste was “goods” because it was the
subject of a commercial transaction; therefore the Belgian law was counter to
EU free movement of goods.

One of the difficulties faced by international judiciary bodies is how to evaluate
appropriate compensation and damages for infringements of environmental law.
Who decides the values is also complicated.

There are calls for a specialized International Court for the Environment. ,
A Figure 11 ECJlogo
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™ Chagos Islands controls the Chagos and the airbase operates. Local
%" peoples have not returned and have not received
3 A case brought before the ITLOS court is the dispute compensation. International law is complicated.
™  over the Chagos Islands in the Indian Ocean. The
8 Chagos Archipelago is a group of atolls and 60 India
@ islands about 500 km south of the Maldives. They
v are a British Indian Ocean Territory (BIOT) because
they were transferred to Britain after the Napoleonic Maldives — Chagos
Wars. Between 1967 and 1973, the UK expelled the ’ Islands

indigenous peoples on Diego Garcia, the largest and ®
only inhabited island of the Chagos, to allow the USA Seychelles () .
to build an airbase there. Many of these 1,500-2,000 Mauritius
people were sent to the Seychelles or Mauritius.

Mauritius gained independence from the UK in 1968, Indian
and has since claimed the Chagos Archipelago as Ocean
Mauritian territory, arguing that it was coerced into
giving up the Chagos Islands. The International Court
of Justice ruled in 2019 that this action and the UK's A Figure 12 Map showing the Chagos Islands, the Maldives
continued administration of the Chagos was illegal. eI EMMIUB e el OEsEm

The UK dismissed this ruling as not legally binding.

1,000 miles Madagascar

Questions
In 2010, the UK announced the establishment of the 1. Why did the UK make the indigeneous people of
Chagos Protected Marine Area—the world'’s largest the Chagos Islands leave?

marine reserve (larger than France or California). In

2015 the Permanent Court of Arbitration, a non-UN

intergovernmental organization, ruled that this

violated international law. 3. Which three countries are now disputing their
claims to the Chagos and why?

2. Whydid the UK government believe it had the
right to do this?

In 1992, the Maldives supported the UK's claim

over the Chagos. In 2023, after the marine area was 4. Who benefits from and who suffers in the
announced and fishing was prohibited in this area, current dispute?

they supported Mauritius claim instead. The Maldives 5. Discuss in class the ethical and justice issues
have a claim to fishing areas around the Chagos in this case.

Islands within overlapping EEZs and fishing is 67% of

Maldivian exports. At the time of writing, the UK still

What is personhood?

Personhood is a term in law and in philosophy which describes the status

of being a person. Granting legal personhood to natural entities can result

in stronger environmental protection. Only a legal person can have rights,
protections and legal liability in law. The law has a long history of granting legal
personhood to corporations and other organizations, which means they have
legal standing and can be sued or brought to court.

Examples of personhood are:
* the Ganges and Yamuna Rivers in India

e the Whanganui River (Te Awa Tupua) in New Zealand which is revered by the
Maori people
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*  MarMenor, a coastal saltwater lagoon in Spain—the first ecosystem to gain
personhood

*  Greatape personhood, first granted in 2007 by the Balearic Islands and then
later by other countries.

A Figure 13 Mar Menor, Spain A Figure 14 Assilverback gorilla, part of the
Great ape family

This is complicated too. Should personhood be granted to women, children,
embryos, slaves, indigenous peoples, non-Great ape animals, aliens, A.l.,
mountains, scenic views, specific ecosystems, bacteria?

Indigenous knowledge systems do not recognize the distinction between
humans and nature, or the differences between anthropocentric and ecocentric TOK

environmental value systems.
At what level can the practices of

indigenous cultures be judged with
any validity by applying the moral
Environmental laws may be enacted but it is difficult to gain the agreement of all values of another culture?
stakeholders and to ensure compliance with the laws. Similarly, environmental

economics (see subtopic HL.b) attempts to value ecosystem services in financial

terms but who makes the valuation and using what criteria? By integrating the

two approaches, environmental sustainability may become more likely. For

example, giving value to the cost of an oil spill can have an impact on the law

which then imposes proportional fines.

Linking environmental law and environmental economics

Check your understanding

How can environmental law help to ensure the sustainable management of Earth systems?

1. Define law and environmental law.

2. Describe the three levels at which environmental laws can be drafted.

3. Explain how national environmental laws may and may not be effective, with examples.
4. Discuss an example of a UN law or treaty that is effective and one that is less effective.
5

Evaluate the benefits of giving personhood to four entities of your choice. Two of these should be non-living.
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uiding questions

How can environmental economics ensure sustainability of the Earth’s systems?

How do different perspectives impact the type of economics governments and

societies run?

Understandings

Economics studies how humans produce, distribute
and consume goods and services, both individually and
collectively.

economics in that it views the economy as a subsystem
of Earth'’s larger biosphere and the social system as
being a sub-component of ecology.

10.

While the economic valuation of ecosystem services
is addressed by environmental economics, there is an
even greater emphasis in ecological economics.

2. Environmental economics is economics applied to the 11. Economic growth is the change in the total market value
environment and environmental issues. of goods and services in a country over a period and is

3. Market failure occurs when the allocation of goods and UsLElly ERsUEE] s ne snEl peeen Bge eienge T

. : o= GDP.
services by the free market imposes negative impacts on
the environment. 12. Economic growth is influenced by supply and demand,

4. When the market fails to prevent negative impacts, the and may be perceived as a measure of prosperity.
polluter-pays principle may be applied. 13. Economic growth has impacts on environmental

5. “Greenwashing” or “green sheen” is where VHEliErS,
companies use marketing to give themselves a more 14. Eco-economic decoupling is the notion of separating
environmentally friendly image. economic growth from environmental degradation.

6. The tragedy of the commons highlights the problem 15. Ecological economics supports the need for degrowth,
where property rights are not clearly delineated and no zero growth or slow growth and advocates planned
market price is attached to a common good, resulting in reduction in consumption and production, particularly in
overexploitation. high-income countries.

7. Environmental accounting is the attempt to attach 16. Ecological economists support a slow/no/zero growth
economic value to natural resources and their depletion. model.

8. Insome cases economic value can be established by 17. The circular economy and doughnut economics models
use, but this is not the case for non-use values. can be seen as applications of ecological economics for

9. Ecological economics is different from environmental SUsEllY;

What is economics?

Economics studies how humans produce, distribute and consume goods and
services both individually and collectively. It focuses on supply and demand of
resources and the outcomes of market interaction. It analyses the choices that
individuals, businesses, governments and nations make to allocate resources. If
demand is greater than supply, there will be shortages and prices rise in a free
market. If supply is greater than demand, there is surplus and prices tend to fall.

112,014 39,761
72 1,440

4,793.36 0.6

7,269,500

A Figure 1 A stock market chart
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1 Water in Central Asia
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A Figure 2 Graph and map showing the relationship between demand for and supply of water in the countries
of Central Asia S
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9

Central Asia is warming faster than the global average and  climate migrants by 2050. These people are known as
glaciers are melting faster because wind-borne dust from  environmental refugees (see subtopic 8.1).
the dried bed of the Aral Sea lands on the glaciers and

reduces their reflectiveness (albedo) so they melt faster. Questions
River basins and water stores go across national borders. 1. Discuss how water supply imbalances in Central Asia
Although transboundary agreements are in place, they are could be more equitably distributed.

not effective and some states view them as not equitable. 5 g, 5 region that you live in or know, investigate:

Where reliance is mostly on rainfall, droughts threaten a. water stores and use
agriculture and water supply. Water demand is increasin ) )
9 o !Op y i 9 b. anytransboundary issues relating to water

forirrigation and for the increased human population.
c. ways in which water supply can be made more

The World Bank has estimated that slow-onset climate SEEUTE

change impacts in the region could result in 2.4 million

What is environmental economics?
TOK

Environmental economics is economics applied to the environment and

To what degree are political environmental issues.

judgements a type of ethical

a * [tstudies the economic effects of environmental policies around the world
judgement?

and it is concerned with the design and implementation of environmental
policies.

* |tdeveloped as a result of environmental damage caused by economic
activities and aims to enhance sustainable development.

e lts main focus is on the efficient allocation of environmental and
natural resources and how alternative environmental policies deal with
environmental damage, such as air pollution, water quality, toxic substances,
solid waste and global warming.

*  Environmental economics aims to deal with issues such as inefficient natural
resource allocation, market failure, negative externalities and management of
public goods.

* Technocentrics have the perspective that science and technology will enable
environmental economics to work within the current economic framework.

*  More ecocentric perspectives tend to value the approach of ecological
economics (see later).

Economics and sustainability

Economic growth has negative impacts on environmental welfare: the use of
resources or production of goods causes pollution which creates a net welfare loss
on society at no cost to the producer. It may also lead to increased consumption

of non-renewable resources, higher levels of pollution, global warming and loss of
habitats. The challenge that countries face is how to develop economically—to lift
the poorest out of the poverty trap—but to do this sustainably.

Polluter-pays principle

The polluter-pays principle is the commonly accepted idea that those who

produce pollution should bear the costs of managing it to prevent damage
to human health or the environment. For instance, a factory that produces a
potentially poisonous substance as a by-product of its activities is usually held
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responsible for its safe disposal. In international environment law, this is mentioned
in principle 16 of the 1992 Rio Declaration on Environment and Development.

Environmental economics has created solutions such as quotas, fines, taxes,
tradeable permits and carbon neutral certification. These solutions ensure the
polluter pays so as to limit the burden on society.

Scope of environmental economics

There are several important questions in environmental economics:

1. What causes environmental challenges in terms of economics?
The concept of market failure is premised on the fact that markets for
environmental goods—such as unpolluted air, a clean environment or scenic
views of nature—are either non-existent or incomplete. There is likely to be
no efficient allocation of environmental resources in the way that economists
measure this.

2. What is the monetary cost of environmental degradation through
pollution, deforestation and loss of biodiversity?

3. What s the value of developments in the prevention and eradication
of environmental harm? How to measure and estimate the variables in
questions 2 and 3 are vital in environmental economics.

4. How can economicincentives and environmental policies be
effectively designed to improve environmental quality and stop
environmental damage? Both economic incentives and environmental
policies and regulations must be evaluated to find out if the intended
objectives are achieved.

Environmental economics encompasses the following five concepts.
1. Sustainable development

Sustainable development is defined by the UNEP as “development that meets
the needs of the present without compromising the ability of future generations
to meet their own needs”. The concept analyses the role of economic
development in supporting sustainable development.

The four basic components of sustainable development are economic growth,
environmental protection, social equity and institutional capacity.

2. Market failure

Market failure occurs when the allocation of goods and services by the free market
imposes negative impacts on the environment. In an ideally functioning market,
the forces of supply and demand are balanced, with a change in one side of the
equation leading to another change that maintains the market'’s equilibrium. Ina
market failure, however, something interferes with this balance. For example, a
factory that generates pollution while producing goods creates a net welfare loss
on society at no cost to the factory.

Market failure occurs when a market is unable to efficiently allocate scarce
resources at a given price because conditions for laws of supply and demand

are not met. An example is an “environmental good” such as clean oceans. It is
difficult to price the value of clean seas and oceans, and there exist no markets for
clean water bodies where trading depends on the degree of cleanliness. Thisis a
standard case of market failure.

This work must not be reproduced, stored, transmitted or circulated in any other form.

Connections: This links to material
covered in subtopics 1.3, 3.3, 4.4,
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A Figure 3 What is the value of clean seas
and oceans?
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Is it true that technology has had
an impact on how we perceive and
filter data and information?
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When the market fails to prevent negative impacts, the polluter-pays principle
may be applied.

3. Externalities

Externalities are inadvertent consequences of economic activity that affect
people over and above those directly involved in the activity. Externalities are
another form of market failure. They can be negative or positive.

A negative externality creates unplanned outcomes that are harmful to the
environment or to the general public. An example is industrial pollution, which
results in unclean air and water and other health risks. The polluters may not
incur any costs to address the pollution, even though their activities harm the
environment and negatively affect the surrounding community.

A positive externality is a benefit to other people not directly involved in its
generation. A community nature park can benefit people outside the community
who visit family and friends in the area and would not have contributed to

its development. People who benefit from an economic resource without
contributing to its establishment are called “free riders”.

N []
- ll
[T T

A Figure 4 Negative (factory polluting) and positive (urban park for all) externalities

@ Activity 5

ATL skills used: thinking, research

Figure 5 shows an open cast copper mine—a significant negative externality.

A Figure 5 An open cast copper mine Investigate how the mining company could turn this into something positive
for the community when they have finished mining the copper.

4. Valuation

Environmental accounting is the attempt to attach economic value to natural
resources and their depletion. It is difficult to agree a consensus value with

all stakeholders. There is a need for a common framework to measure the
contribution of the environment to the economy and the impact of the economy
on the environment.
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The valuation of ecological resources is complex, as it is difficult to assign value
to intangible benefits such as clean air and an unpolluted environment. But
valuation is an important aspect of environmental economics as it helps us to
evaluate a variety of options to manage challenges when using environmental
and natural resources.

Itis difficult to value resources that offer multiple benefits—for example,
mountains may prevent flooding, provide scenic beauty, direct river flow
patterns, and provide fertile soils for agriculture.

Environmental resources can be assigned values depending on use and non-use
methods. It is far easier to assign value to a product in use, by observing what
consumers are willing to pay to use it.

This is use value—when people benefit from direct use of the good. Opportunity
cost (the price of missing out on the next best alternative) pricing, replacement
cost, and pricing techniques can be employed in the “use” method.

[

-

A Figure 6 What is the value of cultural heritage?

Non-use value is the value that people assign to economic goods they have
never used and will never use. The concept is most commonly applied to the
value of natural and built resources. Non-use value may include the intrinsic value
of a species or the potential value of future use by forthcoming generations.

The contingent valuation technique is used for the “non-use” method. This uses

a survey to measure what consumers would be willing to pay for a product or a
common good they do not use or enjoy. It also considers how much people would
accept as compensation payment in return for the destruction of a common good.
For example, how can we value the cost of and compensation required for the
Exxon Valdez oil spill of 1989 or the BP Deepwater Horizon oil spill of 20107

5. Cost-benefit analysis

Humans have unlimited wants but live in a world with limited means. Economists
study how people make decisions when faced with scarcity (when resources
given to one end are not available to meet another). Under conditions of scarcity,
there is an opportunity cost of any action.

Cost—benefit analysis (CBA) involves weighing the benefits arising from a policy
against the perceived costs. The “best” policy is one which leads to the greatest
surplus of benefits over costs.

CBA starts with a base policy where no changes are made to the status quo.
Benefits are instances where human well-being is improved; costs decrease
human well-being.
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* asaclass.

To what extent is it economically
valuable to put a price on natural
resources?
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@ Activity 6
ATL skills used: thinking, research
N Columbia From Prudhoe Bay
Tankers or oil rigs spilling oil is not common Glaiier Valdez )Pipe“ne
but when it happens, it is an environmental ‘I‘ Valdez Arm Rk
disaster.

Bligh Reef

4 -~ Tanker route

The Exxon Valdez ran aground in Prince
William Sound on Bligh Reef, Alaska in
1989, spilling its cargo of crude oil. The

Icefields
Area affected

5/ chinbrook &

oil eventually covered over 2,000 km , Island % byoil slick [
of coastline. The spill had long-term Dangerous narrow of"/Os/m /r—/
environmental and economic impacts and ___IOUt'e“”to SRENlSea
litigation followed.
The BP Deepwater Horizon was an oil drilling A Figure 8 Exxon Valdez oil spil
rig in the Gulf of Mexico. In 2010, methane T”*"-P'W\Q Y 5 | \ N south Caﬁ'ﬁ;
from drilling rose up into the rig, ignited and N -—% _'g? 5
exploded. Oil leaked from the deep sea drill o 5 & | Alabama | Georgia L)‘”
hole (1,600 m-deep) and flowed for 87 days. Texas &/ < ¥
[t was the world'’s largest accidental spill. The
damage to species, the environment, the Houston @
economy and human health was massive. J
Civil and federal criminal charges were 5
brought and settlement payments were
demanded. ¢
Research the consequences of these oil 7 0
spills in terms of:  E———
1. legal actions and results :
. . i A Figure 9 Deepwater Horizon oil spill
2. economic activity by communities
affected
economic penalties paid by the companies involved
4. environmental effects, both short and longer term.
Greenwashing
“Greenwashing” or “green sheen” is where companies use marketing to give
themselves a more environmentally friendly image. Companies also produce,
and charge more for, products that appear to be—but are not—less bad for the
environment than alternatives.
Carbon offsetting: greenwashing or an effective market?
Connections: This links to material Carbon offsetting is either a reduction in greenhouse gas (GHG) emissions or an

covered in subtopics 1.1 and 6.3. increase in carbon storage that is used to compensate for emissions that occur
elsewhere. Examples of this are:

* paying for methane gas capturein ¢ installing clean cookstoves

landfill sites .
e creating solar farms

. ti ind f .
creating newwingiarms e creating dams for hydropower

e forest conservation or tree planting land restoration
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Carbon offsetting occurs when a polluting company or country buys carbon
credits to make up for the GHGs it has emitted. The money should be used to
fund action somewhere in the world that removes the same amount of carbon
from the air, or prevents other GHG emissions.

But carbon offsets do not effectively reduce climate change because they only
reduce carbon dioxide (CO,) if the projects are additional and permanent.

They are measured in tonnes of CO, equivalents and are bought and sold
through international brokers, online retailers, and trading platforms on the
global carbon offset market. Table T summarizes some of the key problems with
carbon offsetting.

Problem ‘ Explanation

Carbon offsetting is Environmentally: Carbon offsets do not work

not sustainable towards the core issue of reducing CO, emissions.
There are not enough offsets for all CO, emissions, and
not all carbon offset projects are realized.

Economically: Carbon offsets further an economic
gap between the world’s rich and poor.

Socially: Carbon offsets are often used as
greenwashing and they maintain an economic gap
between the world's rich and poor.

Carbon offsetting is Carbon offsets do not work towards the core issue of
not ethical reducing CO, emissions; poorer countries are paid to
offset carbon while “richer” countries continue to emit;
carbon offset projects are often used as greenwashing.

Carbon offsetting Carbon offsets do not effectively reduce climate

is not good for the change, and there are not enough offsets for all of our
environment CO, emissions.

Different projects Direct CO, removal is the most effective project

have different category, followed by renewable energy, energy
effectiveness rates efficiency and, lastly, carbon sequestration.

A Table 1 Problems with carbon offsetting

The tragedy of the commons

The commons are those things we own together. Some are abstract like a
language; others are tangible, such as fishing rights or common land. But if
nobody takes responsibility for something, it will nearly always be abused.

The tragedy of the commons (see subtopic 1.3) highlights the problem where
property rights are not clearly delineated and no market price is attached to a
common good, resulting in overexploitation. Often the solution involves private
ownership or government control but there is another option if certain rules are
followed.
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A Figure 11 Elinor Ostrom (1933-2012)

Connections: This links to material
covered in subtopics 1.3, 3.2 and 4.3.

Elinor Ostrom was an American political economist who was awarded a Nobel
Prize in Economics for her work. She showed that the use of resources by groups
of people can be rational and prevent resource depletion without government
intervention. Her theory stated that local communities are the best at managing
their natural resources (as they are the ones that use them) and that all regulation
on the use of resources should be done at the local level—not by a higher, central
authority that does not have direct interaction with the resources. Ostrom looked
at use of pastures in Africa, forests in Nepal, fishing waters in Indonesia and
Maine, and pastures of a small alpine village in Switzerland. She developed eight
design principles for responsibly managing shared resources.

The Ostrom principles are:

1.  Commons need to have clearly defined boundaries. In particular, who is
entitled to access to what? Unless there is a specified community of benefit,
it becomes a free for all.

2. Rules should fit local circumstances. There is no one-size-fits-all. Rules
should be dictated by local people and local ecological needs.

Many users should be involved in decision-making.

4. Commons must be monitored. Once rules have been set, communities
need a way of checking that people are keeping them and are accountable
if not.

5. Sanctions for those who abuse the commons should be graduated.
Banning creates resentment so have systems of warnings and fines, as well as
informal reputational consequences in the community.

6. Conflict resolution should be easily accessible. Resolving issues should
be informal, cheap and straightforward.

7. Commons need the right to organize. A higher local authority must
recognize them as legitimate.

8. Commons work best when nested within larger networks. Some things
can be managed locally, but some might need wider regional cooperation
—for example, an irrigation network might depend on a river that others also
draw on upstream.

This sounds straightforward yet the rules are frequently not applied. Consider
the Grand Banks fishery collapse, hunting of great whales or bison nearly to
extinction, and hunting of the dodo, passenger pigeon and many other species
to extinction.

Ecological economics

While environmental economics is based on traditional (classical) economic
theories, ecological economics is transdisciplinary and addresses the
interdependence of human economies and natural ecosystems both in space
and over time. The economic valuation of ecosystem services is addressed by
both environmental economics and ecological economics, but there is an even
greater emphasis in ecological economics.
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Environmental economics

It focuses on:

* sustainable scales

e fairdistribution, and equity between generations

* efficient resource allocation

e thevalue of natural capital as well as physical, human and financial capital
e environmental justice.

These factors all contribute to human well-being and sustainability.

Ecological economics views the economy as a subsystem of Earth’s biosphere and
the social system as a sub-component of ecology. Inputs to this economic system
are solar energy and natural resources. Outputs are goods, waste and lower-grade
energy as heat. This linear model is challenged in “new” economic thinking by

the circular economy and the doughnut economy models. The concept that HICs
should pay LICs not to deplete their natural assets is one element of ecological
€conomics.

The precautionary principle

The precautionary principle was first set out in a European Commission
communication adopted in February 2000, which defined the concept and
envisaged how it would be applied. It is an approach to risk management,
where, if it is possible that a given policy or action might cause harm to the
public or the environment and if there is still no scientific agreement on the issue,
the policy or action in question should not be carried out. The precautionary
principle may only be invoked if there is a potential risk and may not be used to
justify arbitrary decisions.

Economic growth

Gross domestic product (GDP) is the monetary measure of all goods and

services produced by a country in a given period of time. Per capita GDP is a Key term
more accurate assessment of living standards but does not take into account
inequalities in the actual distribution of income. Gross domestic product (GDP)

measures economic growth by the
annual percentage increase in the
total market value of goods and
services in a country over a period.

Economic growth is influenced by supply and demand and may be seen as a
measure of prosperity (a condition in which people are successful and thriving in
the economic sense). This linear economy approach does not usually take into
account waste, pollution and issues that lead to environmental degradation.
Prosperity has long been considered a good thing but global economic growth
using more natural resources than are available is not possible. The question now
is whether economic growth can ever be sustainable.

Connections: This links to material

Economic growth has both negative and positive impacts on environmental ; ;
covered in subtopic 7.3.

welfare.

*  Negative: Rising incomes associated with economic growth may lead
to increased consumption of non-renewable resources, higher levels of
pollution, global warming and the potential loss of habitats.

*  Positive: Higher incomes could mean individuals and society use resources
to protect the environment and mitigate environmental problems such as
pollution.
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SDG 8 is about promoting inclusive and sustainable economic growth,

DEGENT WORK AND employment and decent work for all. But the COVID-19 pandemic precipitated
ECONOMIC GROWTH the worst economic crisis in decades and reversed progress towards decent
work for all. The following figures come from the Sustainable Development Goals
Report 2022:

e Thereal GDP for LICs is projected to rise by 4.0% in 2022, and 5.7% in
‘ ' 2023—still below the 7% target under the 2030 Agenda.

e In 2021, global output per worker rebounded sharply, rising by 3.2%;
however, productivity in LICs declined by 1.6%.

A Figure 12SDG 8

* Theaverage worker in a HIC produced 13.6 times more output than the
average worker in a LIC in 2021.

*  Worldwide, 160 million children (63 million girls and 97 million boys) were
engaged in child labour at the beginning of 2020.

Eco-economic decoupling

This term refers to breaking the link between “environmental bad” effects and
“economic good” effects. Decoupling may be absolute or relative and can be
measured by decoupling indicators. A decoupled economy can grow without
also increasing environmental pressures. Environmental pressure is often
measured using emissions of pollutants and decoupling is often measured by
levels of emissions against economic output.

Eco-economic decoupling is the notion of separating economic growth from
environmental degradation. In many economies, economic growth increases
pressure on the environment. If an economy can grow and at the same time
reduce its consumption of clean water, other natural resources and energy from
fossil fuels and not degrade the environment, it has “decoupled”.

However, adopting the doughnut economy model changes perspectives and
requires a total rethink of this viewpoint.

Pressure on the environment is often measured by emission of pollutants as this
is fairly easily measurable. If emissions reduce but economic growth increases, is
this decoupling or are there other measurements to be made?

Connections: This links to material
covered in subtopic 8.3.

Decoupling indicators, like all other types of indicator, shed light on particular
aspects of a complex reality but leave out other aspects. For example, the
decoupling concept lacks an automatic link to resilience of the ecosystem.

Examples of absolute long-term decoupling are rare, but recently some
industrialized countries have decoupled GDP growth from CO,, emissions.
However, this is often achieved by out-sourcing emissions—for example,
importing fuels from other countries or buying carbon credits. A country may
then claim to have decoupled when, in reality, degradation is still occurring.

Slow/no/zero growth

Ecological economists support a slow/no/zero growth model. Rather than
focusing on GDP, they address the extent to which the ecological footprint of a
country is sustainably balanced by its biocapacity.
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Environmental economics

Conventional economic theory has been that economic growth is not only
desirable but is the best sign of a healthy economy. Other economists, including
Kate Raworth of the doughnut model, say that economic stagnation (lack of or
slow growth) can actually be a sign of prosperity. Stagnation is an indication that
a country has neared its ceiling for economic success or shifted the material basis
of its economy from manufacturing to services. In this view, it is not necessarily

a bad thing if growth slows or stops during a stable economic period. Higher
productivity can be achieved not only by increased GDP but also by higher
efficiency using fewer inputs, working fewer hours, and using fewer resources.
However, when this happens, unemployment rises which raises issues of equity.

@ Activity 7

ATL skills used: thinking, communication, research

Review the circular economy and doughnut economics models, covered in subtopic 1.3. These models can be
seen as applications of ecological economics for sustainability. Their effectiveness in addressing the sustainable
activity of a society varies.

The doughnut model involves living sustainably. However, a country can claim to be sustainable if it imports most
goods and exports waste products elsewhere—the problems are passed on to someone else. Clearly that is not
globally sustainable.

There have been attempts to quantify the doughnut economic models for different countries.
1. Search online for “doughnut economy by country by Netlify”.

2. Choose your country from the drop-down list. Hover over each segment of the doughnut to see more
information.

Where has the ecological ceiling been exceeded?
Which social boundaries are within the green safe and just zone?
Where is social damage greatest?

Evaluate the model for your country.

N oo ooos W

Now study the model for two more countries that you know a little about—one HIC and one LIC. Describe and
explain the differences you observe.

Check your understanding

How can environmental economics ensure 4. Explain why it is difficult to give a valuation in

sustainability of the Earth’s systems? monetary terms to environmental services.

economics governments and societies run? compatible with sustainable development.

1. Define economics, environmental economics and 6. Explain how ecological economics differs from
ecological economics. environmental economics.

2. Describe the impacts of market failure and how to 7. Evaluate the possible effects of decoupling an
mitigate the failure. economy from environmental degradation.

3. Describe and comment on one example of 8. Evaluate the impacts of slow or zero growth (a) on
greenwashing of a product. equity and (b) on sustainability.
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Environmental ethics

Guiding questions

* To what extent do humans have a moral responsibility towards the environment?

* How does environmental ethics influence approaches to achieving a sustainable

future?

Understandings

Ethics is the branch of philosophy that focuses on moral
principles and what behaviours are right and wrong.

Environmental ethics is a branch of ethical philosophy
that addresses environmental issues.

8.

There are three major approaches of traditional ethics:
virtue ethics, consequentialist (for example, utilitarian)
ethics and rights-based (deontological) ethics.

3. Avariety of ethical frameworks and conflicting ethical
values emerge from differing fundamental beliefs

9. Virtue ethics focuses on the character of the person
doing the action. It assumes that good people will do
good actions and bad people will do bad actions.

concerning the relationship between humans and 10. Consequentialist ethics is the view that the consequences
nature. of an action determine the morality of the action.

4. Instrumental value is the usefulness an entity has for 11. Rights-based ethical systems focus on the actions and
humans. whether they conflict with the rights of others. There is

5. Intrinsic value is the value one may attach to something

simply for what it is.

6. The concepts of instrumental and intrinsic value are not

exclusive.

7. An entity has “moral standing” if it is to be morally
considered with regard to how we ought to act

towards it.

Key terms

Ethics is the branch of philosophy
that focuses on moral principles and
what behaviours are morally right or
wrong, just or unjust.

Morals are what you believe to be
rightand wrong.

debate about what these rights might be.

12. Some people hold the view that whatever is natural
is correct or good. This position is contentious and is
described as the “appeal to nature” fallacy.

13. Environmental movements and social justice movements
have developed from separate histories but are
increasingly seeking common goals of equitable and
just societies.

Making ethical decisions on environmental issues

Humans make many ethical decisions with respect to the environment.
For example:

e Should environmental research be subject to ethical constraints or
is the pursuit of all knowledge intrinsically worthwhile?

*  What environmental obligations do we have for future human
generations?

* Isitright to cause the extinction of a species to benefit humanity?

*  Should humans continue to cause deforestation and loss of
biodiversity for our benefit, just one species of many?

* Do human rights and rights for other life exist in the same way that
the laws of gravity exist?
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Environmental ethics

We all have our own ideas about what is right and wrong and how we tell the
difference. Our viewpoints are influenced by the communities in which we
live (see subtopic 1.1). Morality is the belief that some behaviour is right and
acceptable and that other behaviour is wrong.

Morality can be seen as something personal, whereas ethics relates to the
standards of “good and bad” distinguished by a certain community or social

grouping.

Moral standards are values that a society uses to determine reasonable, correct
or acceptable behaviours. Some standards are universally accepted; for example,
most societies believe killing is wrong, but some make exceptions to this in a just
war or in self-defence.

@ Activity 8

ATL skills used: thinking, communication, social, research

Look at the list of ethical questions at the start of this subtopic.

1. In groups, make a list of at least five more questions, thinking about your
ethical relationship with your environment. For example: What do you
use, what do you destroy, what do you do about pests, how do you view
other lives?

2. Foreach question, consider your own perspective and values and your
environmental value system (EVS). Do these change depending on the
question?

Environmental ethics

Environmental ethics arose in the 1960s and 1970s when awareness of
environmental issues increased. Most western ethical traditions focused on
human-human actions and relationships only. They did not address the moral
status of non-human or non-living environmental entities.

An ethical question for humanity now is: “What is our relationship with the natural
environment?”

Different ethical frameworks and conflicting ethical values emerge from differing
fundamental beliefs concerning the relationship between humans and nature.

Most current economic, political and cultural ideologies are based on
anthropocentric values. The growth in size of the human population and of
industrialization and exploitation of the natural world shows we live unsustainably
and are damaging and destroying life on Earth. An ethical value system which
sees nature as separate and there for humans to utilize would suggest a
technocentric worldview. Viewing humans as stewards of nature but part of

it suggests you would protect the environment and all life within it. If you see
humans as part of nature in which all have intrinsic value and rights, you may hold
an ecocentric environmental value system.

Instrumental and intrinsic values

In ethics there are two kinds of value—instrumental and intrinsic. You can value
something (whether a living organism, an ecosystem or a non-living object) as an
end in itself, or as a means to an end, or as both together.
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From a TOK point of view, ethics
focuses on knowledge questions
about ethical issues, not on the
ethical issues alone. It is about
ethical considerations that impact
inquiry in ESS. For example, “How
can we know when we should

act on what we know about the
extinction of species?” The focus
should be on the knowledge we
are using to make decisions, not
on extended discussions about the
ethical theories.

[f moral claims conflict, does

it follow that all views about
anthropogenic induced extinction
are equally acceptable?

Key term

Environmental ethics is a branch
of philosophy that addresses
environmental issues.

Connections: This links to material
covered in subtopic 1.3.

TOK

How much does the use

of the terms “ecocentric”,
“anthropocentric” and
“technocentric” convey ethical
judgements?
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Intrinsic value is the value that an entity has in itself, for what it is, oras an end in
itself. A landscape, mountain, lake, ocean or single living insect may be valued
for itself, regardless of whether a human sees it as beautiful or aesthetically
pleasing—regardless even of whether a human ever sees it at all.

Instrumental value is the usefulness an entity has for humans. It is the value that
something has as a means to a desired or valued end. Money has instrumental
value, not in itself—because it is just a piece of paper, a pile of scrap metal or

a computer print-out—but because of what it buys for us. Ecosystems have
instrumental value for us because they provide goods such as food or water, or
services such as waste processing, carbon storage or water purification.

An entity may have both intrinsic and instrumental value at the same time. Forests
that are beautiful in their own right are also useful to humans. An individual animal
in a zoo may attract the public but also has its own intrinsic value.

How much is one whale worth?

Whales have an important role in the overall health of the marine environment.
They play a significant role in capturing carbon from the atmosphere. Each great
whale sequesters an estimated 33 tonnes of CO, on average. Baleen whales eat
krill (shrimp-like animals), small fish and phytoplankton. Phytoplankton absorb

a massive amount of carbon from the atmosphere. Without whales, krill would
probably eat much of the free-floating phytoplankton on the ocean’s surface,
resulting in a marked acceleration in climate change.

A Figure 1 Humpback whale breaching In 2019, the International Monetary Fund published a paper that proposed
assigning a value of USD 2 million for each great whale to account for their role

in carbon removal. That USD 2 million figure equates to the value of 1,000 large
@ Activity 9 commercial trees. In addition to their carbon storage role, sperm whales have
value due to ambergris (undigested waste that they excrete), which is used in

ATL skills used: thinking the perfume market, especially to create fragrances like musk. There is also the
ecotourism value of whale-watching around the world. Overall, the current
population of whales is “worth” more than USD 1 trillion.

Consider your perspective on how

to value:

1. whales But what is the intrinsic value of whales? How can this be calculated? If you have
i seen a whale in the ocean, how can you value that? If we attach a dollar value to

2 [PETgUS an animal, does that make its preservation more likely? If we reduce ecosystems

3. fleas to services they provide for us, and reduce species to an economic valuation, we

4. tigers miss both the aesthetic valuation and the intrinsic value of a whale for its own

sake. Whales have been sources of awe, beauty, admiration and fear. And now

5. viruses they can wash up on beaches, dead and with stomachs full of plastic waste.

6. your favourite view

7. agreen space near you. TOK

To what extent does the beauty or
cuteness of an organism play a role in
how we perceive its value?

» Figure 2 A mosquito
and a kitten
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Moral standing—who counts?

An individual has moral standing for us if we believe that it makes a difference,
morally, how that individual is treated, apart from the effects it has on others.
But what about the moral standing of non-humans? And when does a fertilized
egg have moral standing? The moral standing of many animals will be strongly
influenced by culture and religion.

Human beings interact with non-human animals in a variety of ways. Some
animals, like pet dogs, cats, birds and hamsters, live in our homes under our
care. Others, like mice, rats, spiders and mosquitoes often live in our homes
as unwelcome residents. Domestic animals, like cows and chickens, are bred
for humans to eat their flesh, milk, eggs or other products. Other animals are
experimented on by humans in laboratories for medical research, used for
transport, hunted by humans for sport, or used for entertainment purposes in
circuses, zoos and films.

Doctors look after the physical welfare of patients and believe it is morally

wrong to mistreat them. They do this because they care. Farmers look after their
animals because otherwise the herd may become ill or not grow fast enough. If
farmers do this for the sake of the animals, the animals have moral standing in the
farmers’ eyes. Ifit is only because the animals would not provide income or food
for the family, then animals have no moral standing with the farmer. If animals
have a moral standing, this means it is objectionable to treat them in certain
ways, such as using them in experiments for the benefit of human beings or
causing them suffering. They should at least be treated with the respect a living A Figure 3 Doctor checking a patient
being deserves.

Anthropocentrists may believe that only humans have moral standing. But what
about the Great apes and other animals that can reason? Should their moral
standing be considered? That only human beings ultimately count in morality
does not mean we do not have obligations to other species. Anthropocentric
views hold that it is immoral to destroy plants or animals needlessly. This is
because in doing so we are destroying resources that may provide significant
benefits to ourselves or to future human generations. But non-humans count
only to the extent that the welfare of human beings is affected.

The question “can animals suffer?” arose in the 18th century and the animal
rights movement of the 1970s developed from this. In this movement, “species
discrimination” is equivalent to other forms of discrimination. Animals have rights
morally, not only for utility reasons. We should respect their individual lives.

Inthe 20th century, this was extended to all living things because all have interests
and therefore moral rights. For example, plants grow towards light and show
self-preservation (e.g. some plants have thorns or toxins to stop herbivores eating
them).

[tis a short step then to the moral rights of entire ecosystems. Aldo Leopold
was a US naturalist who campaigned for wildlife and wilderness areas. He first
put forward the ecocentric view of a “land ethic” that gives all nature moral A Figure 4 Aherd of goats near a water
standing. This includes soil, water and all living things. But it still raises the hole on the African savanna

question of who deserves more consideration when interests are competing.
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Similarly, what about the moral standing of future generations? Do humans

TOK alive today have obligations towards humans who will be living in the future,

irrespective of the benefits to humans today? There are many questions here and

Discuss the ways in which moral the ethical dilemmas are large.

judgements are similar to or different

omiaestheticlidgements, Three approaches of traditional ethics

There are three major approaches of traditional ethics or ethical decision-making

A Figure 5 Bust of Aristotle

frameworks:

virtue ethics—based on whether you are a good person
consequentialist ethics—based on outcomes

rights-based (deontological) ethics—based on duty or rights.

Virtue ethics focuses on the character of the person doing the action, not
on the action alone. Itis person-based rather than action-based and assumes
that good people do good actions and bad people do bad actions. There
are duties which do not depend on consequences but the approach is to
develop the character to act on those duties.

Aristotle (384-322 BCE) wrote the first treatment of ethics in western
civilization: the Nicomachean Ethic. This is virtue ethics but virtue here
means the excellence of a thing. The modern philosopher Alasdair MacIntyre
proposed three questions as at the heart of moral thinking:

e Whoaml?
*  Who ought I to become?
* How ought | to get there?

“Virtues” are attitudes, dispositions, or character traits that enable us to be
and to act in ways that develop our potential. They enable us to pursue the
ideals we have adopted. Honesty, courage, compassion, generosity, fidelity,
integrity, fairness, self-control and prudence are all examples of virtues.
Respect, compassion and responsibility are virtuous approaches to the
natural world.

Consequentialist ethics focuses on the consequences of actions. Itis the
utilitarian view that the consequences of an action determine the morality of the
action. Actions with good consequences are good actions. Actions with bad
consequences are bad actions. Morally good actions are those that result in the
greatest common good. The intention of an action does not affect its morality;

it is simply a matter of the outcome. It asks, “How will my actions affect others?”
and then assesses the impact of actions on a “least common denominator” such
as happiness or wealth.

The motto for this approach is, “The greatest good for the greatest
number”—but what is good?

In business, people do a cost-benefit analysis. This is a utilitarian approach to
ethics, in which the common denominator is usually money. Everything from
the cost of a product to the cost of a human life is given a monetary value.
Utilitarians can be considered “consequentialists” because they look at the
conseqguences of actions to determine whether any particular act is right or
wrong.
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Bulldozing a house to build a motorway, felling a forest to build an airport,
and redistributing money to the poorest through taxes are consequentialist
actions—but do they all serve the greater good?

Representative democracies work in this way and democratic governments
are naturally majoritarian. But some will suffer.

3. Rights-based (deontological) ethics focuses on the duty or rights of
the entities involved and whether or not there is conflict between them.
“Deontological” means relating to the study (or science) of duty. The best
ethical action is one which protects the ethical rights of those who are
affected by the action—but there is debate about what these rights might
be and whether they include the rights of animals or other lifeforms. Rights-
based ethics also depends on your beliefs. If you follow a religion that allows
you to eat meat, is it right or wrong to kill an animal for food?

Immanuel Kant is the founding deontological (duty-based) ethical theorist.
Kant lived in 18th-century Prussia (1724-1804). To Kant, all humans must be
seen as inherently worthy of respect and dignity. He argued that all morality
must stem from such duties: a duty-based ethic. Consequences such as pain
or pleasure are irrelevant.

Kant did not believe that humans could predict future consequences

with any degree of certainty. Basing decisions on a guess about future = ‘
consequences appalled him. He believed that if we used our unique (among A Figure 6 Statue of Immanuel Kant in
the higher animals) facility of reason, we could determine our ethical duty, Kaliningrad

but regardless of whether or not doing our duty would make things better or
worse (and for whom).

Individuals are never merely a means to an end. They are ends in themselves.
Therefore, a duty could not be sacrificed to the greater good because all
have to be respected.

The “appeal to nature” fallacy

The appeal to nature is a logical fallacy that occurs when something is seen to
be good because it is perceived as natural, or bad because it is perceived as
unnatural. Natural means existing or produced in nature—not artificial. But
whether this includes things made or caused by humans depends on your
interpretation and perspective. A fallacy is a mistaken belief based on unsound
arguments or a failure in reasoning. If you believe that “natural” things are always
good, you follow the appeal to nature fallacy. But is this a good ethical guide?
There are natural things that may not be good. Diseases are natural. Mosquitoes
spread many diseases. Viruses are natural.

@ Activity 10

ATL skills used: thinking, communication, research

A Figure 7 COVID-19 coronaviruses

What is nature and what is natural? The word “natural” can be a loaded term.

1. Find examples of natural products in advertising. They may be foods, cosmetics, medicines, cleaning
products, clothing, furniture or fuels.

2. Make a collage, poster or graphic display of at least 15 “natural” things that you find.
3. Aretheyall good for you or do some do harm?

101
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Smallpox virus eradication

Smallpox is the only human disease to have been
eradicated so far. Smallpox was a viral disease caused
by the variola virus. It caused mouth ulcers and skin
blisters. Those who survived were left with scars over
their body and face and were often blinded. The
death rate from the virus was about 30% and between
300 and 500 million people died of it in the 20th
century. It was found in Egyptian mummies dated
1500 BCE. There was never a cure. Kings and queens
died of it and Mozart and Abraham Lincoln were
infected. In 1507 it reached Hispaniola then Mexico
after Columbus’ voyages. Indigenous peoples in the

Case study 5

<« Figure 9 This
young girlin

Bangladesh was
infected in 1973

Americas had no immunity to it and died with up to a o

O,
90% death rate. However, research for effective vaccines for smallpox
Edward Jenner created a vaccine to smallpox in 1796 continues in case it is everlused as a bioterror .
having seen that milkmaids who contracted cowpox weapon. Samples of the virus are kept for research in
were then immune to smallpox. secure labs, but could they ever fall into the hands of

terrorists?
The World Health Organization (WHO) launched a

smallpox eradication programme in 1959 and, with Questions
international efforts of mass inoculation, smallpox was 1. Which ethical approach do you think would apply
declared eradicated in 1980. to the decision to eradicate smallpox?

2. Do you agree that it was the right thing to do?

3. Do you think that the smallpox virus had moral
standing?

4. Do you think all human disease should be
eradicated if medically possible in future?

5. What could be possible consequences if this
happened?

6. Bears and tigers kill a few people per year. Would
you advocate eradicating bears and tigers?

7. Does language matter: eradicate vs exterminate vs
A Figure 8 Smallpox vaccine make extinct?

Environmental and social justice movements

Environmental movements are social movements in which individuals or groups
have a common interest in protecting the environment. They lobby, educate
and may show activism in attempting to bring change to government and global
policies and practices.

Social justice movements promote fairness and equity across societies.
They may be focused on racism, poverty, opportunity in education or
employment or other inequalities.

Both types of movement came from different needs but are similar in that they are
against exploitation. This could be environmental exploitation or exploitation of
minority groups; in both, there is the assumption that humans or some humans
are superior to nature or to others.
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Environmental ethics

TOK

“Research for effective vaccines for smallpox continues because of a bioterror
threat.”

“Samples of the smallpox virus are kept to create a bioterror weapon.”

How can we judge which version of the “truth” is correct or acceptable?

@ Activity

ATL skills used: thinking, communication, social, research, self-management

1. Discuss and list in class examples of environmental movements and of
social justice movements, both locally and globally.

2. Research an environmental movement and a social justice movement
of your choice. Consider ones you may know already and that are of
relevance to your life.

3. List the goals of each movement you have researched.

4. Evaluate the success of each movement.

Check your understanding

To what extent do humans have a moral responsibility towards the environment?

How does environmental ethics influence approaches to achieving a sustainable future?
1. State your ethical value system.
Discuss if you consider intrinsic value to be universal or selective.

Discuss if you consider some entities not to have moral standing.

Explain whether you think all that is natural is good or not.

2

3

4. Explain which ethical approach you tend to use and why.

5

6. Justify your ethical values with respect to future generations.
7

Comment on the use of environmental ethics in achieving sustainability.
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It is well to remember that the entire universe, with one

trifling exception, is composed of others.

John Andrew Holmes Junior (1904-1962), poet
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Individuals, populations,
communities, and ecosystems

Guiding question

W

on g

10.

11.

12.
13.

14.
15.

16.

17.

18.
19.

20.

21

2.
23.
24.

25.

How can natural systems be modelled, and can these models be used to predict
the effects of human disturbance?

Understandings

The biosphere is an ecological system composed of individuals, populations,
communities, ecosystems.

An individual organism is a member of a species.

Classification of organisms allows for efficient identification and prediction of
characteristics.

Taxonomists use a variety of tools to identify an organism.

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.

Factors that determine the distribution of a population can be abiotic or biotic.
Temperature, sunlight, pH, salinity, dissolved oxygen and soil texture are
examples of abiotic factors that affect species distributions in ecosystems. *

A niche describes the particular set of abiotic and biotic conditions and
resources upon which an organism or a population depends.

Populations interact in ecosystems by herbivory, predation, parasitism,
mutualism, disease and competition, with ecological, behavioural and
evolutionary consequences.

Carrying capacity is the maximum size of a population determined by
competition for limited resources.

Population size is regulated by density-dependent factors and negative
feedback mechanisms.

Population growth can either be exponential or limited by carrying capacity.
Limiting factors on the growth of human populations have increasingly been
eliminated, resulting in consequences for sustainability of ecosystems.
Carrying capacity cannot be easily assessed for human populations.
Population abundance can be estimated using random sampling, systematic
sampling or transect sampling.*

Random quadrat sampling can be used to estimate population size for
non-mobile organisms. *

Capture-mark-release-recapture and the Lincoln index can be used to estimate
population size for mobile organisms.*

A community is a collection of interacting populations within the ecosystem.
Habitat is the location in which a community, species, population or organism
lives.

Ecosystems are open systems in which both energy and matter can enter and
exit.

Sustainability is a natural property of ecosystems.

Human activity can lead to tipping points in ecosystem stability.

Keystone species have a role in the sustainability of ecosystems.

The planetary boundaries model indicates that changes to biosphere integrity
have passed a critical threshold.

To avoid critical tipping points, loss of biosphere integrity needs to be reversed.

*Understandings 7 and 15-17 will be covered in subtopic 2.6.
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26.

27.

28.

29.

30.

There are advantages of using

a method of classification

that illustrates evolutionary
relationships in a clade.

There are difficulties in
classifying organisms into the
traditional hierarchy of taxa.

The niche of a species can

be defined as fundamental or
realized.

Life cycles vary between species
in reproductive behaviour and
lifespan.

Knowledge of species’
classifications, niche
requirements and life cycles
help us to understand the extent
of human impacts upon them.

=
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Connections: This links to material
covered in subtopic 2.6.

Key term

A species is a group of organisms
(living things) that share common
characteristics and are able to
interbreed and produce fertile
offspring.

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.

A community is a group of two or
more populations of species living
in the same area at the same time.

A habitat is the environment in
which a species normally lives.

What's what in ecology?

Taxonomy is the naming, describing and classifying of organisms both living and
extinct. Each species is given a binomial (two part) name. Taxonomy organizes
groups or types into a hierarchy. By naming species according to universal rules
of taxonomy, we can easily communicate information. If you say you saw a hairy,
brown, large animal with a tail and large ears, | may think of several possible
examples. If you say you saw a “horse” or, better, Equus caballus, | know exactly
what you are talking about.

To classify and name species, scientists may:

* make comparisons with reference collections (e.g. museums, herbaria, zoos,
reference books)

* useadichotomous key—a series of statements, each with two choices,
which narrow down to identify a single species

* complete DNA surveys.

Examples of species include humans, giraffes, Scots pine trees and aardvarks
(Table 1). Each species is given a binomial (two part) scientific name that
comprises the genus name followed by the species name. Scientific names are
always underlined when handwritten and put in italics when printed. The genus
name is given first with a capital letter.

Common name | Scientific or binomial name

Human Homo sapiens

Giraffe Giraffa camelopardalis
Scots pine Pinus sylvestris
Aardvark Orycteropus afer

A Table 1 Common and binomial names for four species

Snails of one species in a pond form a population, but snails of the same
species in another pond are a different population. A road or river may separate
two populations from each other and stop them interbreeding. This may cause
speciation.

Population density is the average number of individuals in a stated area (e.g.
gazelles km=, bacteria cm™). The size of a population is affected by:

e natality (birth rate)
*  mortality (death rate)

* migration, which includes immigration (moving into an area) and emigration
(moving out of an area).

The natural environment includes the physical (abiotic) environment. Many
populations of different species (a community) may share the same habitat and
interact with each other (Figure 1).
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Individuals, populations, communities, and ecosystems

atmosphere biotic factors
wind speed producers
humidity consumers
light intensity detritivores
precipitation decomposers

interactions
competitors
parasites
pathogens
symbionts
predators
herbivores

temperature

water

pH and salinity
dissolved nutrients

dissolved oxygen

v
soil
available nutrients
moisture pH
structure
temperature

A Figure 1 Abiotic and biotic factors and simple interactions within an ecosystem

A niche is a particular set of conditions needed by an organism or population.
This includes:

* biotic factors—every relationship the organism has, where it lives, how it
responds to resources available, to predators and to competitors, and how it
alters these biotic factors

¢ abiotic factors—how much space there is, and availability of light, water
and air.

No two species can inhabit the same ecological niche in the same place at the
same time. If many species live together, they must have slightly different needs
and responses so they are not in the same niche. For example, lions and cheetahs
both live in the same area of the African savanna but they hunt different prey.
Lions typically take down bigger herbivores such as zebra and Cape buffalo.
Cheetahs focus on smaller antelopes such as Thompson's gazelles and impalas.

A Figure 2 Alion preying on a zebra; a cheetah preying on an impala

This work must not be reproduced, stored, transmitted or circulated in any other form.

Key term

An ecosystem is made up of

the organisms and their physical
environment and the interactions
between the living and non-living
components within them.

A niche describes the particular set
of abiotic and biotic conditions and
resources upon which an organism
or a population depends.

Biotic factors are the living
components of an ecosystem—all
organisms, their interactions and
their waste that directly or indirectly
affect another organism.

Abiotic factors are non-living,
physical factors that influence
organisms and ecosystems (e.g.
temperature, sunlight, pH, salinity,
pollutants).

Connections: This links to material
covered in subtopic 3.1.

Key term

An ecological niche is the role of a
species in an ecosystem.
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A Figure 4 Prickly pear cactus, Opuntia
stricta

Here are two examples of niches for named species:

1. Kirtland's warbler (Setophaga kirtlandii), also known as the jack pine warbler,
is one of the rarest songbirds in North America. Because of habitat changes
in the forests—due to felling rotations and fire management—they nearly
became extinct but have made a comeback.

These birds only breed in habitats that have young and large jack pine forests
on sandy soils, with trees that are 6-20 years old and 2-4 m tall, where there
is low ground cover and no tree canopy.

As the trees grow, the dense nature of the forest opens up and lower
branches die and break off. Kirtland’s warblers then gradually abandon the
habitat. They migrate in winter to the Bahamas.

2. Common prickly pear cactus (Opuntia stricta) is adapted to very dry desert
conditions with hot days and cold nights. It grows in open and dry areas
where soil is well-drained and sandy or gravelly as its roots need to be dry
in winter so they do not rot. Native to the Americas, it has been spread by
humans to southern Europe, Africa and Australia. In Australia, Opuntia grows
very well and has become an invasive weed.

Opuntia is adapted to habitats with low rainfall and cold nights by:
* storing water in fleshy pads
* having a thick waxy cuticle to reduce water loss

*  modifying leaves into spines to reduce water loss by transpiration and to
protect against being eaten

* having shallow roots that capture rainfall
* having antifreeze chemicals in its cells.

An activity investigating a local ecosystem is described in subtopic 2.6.

Population interactions

No organism can stay the same: it grows, eats, ages and dies. All habitats change
too. Animals enter and leave, plants grow and shade the ground, water flows in
and out. Animal migration may change a habitat greatly. Plagues of locusts can
devastate all vegetation in their path, including crops. In 2013, a severe locust
plague hit Madagascar with many swarms, each with over one billion locusts.
The rice crop, livestock and rare wild animals were at risk. Only aerial spraying

of insecticides stopped some of the damage. Fire, natural disasters and human
activities all change ecosystems. Interactions between individuals, populations
and communities change ecosystems too.

Interactions between organisms (e.g. predation, herbivory, parasitism,
mutualism, disease, competition) are termed biotic factors. Interactions between
species affect the population dynamics of those species and also affect the
carrying capacity of the environment for those species.
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Competition

Every organism in an ecosystem has some effect on every other organism in that
ecosystem. Also, any resource in any ecosystem exists in a limited supply. When
these two conditions apply jointly, competition takes place.

Intraspecific competition is between members of the same species. When

the numbers of a population are small, there is little competition between
individuals for resources. As long as the numbers are not too small for individuals
to find mates, population growth will be high. Figure 5 summarises the effects of
intraspecific competition on a seagull colony on an oceanic outcrop.

As the population grows, so does the competition between individuals for the
resources, until eventually the carrying capacity of the ecosystem is reached. In
this situation, the stronger individuals often claim a larger share of the resources.

Some species deal with intraspecific competition by being territorial (e.g. deer).
An individual deer or a pair holds an area and fends off rivals. The biggest territory
is held by individuals that are the most successful reproductively. They thus have
access to more resources and will continue to be more successful at breeding.

Intraspecific competition tends to stabilize population numbers. It produces a
sigmoid or logistic growth curve which is S-shaped (see Figure 20).

number of eggs

== |that successfully

ressure for
4 hatch decreases

good nesting
sites increases

population
grows
birth rate
increases \

\ birth rate
decreases
population
falls

competition for

number of eggs good nesting
that successfully| =" sites decreases
hatch increases

Interspecific competition is between members of different species. Individuals
of different species could be competing for the same limiting resource in the
same area. When two species occupy the same niche or compete for the same
resource, this is niche overlap. Interspecific competition may result in:

* abalance, in which both species share the resource, or
* one species totally out-competing the other.

This is the principle of competitive exclusion. Examples of both outcomes can be
seen in a garden that has become overrun by weeds. A number of weed species
coexist together, but the original domestic plants may be totally excluded.
Competition reduces the carrying capacity for each of the competing species, as
these species use the same resourcel(s).

This work must not be reproduced, stored, transmitted or circulated in any other form.

TOK

The butterfly effect is a term

from chaos theory and refers to
small changes that happen in

a complex system and lead to
seemingly unrelated results that are
impossible to predict. It was first
used in meteorology by Edward
Lorenzin 1972 in a talk entitled
“Does the flap of a butterfly’s wings
in Brazil set off a tornado in Texas?”
Since then, it has been applied to
systems other than the weather
(e.g. asteroid travel paths, human
behaviour).

One risk in applying the butterfly
effect to complex environmental
issues is that we might then think
nothing can be done to improve
things. But there is order in systems,
however complex they are. As yet,
there is no evidence to show that
even many butterflies flapping their
wings can affect weather patterns.

How do we decide whether or not
all versions of an idea or ideas are
equally acceptable?

<« Figure 5 Competition within a seagull

colony
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P Figure 6 Snowdrops flowering in a
temperate woodland in spring

Key terms

A predator is a consumer that
preys on other animals.

Prey are the animals a predator
eats.

Carnivores are consumers that eat
other animals.

In a temperate deciduous woodland, light is a limiting resource. Plant species
that cannot get enough light will die. This is especially true of small flowering
plants on the woodland floor. They are shaded by trees and by shrubs and
bushes as well. Beech trees have very closely overlapping leaves, resulting in an
almost bare woodland floor in beech woods.

But even in woods shaded by trees, flowers manage to grow. Carpets of snowdrops,
primroses and bluebells are an integral part of all northern European deciduous
woodlands in the spring. The key to the success of these species is that they grow,
flower and reproduce before the shrub and tree species burst into leaf. They avoid
competing directly with species that would outcompete them for light. To do this,
these small plants complete the stages of their yearly cycle that require the most
energy—and therefore the greatest photosynthesis—when there is less competition.

Types of interaction

Predation

Predation is when one animal—the predator, kills and eats another animal—the
prey. Examples include lions eating zebras and wolves eating moose.

All predators are carnivores. Be aware that not only do animals eat other animals
(e.g. lion preying on zebra), some plants (insectivorous plants) consume insects
and other small animals.

Look at the example of the Canadian lynx preying on snowshoe hare in
subtopic 1.2 as an example of negative feedback control.
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Herbivory

Herbivory is defined as an animal (herbivore) eating a green plant. Some plants
have defence mechanisms against this, for example thorns or spines (some
cacti), a stinging mechanism (stinging nettles) or toxic chemicals (poison ivy).
Herbivores may be large (e.g. elephants, cattle) or small (e.g. larvae of leaf miner
insects that eat the inside of leaves) or in between (e.g. rabbits).

A Figure 8 Cattle for meat production in pasture in Sao Paolo State, Brazil

Parasitism

Parasitism is a relationship between two species in which one species (the parasite)
lives in or on another (the host). The parasite gains its food from the host. Normally
parasites do not kill the host, unlike in predation. However, high parasite population
densities can lead to the host’s death. Parasites may be animals, plants, fungi or
bacteria. Examples of animal parasites are vampire bats, fleas and intestinal worms.

Mutualism

Mutualism is a relation between two species in which both benefit.

Lichens are examples of mutualism. A lichen is a close association of a fungus
underneath and a green alga on top. The fungus benefits by obtaining sugars
from the photosynthetic alga. The alga benefits from minerals and water that the
fungus absorbs and passes on to the alga.

The oxpecker bird feeds on parasites and insects on the skin of rhinos, Cape
buffalos and other large mammals and may give an alarm call to them if there is
danger. Both species benefit.

Another example is the relationship between leguminous plants (beans, clover,
vetch, peas) and nitrogen-fixing bacteria (Rhizobium). The bacteria live inside
root nodules in the legumes. They absorb nitrogen from the soil and make it
available to the plant in the form of ammonium compounds. The plants in turn
supply the bacteria with sugar from photosynthesis. This mutualistic relationship
enables legumes to live on very poor soils. As a consequence, leguminous plants
are among the earliest pioneer species during succession on poor soil. Clover is
also often used to increase the nutrient content of agricultural soil.

This work must not be reproduced, stored, transmitted or circulated in any other form.

A Figure 7 Poplar sawfly larva
(Trichiocampus viminalis) eating an aspen
leaf (Populus tremula) in Glen Affric,
Scotland, UK

A Figure 9 Dodder, a parasitic plant living
on another plant

Key terms

Herbivores are consumers that
eat plants.

Parasites live on or in living hosts
and get their food from the host.
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Figures 10-12 show mutualistic interactions between organisms.

A Figure 10 Yellow-billed oxpeckers on Cape A Figure 11 Alichen on rock A Figure 12 Nitrogen-fixing root nodules
buffalo—an example of mutualism on alegume root

Saprotrophism

A saprotroph is an organism that feeds on dead organic material. Without such
organisms, nutrients would not be recycled. (In your reading, you may see the
term “saprophyte”, which is now considered obsolete.)

Scavengers, detritivores and decomposers also gain their nutrients from dead
organic matter but on different scales.

A Figure 13 Vulture feeding on a carcass A Figure 14 A bracket fungus feeding on A Figure 15 Earthworm in soil—a
dead wood detritivore
Scavengers

A scavenger is an animal that feeds on carrion (decaying flesh). Examples are
Key terms vultures, hyenas and raccoons.

Saprotrophs are organisms that

live on dead or decaying organisms
and get their food from these. Detritivores and decomposers gain their nutrients from dead organic matter.

The difference is that:

Detritivores and decomposers

Scavengers mostly eat decaying
biomass and are usually carnivores. * detritivores eat (ingest) their food and then use enzymes to break it down

(e.g. earthworms, crabs, flies, millipedes)
Detritivores and decomposers
break down dead organic materials * decomposers secrete enzymes to break down their food but do not “eat” it

to get their food. This means they (e.g. bacteria).
recycle organic matter.
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Disease

A pathogen is an organism that causes harm to its animal or plant host. This harm
is a disease as the host's function is negatively affected. Pathogens include

bacteria, protists, viruses and fungi. Often the higher the density of a species, the

easier it is for disease to spread between individuals. Examples of plant disease
are potato blight and ergot. Examples of animal disease are rabies and
tuberculosis (TB).

ATL skills used: thinking, communication

1. Copy and complete Table 2.

Type of interaction ‘ Species A ‘ Species B ‘ Example

Competition—neither species benefits, both species suffer —

Predation—one species kills the other for food + =
Parasitism—the parasite benefits at the cost of the host A —
Mutualism—both species benefit 4 s
Saprotrophism

Decomposition

Disease

A Table 2 Interactions between species
Adapted from: Six Red Marbles and OUP

2. What four things do all organisms need to survive? (Think back to your first biology lesson.)

3. What s the difference between interspecific and intraspecific competition?

4. What effect does intraspecific competition have on the individuals of a species?

Limits to population sizes

Limiting factors prevent a community, population or organism growing ever
larger. They slow the rate of population growth as it approaches the carrying
capacity of the system. There are many limiting factors which restrict the growth
of populations in nature. These factors may be biotic or abiotic.

Biotic factors include lack of food; predation, herbivory or parasitism; difficulty in
finding a mate; and competition between or within species.

Abiotic factors include lack of non-living resources such as oxygen, light, water
or phosphate. Temperature can also be a limiting factor—for example, low
temperature in the tundra freezes the soil and limits water availability to plants.

This work must not be reproduced, stored, transmitted or circulated in any other form.

Key terms

Limiting factors are factors which
slow down growth of a population
as it reaches its carrying capacity.

Carrying capacity is the maximum
number of a species (the maximum
“load”) that can be sustainably
supported by a given area.
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Density-dependent limiting factors

Key terms

Most density-dependent limiting factors decrease the growth rate of a
Density-dependent limiting population as its size increases. This is an example of negative feedback.
factors cause a population’s growth Sometimes a population size briefly overshoots its carrying capacity but then it
rate to change (usually decrease) is reduced or even crashes. This is boom and bust of populations and is cyclical.
with increasing population density. There are four main density-dependent limiting factors.

They are biotic—for example,
disease, predation, competition
within a species for food or space.

* Predation:

Many prey in an area attract more predators because prey are easier to
catch (e.g. lambs in a field attract wolves, lions follow herds of gazelle).
Prey numbers decrease due to predation, while predator numbers increase
because there is a lot of food. Eventually, there will be too many predators
and not enough prey to feed them all. Predators starve and their numbers
fall. This can lead to cycles of high and low numbers of prey and predator
(for example, snowshoe hare and lynx—see subtopic 1.2).

Density-independent limiting
factors change the size of a
population regardless of its density.
They are abiotic— for example,
forest fires, earthquakes, floods,
pollution.

¢ Competition within the population:

When a population reaches a high density, there are more individuals trying
to use the same quantity of resources. This can lead to competition for
food, water, shelter, mates, light and other resources needed for survival,
and reproduction. A good example of this is provided by lemmings which
emigrate if population density is too high.

¢ Disease and parasites:

Disease is more likely to break out and result in deaths when more individuals
are living together in the same place. Parasites are also more likely to spread
under these conditions.

* Waste accumulation:

High population densities can lead to the accumulation of harmful
waste products that kill individuals or impair reproduction, reducing the
population’s growth.

Density-independent limiting factors

Density-dependent factors that tend to regulate the size of a population around
the carrying capacity. In contrast, density-independent factors affect a
population in the same way regardless of its size.

Density-independent limiting factors include:
* extremes of temperature

e events such as wildfires or floods.
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Individuals, populations, communities, and ecosystems

Population fluctuations

The natural world is complex, and density-dependent and density-independent
factors may operate at the same time. Density-dependent factors may keep a
population near carrying capacity but a storm or fire will reduce its size rapidly.

Population cycles

Some populations undergo cyclical oscillations in size. Cyclical oscillations

5 are repeating rises and drops in the size of the population over time. A graph of
2 population size over time for a population with cyclical oscillations would look
g roughly like the wave in Figure 16—though probably not quite as tidy.
o
ime ! ere do these oscillations come from? In many cases, oscillations are produce

| ti Where do th llat from? | llat duced
A Figure 16 Graph of oscillating by interactions between populations of at least two different species. Predation,
population numbers over time parasitic infection, and fluctuation in food supply may create the oscillations.

-~ Lemmings

3 Lemmings are small rodents. Their habitat is the Arctic tundra. They are herbivores, eating grass and moss. They

©  donot hibernate in winter but live in tunnel systems in large groups. Their population sizes oscillate greatly. They

8 are very fast breeders and every four years or so numbers drop sharply before rising again. Lemmings migrate in

8 spring to higher forested ground to breed and return to the tundra in winter.

Lemmings are predated on by owls, skuas, foxes and stoats. While owls, foxes and skuas have a varied diet, the
stoats rely on eating lemmings. When the lemming population increases, there is more food for stoats and the
stoat population increases with a time lag. This leads to increased predation so lemming populations fall, leaving
the stoats with less food. As a result, stoat populations then fall after a time lag (Figure 18).

A Figure 17 Alemming (left) and its predator, a stoat (right)
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Population growth

J-curves

Over time, the size of a population changes. Imagine you could take one
bacterial cell, put it in a suitable supply of nutrients and then count the number
of cells every hour. Bacterial cells reproduce asexually by cell division: one cell
divides into two, and each of those cells divides into two, and so on.

70 4 | = number of bacteria|

If there are no limiting factors slowing growth, the number of cells will increase

60 | \ geometrically: 2, 4, 8,16, 32, 64 and so on. This is called exponential or
-% 50 | \ geometric growth and gives a J-shaped curve on a graph (Figure 19).
© \
§ 40 4 Y J-curves show a “boom and bust” pattern. The population grows exponentially
© Y at first and then, suddenly, collapses. These collapses are called diebacks.
é 301 Y Often the population exceeds the carrying capacity before the collapse
3 204 Y occurs (overshoot). A J-shaped population growth curve is typical of microbes,

\ invertebrates, fish and small mammals.
10 \
0 \ Itisimportant to remember that carrying capacity can be exceeded in the short

term but this is not sustainable.

time (minutes) S-curves

A Figure 19 A J-curve of exponential

growth in a bacterial population over time When there are limiting factors, the rate at which the population size increases

slows down until it reaches carrying capacity. This leads to an S-shaped curve
(Figure 20).
environmental
/ resistance S-curves start with exponential growth, unaffected by limiting factors. However,

.§ ‘ above a certain population size, the growth rate gradually slows down, finally
5 resulting in a population of constant size.

= | carrying

3| capacity The graph in Figure 20 shows population growth for a colony of yeast grown in
o}

o

a constant but limited supply of nutrient. During the first few days, the colony
grows slowly as it starts to multiply (lag phase). Then it grows very rapidly as the
multiplying colony has a plentiful nutrient supply (exponential phase). Eventually
the population size stabilizes (stationary phase) because the number of yeast
cells that can exploit the limited resources is fixed. Any more yeast cells and
there is not enough food to go around. The population size stabilizes at the
carrying capacity (K) of the environment. This is the maximum number or load

of individuals that an environment can carry or support. The area between the
overshoot dieback exponential growth curve and the S-curve is called environmental resistance.

\ \ / carrying Population fluctuation
capacity

time

A Figure 20 S-shaped growth curve of a
population

S-and J-curves are idealized curves. In practice, many limiting factors act on the
same population and the resulting population growth curve normally looks like a
combination of an S-curve and a J-curve.

population size

Population size usually fluctuates around the carrying capacity of the
environment.

time

A Figure 21 Fluctuation of population size
around the carrying capacity
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Disappearing reindeer on St Matthew
Island

St Matthew Island is a small, isolated island in the Bering Sea
(Figure 22). It is now uninhabited by humans and is part of the
USA. In August 1944, 24 female and 5 male reindeer were
taken to the island by the US coastguard. The reindeer were
intended to be a source of food for the coastguards should the St Mat
island be cut off from supply ships.

Case study 2

Reindeer are not native to Alaska but their natural habitat is the
Eurasian tundra. They eat lichen which was very abundant on St
Matthew Island when the reindeer arrived. Lichen is a symbiotic

combination of an alga and a fungus and is high in sugars. Itis a A Figure 22 Map showing the position of
good food source for herbivores. The body mass of the reindeer StMatthew Island

became greater than that of wild herds elsewhere. Between 1944 Klein, D. R. (1968). The introduction, increase,
and summer 1963 the reindeer numbers were recorded as having and crash of reindeer on St. Matthew lsland.

The Journal of Wildlife Management, 32(2), 350.

increased to 6,000 (Figure 23). 4oi-10.2307/3798981

But they ate all the lichen and most starved to death in the very

severe winter of 1963-4. Numbers crashed to 42 in that winter. 6.000 - ?LQOO
All but one of the survivors were female. Reindeer skeletons were '
everywhere. S e TR ke
Lichen is extremely slow-growing. There are no reindeer on St RS ¢ o B P _
Matthew Island now. However, on a similar island (St Paul Island) 2 '
about 400 reindeer survive even though they ate all the lichen there % 3,000 ----mm-mmmmmmem o -
too. Their diet on St Paul Island is now grasses and grass roots. 2
) i 8 2,000 4---------mmmmmm oo =
It is thought that island ecosystems are not complex and therefore 1350
density-dependent factors did not operate as they would in a 1000 +--mmmmmmm o] -
larger, more complex ecosystem. The drop in reindeer numbers
29 42
was due to lack of food supply. 0] . . . i
) o 1944 1950 1955 1960 1966
This pattern of boom and bust of populations introduced to
isolated islands is seen elsewhere. A Figure 23 Assumed population of the
St Matthew Island reindeer herd, with four
Look back at the snowshoe hare and lynx interaction in subtopic data points
1.2 and the lemming-stoat interaction in Case study 1. Adapted from: Klein, D. R. (1968). The introduction,
increase, and crash of reindeer on St. Matthew
Questions Island. The Journal of Wildlife Management, 32(2),

350. doi:10.2307/3798981
1. Explain how the reindeer population changes are similar to

and different from the other examples.
2. Explain which type of density-dependent factors are working in these three examples.
Explain what the reindeer herd on St Paul Island learned to do which the St Matthew Island herd did not.
4. Evaluate the advantages and disadvantages of introducing a population to a remote island.

e

Practical work on estimating populations can be found in subtopic 2.6. Evaluate the ethics of

introducing reindeer to
St Matthew Island.

sus| THY
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Human carrying capacity

Remember that carrying capacity is the maximum number (or “load”) of a
species that can be sustainably supported by a given area.

Like all other populations, the human population has limiting factors but we have
temporarily eliminated most of them. And we are living beyond the limits of
sustainability.

Human ecological niche

By making tools, controlling energy sources, controlling our environment and
expanding use of resources, humans have been able to live successfully in many
different ecosystems on Earth. Such technologies have allowed us to live almost
anywhere, including desert and Arctic biomes. Unlike other organisms, we have
constructed our own niche.

Difficulties in measuring human carrying capacity

By examining the resources available and the requirements of a given species, it
should be possible to estimate the carrying capacity of the environment for that
species. This is problematic in the case of human populations for many reasons.

* Humans use a far greater range of resources than any other species. This
means it is not just a case of working out what we eat and drink and what
space we need for a house.

*  We substitute resources with others if the original resource runs out. We
may burn coal instead of wood, use solar energy instead of oil, eat mangoes
instead of apples.

e  Depending on lifestyles, culture and economic situation, human resource
use varies from individual to individual, country to country. Money buys
stuff so the more money is available, the more demand there tends to be for
resources.

* large predators that eat humans (e.g. sabre-toothed tigers) have largely
been eliminated.

*  We strip the environment of resources we need. This degrades the
environment but temporarily provides us with resources.

*  Weimport resources from outside our immediate environment so we
cannot judge how many people a local environment can support.

* Developments in technology lead to changes in the resources we use.
This can mean we use less because machines become more efficient.
But it may mean we use more because we can exploit new resources (e.qg.
shale oil, EV transport).

While importing resources increases the carrying capacity for local populations,
it does not increase the global carrying capacity. In fact, it may reduce carrying
capacity. For example, the availability of cheaper imported food may force local
farmers to reduce their prices. As a result, they will need to reduce costs and may
choose to farm in ways that damage the local environment.
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If the environment is degraded (e.g. by soil erosion), the land will become less
productive and will produce food for fewer people than before. Also, at the
moment, importing food involves burning fossil fuels in transport.

All these variables make it practically impossible to make reliable estimates of
carrying capacities for human populations.

Ways to change human carrying capacity

Ecocentrists try to reduce their use of non-renewable resources and minimize
their use of renewable ones. Some even try to “drop off the grid”. This means
they aim to become self-sufficient. For instance, they may use solar cells or wind
energy for their electricity, recycle rainwater and grey water for their water supply,
and grow their own food.

Technocentrists argue that the human carrying capacity can be expanded
continuously through technological innovation and development. Algae and
cyanobacteria may be a sustainable food source in the future as they have fast
growth rates in the right conditions, are high in protein and fibre, and can be
cultivated in small areas.

Using the remaining oil twice as efficiently would mean it lasts twice as long as
it would have done otherwise. But that is only if the global population stays the
same. The UN’s estimate of human population size in 2050 is 9.7 billion, so
efficiency in oil use would have to increase dramatically.

Conventional economists argue that trade and technology increase the
carrying capacity. Ecological economists say that this is not the case. They
argue that technological innovation can only increase the efficiency with which
natural capital is used. Increased efficiency, at a particular economic level, may
allow load on the ecosystem to increase but carrying capacity is fixed and once
reached cannot be sustainably exceeded. The other difficulty with technology
is that it may appear to increase productivity (e.g. energy-subsidized intensive
agriculture gives higher yields) but this cannot be sustainable and long-term
carrying capacity may be reduced (e.g. by soil erosion).

Reuse, recycling, remanufacturing
and absolute reductions
Humans can reduce their environmental demands (and thereby increase human

carrying capacity) by reuse, recycling, remanufacturing and absolute reductions
in energy and material use.

Reuse: the object is used more than once. Examples include reuse of soft drink
bottles (after cleaning), furniture and pre-owned cars.

Recycle: the object’s material is used again to manufacture a new product.
Examples include:

* the use of plastic bags to make plastic fence posts for gardens or fleeces
to wear

e recycling of aluminium: melting used aluminium to make new objects only
takes a fraction of the energy required to obtain aluminium from aluminium
ore so much energy can be saved by recycling.

This work must not be reproduced, stored, transmitted or circulated in any other form.

Connections: This links with material
in subtopic 1.3.

A Figure 24 Reuse, reduce, recycle
poster

Connections: This links to material
covered in subtopic 1.3.

119




Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Ecology

Remanufacture: the object’s material is used to make a new object of the same
type—for example, manufacturing new plastic (PET) bottles from used ones.

Absolute reduction: absolute reduction means using fewer resources (e.g. less
energy or less paper). This increases carrying capacity, but the advantage is often
eroded by population increase.

Remember that changes in birth rates and death rates do not change the carrying
capacity. Carrying capacity is what the land can provide, and reducing the birth
rate does not change that.

Limits to human carrying capacity

In 1798, the human population was about one billion. At that time, the economist
Thomas Malthus wrote, “The power of the population is infinitely greater than the
power of the Earth to produce subsistence for man.”

In 1976, the population was 3.5 billion and environmentalist Paul Ehrlich
warned that:

e “famines of unbelievable proportions” would arise and

TOK
* feeding a population of 6 billion (exceeded in 1999) would be “totally

Considering use of resources, are impossible in practice”.

there situations where ignorance or

lack of knowledge is an excuse for

unethical behaviour?

So far these predictions of disaster have been wrong and human carrying
capacity may continue to increase. However, some people argue that
pandemics, famine, natural disasters and climate change are already controlling
human population size.

Ecosystem stability

Sustainability is a natural property of ecosystems which are open systems
(exchanging energy and matter). Inputs balance outputs in a steady-state
equilibrium.

Tropical rainforests cover less than 2% of the Earth’s surface but contain
an estimated 50% of biodiversity on land. Large trees in the forest may be
1,000 years old and average canopy age is 300 years. This complexity has
many niches, habitats and communities and has made these rainforests
stable systems. The more-or-less constant temperature and rainfall and

high insolation (sunlight) mean plant growth is constant and food is
available. These rainforests have high inputs and outputs and high storages.
Undisturbed rainforest is a crucial carbon sink (store) of about 25% of all
carbon stored on land.

A Figure 25 Tropical rainforest

These forests are constantly changing with fires, tree death and fall, small-scale
clearing and landslides. This dynamic is healthy and can increase diversity by
forming more ecological niches.

This work must not be reproduced, stored, transmitted or circulated in any other form.




Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Individuals, populations, communities, and ecosystems

Deforestation of rainforests

In degraded rainforests, logging, burning and agriculture occur. The dense tree
canopy is lost and the layered structure reduced. The forest floor is exposed

to sunlight and rain, and is more likely to dry out or wash away. Loss of habitats
means diversity decreases.

When the equilibrium reaches a tipping point, a new equilibrium is reached.
This changes the ecosystem, often irreversibly. Loss of tree cover means less
transpiration of water vapour and therefore less cooling and less rainfall. The
remaining forest may then be vulnerable when conditions change.

Keystone species

A keystone species is one that plays a critical role in maintaining the structure
of the ecosystem in which it lives (subtopic 3.3). Examples of keystone species
include the following.

* Sea oftters eat sea urchins in kelp forests. If there are no sea otters, the urchins
eat only the holdfast (anchor) of the kelp so the fronds float away.

e Beavers make dams which turn a stream into a swampy area. Swamp-loving
species then move in. Without the beaver and its dams, the habitat changes.

e Elephantsin the African savanna remove trees which allows grasses to grow.

You might view beavers and elephants as engineers!

Biosphere integrity threshold

Review the planetary boundaries model. It indicates that changes to biosphere
integrity have passed a critical threshold (Figure 26). This is due to disturbance of
ecosystems and consequential loss of habitats.

= below boundary (safe)
in zone of uncertainty
(increasing risk)

# beyond zone of
uncertainty (high risk)
E/MSY = extinctions per
million species years
P = phosphorus
N = nitrogen

biosphere
integrity

quantified

"+ /novel entities
“(not yet
quantified

land-system
change 5

stratospheric

ozone depletion

freshwater use

_~atmospheric aerosol
' loading
(not yet quantified)

acidification

biogeochemical
flows
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Key term

The biosphere is an ecological
system composed of the parts
of the Earth where life exists.

It includes all ecosystems,
communities, populations and
individual organisms.

Connections: This links to material
covered in subtopic 1.3.

<« Figure 26 Planetary boundaries model

Adapted from: Azote for Stockholm
Resilience Centre, Stockholm University.
Based on Rockstrom, |., W. Steffen, K.
Noone, A. Persson, et.al. 2009 (CC BY-NC-
ND 3.0)
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Connections: This links to material
covered in subtopic 3.1.

Rates of extinction (subtopic 3.1) and decline in population sizes of various
species are evidence that the boundary has been crossed.

Review tipping points (subtopic 1.2). Once a species is extinct, it has gone.
But before then, actions can be taken to restore habitats and protect niches
for a particular species. There are success stories, and many people are active
throughout the world in protecting vulnerable species.

What is a clade?

A clade is a taxonomic group which contains one ancestor and all its
descendants. Think of it as a branch of a tree with the common ancestor where
the branch splits off.

A cladogram is an evolutionary tree that shows the ancestral relationships among
organisms. Sometimes it is called a phylogenetic tree. In the past, cladograms
were drawn based on similarities in phenotypes or physical traits among
organisms. Today, similarities in DNA or amino acid sequences among organisms
are used to draw cladograms.

The oldest common ancestors within a clade are close to the trunk of the
evolutionary tree. Newly evolved species are farthest from the tree trunk.
Cladograms represent hypotheses about the evolution of organisms. Because
of this, they may change as more information is known.

Traditional taxonomy (classification of organisms) is usually based on how
organisms look. It uses these taxa (groups):

e domain
e kingdom
e phylum
e class

* order

*  family

* genus

* species.

The difficulty of classifying organisms according to their physical features is that
some organisms have evolved independently to have the same feature. This is
called convergent evolution. For example, bats, insects and birds can all fly, but
their last common ancestor may not have had that ability.

Clades are nested and a clade may have a few or thousands of organisms in it.
That means a clade may be different populations of a species, different species or
different clades, each composed of many species.
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@ Activity 2

ATL skills used: thinking, communication

Remember: a clade is one ancestor and all its descendants.

1. State which box (1, 2 or 3) is not a clade and give the reason.

<« Adapted from: Petter
Backman / Wikimedia
Commons

Use these diagrams to help you to answer question 1.

e

ulu

aclade

aclade

I—l_l L!_l | I—l_l | I—l_l | <« Adapted from: UC

Museum of Paleontology
Understanding Evolution,
www.understandingevolution.
not a clade notaclade org (CC BY-NC-SA 4.0)

2. Explain why each of the following images shows a clade.
‘I | | I‘I | L
| |

| |
a. b. C.

A Adapted from: UC Museum of Paleontology Understanding Evolution, www.understandingevolution.org (CC BY-NC-SA 4.0)

Niches

Remember, a niche is where an organism best fits into an ecosystem. No two
species can occupy the same ecological niche.
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There are two types of niche.

* Afundamental niche is the full range of theoretical conditions and
resources in which a species could survive and reproduce with no
competition.

* Arealized niche is the actual conditions and resources in which a species
exists due to biotic interactions including competition from other species.

Fundamental niches are usually larger than realized ones because they do not
include pressure from predators or other species. One individual may have
different niches over its life cycle. For example, a tadpole lives in water, has gills
and only eats plants. When the tadpole metamorphoses into a frog, it lives out of
water, has lungs and eats other animals.

Barnacle competition and niches Barnacles are small crustaceans. As larvae, they can
swim. Once they are attached to rocks as adults,

they stay there. Semibalanus is found on lower
rocks which are covered by the sea more often and
Chthamalus is found on higher rocks. But the larvae
settle all over the rocks.

A classic field experiment by Joseph Connell in

1961 considered two species of barnacle named
Chthamalus stellatus and Semibalanus balanoides.
These barnacles live on rocks in the intertidal zone

off the coast of Scotland. They look similar but
Semibalanus is larger and there are other differences.

Case study 3

The question was this. Is the separation of the species
due to competition between them or do they have
different fundamental niches?

® Chthamalus
@ Semibalanus

A Figure 27 Chthamalus stellatus—Poli’s stellate barnacle.
Average diameter is about 5 mm

A Figure 29 Distribution of the two barnacle species

Connell moved the barnacles around, removed one
species then the other and put the two together.

He found that if he removed Semibalanus,
Chthamalus survived on the lower rocks. However, if
both species were put on the lower rocks Chthamalus
was overgrown and displaced. Semibalanus could
not survive on the higher rocks which were exposed
to the air for longer when the tide went out.

Alone, Chthamalus can live all over the rocks in its

fundamental niche but this overlaps the realized
niche of Semibalanus.

A Figure 28 Semibalanus balanoides (common
rock barnacle). Average diameter is about 10 mm
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@ Activity 3

ATL skills used: thinking, communication, research

Brown and green anoles

Anoles are lizards that live in trees in south-eastern USA, Caribbean islands but arrived on the mainland in the early
and the Pacific and Caribbean islands. The green and 1900s. Since then, the green anoles are found higher in the
brown anoles are different species. Green anoles are forest canopy and brown lower down. Habitat loss to urban
native to North America. Brown anoles are native to the areas is also affecting green anole populations.

A Figure 30 (a) Brown male anole displaying a dewlap—a flap of skin and (b) a green anole—a different species

1. Describe the realized and fundamental niche of the green anoles.

2. Describe the threats that both anole species face.

3. Predict the relative population sizes of the green and brown anoles in future.

K- and r-strategists’ reproductive strategies

Species can be roughly divided into K- and r-strategists or K- and r-selected
species. Kand rare two variables that determine the shape of the population
growth curve:

* Kisthe carrying capacity
* rdescribes the shape of the exponential part of the growth curve.

K-and r-strategies describe the approach of different species to getting their
genes into the next generation and ensuring the survival of the species.

Different species vary in the amount of time and energy they use in raising their
offspring. There are two extreme approaches: K-strategies and r-strategies.
These strategies describe the approaches used by different species to get their
genes into the next generation and ensure the survival of the species.

The main features of the two strategies are summarized in Table 3. Be aware,
however, these two strategies are the extremes of a continuum of reproductive
strategies, and many species show a mixture of these characteristics.

This work must not be reproduced, stored, transmitted or circulated in any other form.
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K-strategists | r-strategists

Have long lives Have short lives

Grow more slowly Grow rapidly

Mature later Mature early

Reproduce more slowly Reproduce quickly

Produce fewer large offspring Produce many eggs or small offspring

Invest large amounts of energy in parental care or protection | Do not use energy in raising young after hatching

Most offspring survive Most offspring die

Are adapted to stable environments Are adapted to unstable environments

Have population sizes usually close to the carrying capacity | Have fast reproductive and growth rates so may exceed the
(K), hence their name carrying capacity, with a population crash as a result
Appear at later stages of succession Can colonize new habitats quickly (pioneers)

Are niche specialists Are niche generalists

Are usually predators, at higher trophic levels Are usually prey, at lower trophic levels

Are regulated mainly by internal factors Are regulated mainly by external factors

Out-compete r-strategists in stable, climax ecosystems Make opportunistic use of short-lived resources

Examples: humans, other large mammals, trees, albatrosses | Examples: invertebrates, fish, annual plants, flour beetles, bacteria

A Table 3 Typical characteristics of K- and r-strategists

A survivorship curve shows the fate of a group of individuals of a species
@ ACtIVIty 4 (Figure 31). Curve type Il is quite rare, showing species that have an equal chance
of dying at any age, e.g. the hydrozoan Hydra and some species of birds.

ATL skills used: thinking,

Communication R ],OOO_..\. ............................................................
------- typical for k-selected

species. they live for
most of their life span
and mostly die

later in life

1. List characteristics of organisms
which are r-strategists.

2. List characteristics of
K-strategists.

3. Explain which species are
most likely to be regulated by
density-independent factors
(e.g. weather).

typical for rselected
species: high mortality
occurs in the very early
stages of the species’
life cycle

proportion of survivors
(in number per thousand) (log scale

4. Describe and explain the
shape of the survivorship curve
for K-selected species.

A Figure 31 Three hypothetical survivorship curves. Note that the y-axis is logarithmic

Only by knowing more about the niches of a species and its life cycle can we
work out how to protect and conserve them. For example, the giant panda is
the rarest large bear on Earth. There are estimated to be about 1,800 in the wild
in south-west China. After years of declining numbers due to habitat loss and
poaching, numbers are now increasing. These animals have been upgraded

Connections: This links to material from endangered to vulnerable on the IUCN Red List.

covered in subtopic 3.2. Giant pandas are an umbrella species protecting many others in their habitats
(multi-coloured pheasants, the golden monkey, the takin and crested ibis). Their
dietis bamboo but because they have inefficient digestion they need to eat for
10-16 hours a day to get enough energy. They are solitary animals and need to
find mates but habitat fragmentation makes that difficult. Corridors linking isolated
forests can help. The Chengdu Panda Base studies and protects the pandas.
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Check your understanding

In this subtopic, you have covered:

* termsinecology

¢ whyand how we classify organisms
* populations and their interactions

® carrying capacity

* keystone species and tipping points

e whatclades are

AHL

®* more on niches
* r-and K-selected species
* human impacts on ecosystems.

How can natural systems be modelled, and can these models be used
to predict the effects of human disturbance?

1. Explain why it is important to classify species.

2. Explain why understanding about interactions between species helps
species conservation.

3. Explain why sampling is used instead of gathering data from the whole
population or ecosystem (see subtopic 2.6).

Discuss the limits to sizes of populations.

Discuss the limits to the size of global human population.

Explain why using evolutionary relationships in taxonomy has advantages. EI

<

Describe fundamental and realized niches.

© N o o »

Describe strategies in reproductive behaviour of r-and K-selected species.

)) Taking it further

e Carry out an ecological investigation on natural and disturbed
ecosystems, using the application of skills explored in this subtopic.
Secondary data can be used as a comparison.

* Advocate about biodiversity loss.

* Take partin citizen science projects that collect data on species
distributions and abundance.

127

This work must not be reproduced, stored, transmitted or circulated in any other form.




ampion Education (Aust) Pty Ltd on 28/11/2024 under licence.

yWR Energy and biomass in ecosystems

Guiding questions

1

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

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?

Understandings

Ecosystems are sustained by supplies of energy and matter.

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.

Photosynthesis and cellular respiration transform energy and matter

in ecosystems.

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.
Producers form the first trophic level in a 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.

Some of the chemical energy released during cellular respiration is
transformed into heat.

The second law of thermodynamics states that energy transformations in
ecosystems are inefficient.

Consumers gain chemical energy from carbon (organic) compounds
obtained from other organisms. Consumers have diverse strategies for
obtaining energy-containing carbon compounds.

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.

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.
There are losses of energy and organic matter as food is transferred along

a food chain.

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.

The number of trophic levels in ecosystems is limited due to energy losses.
Food webs show the complexity of trophic relationships in communities.
Biomass of a trophic level can be measured by collecting and drying samples.
Ecological pyramids are used to represent relative numbers, biomass or
energy of trophic levels in an ecosystem.

Pollutants that are non-biodegradable, such as polychlorinated bipheny!
(PCB), dichlorodiphenyltrichloroethane (DDT) and mercury, cause changes to
ecosystems through the processes of bioaccumulation and biomagnification.
Non-biodegradable pollutants are absorbed within microplastics, which
increases their transmission in the food chain.

Human activities, such as burning fossil fuels, deforestation, urbanization and
agriculture, have impacts on flows of energy and transfers of matter in ecosystems.
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21.

22.

23.

24.

25.

26.

27.

28.

29.

Autotrophs synthesize carbon
compounds from inorganic
sources of carbon and other
elements. Heterotrophs obtain
carbon compounds from other
organisms.

Photoautotrophs use light

as an external energy

source in photosynthesis.
Chemoautotrophs use
exothermic inorganic chemical
reactions as an external energy
source in chemosynthesis.
Primary productivity is the rate
of production of biomass using
an external energy source and
inorganic sources of carbon and
other elements.

Secondary productivity is the gain
in biomass by consumers using
carbon compounds absorbed
and assimilated from ingested
food.

Net primary productivity is the
basis for food chains because

it is the quantity of carbon
compounds sustainably available
to primary consumers.
Maximum sustainable yields
(MSYs) are the net primary or net
secondary productivity of a system.
Sustainable yields are higher for
lower trophic levels.

Ecological efficiency is the
percentage of energy received
by one trophic level that is
passed on to the next level.

The second law of
thermodynamics shows how the
entropy of a system increases

as biomass passes through
ecosystems.
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Energy and biomass in ecosystems

Energy in systems

Energy in all systems is subject to the laws of thermodynamics and the
principle of conservation of energy. This means that the total energy in any
isolated system (e.g. the entire universe) is constant. Only the form that this
energy takes can change. For example, photosynthesis transforms light energy to
chemical energy; respiration transforms chemical energy to heat or kinetic energy
(Figure 1).

In a power station, one form of energy (e.g. from coal, oil, nuclear power, moving
water) is converted or transformed into electricity. In your body, food provides
chemical energy which you convert into heat or kinetic energy.

A chaffinch
chemical energy is
metabolized and T
lost from the food
chain as heat
solar energy ‘A\ parasitic wasps

stored chemical energy is
passed along as food

caterpillar of no new energy is created;
M sycamore moth instead, it is transformed,

light = chemical
some is lost from the food

chain as heat

energy
enters the system
as light energy

sycamore tree

photosynthesis converts
light energy to stored
chemical energy (glucose)

A Figure 1 Asimple food chain

Figure 2 shows what happens to the Sun’s energy when it reaches the Earth.

Respiration and photosynthesis

Three key ecological concepts are vital to your understanding of how everything
else works: photosynthesis, respiration and productivity.

e Living things respire all the time, both in the dark and in the light.

*  Photosynthesis occurs in plants, algae and some microorganisms. It requires
water, carbon dioxide and sunlight.

e Water reaches the leaves of plants from the roots by transpiration.

*  Photosynthesis and respiration transform energy and matter in ecosystems
(Figure 3).

This work must not be reproduced, stored, transmitted or circulated in any other form.

Key term

The first law of thermodynamics
is the principle of conservation of
energy. This states that as energy
flows through ecosystems, it can

be transformed from one form to
another, but cannot be created or
destroyed.

Connections: This links to material
covered in subtopic 1.2.

1 23 4)
[ move
reflected| water
heatl photosynthesis

A Figure 2 When the Sun’s energy reaches
the Earth, about 30% is reflected back

into space (1), around 50% is converted to
heat (2), and most of the rest powers the
hydrological cycle: rain, evaporation, wind
(3). Less than 1% of incoming light is used for
photosynthesis (4)
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Key terms

Cellular respiration is the process
by which glucose is broken

down to release energy for living
processes. Waste products of
aerobic respiration are water and
carbon dioxide.

Note the difference: Cellular
respiration and photosynthesis

are metabolic processes in cells.

Be careful not to confuse cellular
respiration with breathing, which

is the physical process of taking air
into and out of lungs. Breathing can
also be called respiration. Here we
are using the term “respiration” to
be cellular respiration.

An individual organism is one
individual living thing and a
member of a species.

Photosynthesis is the process

by which organisms make their
own food from water and carbon
dioxide using energy from sunlight.

bright daylight
carbon dioxide
taken in for
photosynthesis

oxygen takenin
for respiration

oxygen given out
by photosynthesis

carbon dioxide given
out by respiration

dark

oxygen taken in
for respiration

carbon dioxide given
out by respiration

A Figure 3 Respiration and photosynthesis in a leaf
Respiration

All'living things must respire to get energy to stay alive. If they do not do this,
they die. Cellular respiration involves breaking down food, often in the form of
glucose, to release energy which is used in living processes.

These processes are: movement, respiration, sensitivity, growth, reproduction,
excretion, nutrition. Some people remember these processes by their first letters,
which spell MRS GREN.

Respiration can use oxygen (aerobic respiration) or not (anaerobic respiration).

In aerobic respiration, energy is released and used, and the waste products are
carbon dioxide and water. All living things respire all the time, in the light and
in the dark, whether they are plants, animals, bacteria or fungi. Animals always
respire, whether they are asleep or awake.

Aerobic respiration can be summarized as:

glucose + oxygen ——— energy + water + carbon dioxide

CH,O, + 60, — energy + 6H,0 + 6CO,

Much of the energy produced in respiration is heat energy and is released
(dissipated) into the environment. Heat is generated because respiration is not
100% efficient at transferring energy from substrates (e.g. carbohydrate) into

the chemical form of energy used in cells. Heat generated within an individual
organism cannot be transformed back into chemical energy and is ultimately
lost from the body. This increases the entropy of the system, while the organism
maintains a relatively high level of organization (low entropy).

Photosynthesis

In photosynthesis, light energy is converted to chemical energy, which is in the
form of glucose. This is transformation of energy from one state to another.

The leaves of plants contain chloroplasts with the green pigment chlorophyll. In
these chloroplasts, the energy of sunlight is used to split water and combine it
with carbon dioxide to make food. The food is in the form of glucose, a sugar.
Glucose is then used as the starting point for the plant to make every other
molecule that it needs.

This work must not be reproduced, stored, transmitted or circulated in any other form.
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In complex chemical pathways within their cells, plants:
* add nitrogen and sulfur to make amino acids and then proteins

* rearrange carbon, hydrogen and oxygen and add phosphorus to make fatty
acids and lipoproteins which make up cell membranes.

Photosynthesis produces the raw material for making biomass. Animals are totally
dependent on the chemicals produced by plants. Humans can make most of the
molecules they need through the processes of eating, digesting and rebuilding.
Food is eaten and then digested into its constituent molecules. These molecules
are then used to make enzymes, fats and proteins.

Amino acids are the building blocks of proteins. There are twenty amino acid
molecules but humans can only make eleven of these. The other nine are called
essential amino acids and have to be eaten. They are found in meat, fish, dairy,
soy, quinoa and buckwheat.

The waste product of photosynthesis is oxygen. This is useful because oxygen is
used in aerobic respiration.

Photosynthesis can be summarized as:

light energy
carbon dioxide + water —————— glucose + oxygen

chlorophyll

light energy
6CO,+6H,0 ———— > C.H O, +60,
chlorophyll

When all the carbon dioxide that plants produce in respiration is used up in
photosynthesis, the rates of the two processes are equal and there is no net
release of either oxygen or carbon dioxide. This usually occurs at dawn and dusk
when light intensity is not too high. This point is called the compensation point
of a plant and is when the plant is neither adding biomass nor using it up to stay
alive. Itis just maintaining itself. This is important to remember when you learn
about succession and biomes.

The second law of thermodynamics is about the quality of energy. As energy is
transferred through food chains, some chemical energy is transformed into heat
energy. Heat energy is less useful to living things than chemical energy or light
energy. Heat is lost to the environment which means energy is lost from the food
chain. Respiration causes the biggest loss. This is why energy transfers are never
100% efficient.

Efficiency is defined as the useful energy or work (output) produced by a process
divided by the amount of energy consumed during the process (input).

work or energy produced

efficiency =
energy consumed

o useful output
efficiency = e
inpu

Multiply by T00% to express efficiency as a percentage.

This work must not be reproduced, stored, transmitted or circulated in any other form.

@ Activity 5

ATL skills used: thinking

Both respiration and
photosynthesis are systems—
biochemical processes.

You can draw systems diagrams for

them with inputs, outputs, storages
and flows which are transformations
or transfers of energy and matter.

Draw a systems diagram for each of
respiration and photosynthesis.

Where can you link the two?

Key term

The second law of
thermodynamics states that as
energy is transferred or transformed
in a system, itis degraded to a

less useful form of energy such as
heat energy and entropy (disorder)
increases.
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Food chains and trophic levels

Almost all energy on Earth comes from the Sun so solar energy (solar radiation) is
the start of almost every food chain. Some deep ocean vents give out heat from
the core of the planet and some organisms get their energy from this through a
process known as chemosynthesis. But most life forms get their energy from

the Sun.

TOK

There is a philosophical implication to the inefficiency of energy transfers.
According to physics, the fate of all the energy that exists today in the universe
is to degrade into high entropy heat. When all energy has turned into heat,
the whole universe will have a balanced temperature and no process will be
possible because heat cannot turn into something of higher entropy. This is
referred to as the thermal death of the universe.

To what extent is imagination crucial in the creation of this hypothesis?

A food chain shows the feeding relationships between species in an ecosystem.
This means it shows the flow of energy from one organism to the next. Arrows
connect the species, usually pointing towards the species that is the consumer
of the other. The direction of the arrows shows the direction of transfer of biomass
and energy (see Figures 1and 4).

Key terms

A consumer (heterotroph) gains its
food from other organisms.

A trophic level is the position that
an organism occupies in a food

: o @ Activity 6
chain, or a group of organisms in a

community that occupy the same ATL skills used: thinking, research
position in food chains.

Copy and complete Table 1 to give two examples of each type of feeder.

A producer (autotroph) makes its

i Feeder | Example 1 | Example 2
own food by photosynthesis.

herbivore

carnivore

predator

prey
parasite

saprotroph

decomposer

detritivore

A Table1 Types of feeder

Organisms are grouped into trophic (or feeding) levels (Greek for food is
trophe). Trophic levels usually start with a primary producer (plant) and end with
a carnivore at the top of the chain—a top carnivore.

A Figure 4 grass— grasshopper — dormouse — barn owl
This work must not be reproduced, stored, transmitted or circulated in any other form.
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Examine Table 2 to ensure you understand the hierarchy of trophic levels.

Name of group Trophic level | Nutrition: Source of energy Function
Primary producers Ist Autotrophs: *  Provide the energy requirements of
(PP) Make their own food from solar all other trophic levels
Green plants energy, CO,and H,0 * Habitat for other organisms

e Supply nutrients to the soil

¢ Bind the soil and stop soil erosion
Primary consumers 2nd Heterotrophs: e Keep each other in check through
(PC) Consume PP negative feedback loops (see
Herbivores subtopic1.2)
Secondary 3rd Heterotrophs: + Disperse seeds
consumers (SC) Consume herbivores and other bl i
Carnivores and carnivores and may consume PP ollinate flowers
omnivores e SCand TC remove old, weakened
Tertiary consumers 4th Heterotrophs: and diseased animals from the
(TC) Consume herbivores and other population
Carnivores and carnivores and may consume PP
omnivores
Decomposers Saprotrophs: Provide a crucial service for the

Bacteria and fungi

Obtain their energy from dead
organisms by secreting enzymes that
break down organic matter

Detritivores

Snails, slugs, blow fly
maggots, vultures

Saprotrophs:

Derive their energy from detritus or
decomposing organic material—dead
organisms, faeces or parts of an
organism, e.g. shed skin from a snake,
a crab carapace

ecosystem:
*  Break down dead organisms

* Release nutrients back into
the cycle

e Control the spread of disease

A Table 2 Hierarchy of trophic levels

A Figure 5 Decomposer fungiina
woodland

Food webs

It would be very unusual to find an ecosystem with only a simple food chain.
Most ecosystems involve many organisms, each of which may eat several

other species.

It is possible to construct food chains for an entire ecosystem, but this creates
problems. Food chains illustrate only a direct feeding relationship between one

organism and another in a single hierarchy. The reality is very different. The diet of

almost all consumers is not limited to a single food species. So, a single species
can appear in more than one food chain.

This work must not be reproduced, stored, transmitted or circulated in any other form.
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A further limitation of food chains is that a species may feed at more than one
trophic level. For example, voles are omnivores—they eat (insects) and plants.
Humans also eat plants and animals. The animals that humans eat are usually
herbivores. So, we would have to list all the food chains that contained voles or
humans twice to show them at both the second and third trophic levels.

The reality is that ecosystems contain a complex network of interrelated food
chains—a food web.

@ Activity 7

ATL skills used: thinking, research, self-management

The food chains below are based on real food chains at Wytham Woods (a European Oak woodland) in Oxford, UK.
Some pioneer ecologists worked here in the 1920s. In these four different food chains, only ten species are listed and
some of them are in more than one food chain. If we listed all the species in the wood and their interactions in every food
chain, the list would run for many pages.

herbs — insects —» spiders — parasites
herbs — insects —» voles —» owls
hazel —>» wintermoth — voles — owls
hazel — wintermoth — titmice —>» weasels

1. Construct a food web from this data.

2. Inatable, summarize the differences between a food chain and a food web.

@ Activity 8

ATL skills used: thinking

lion

1. Draw the longest food chain in the food web in Figure 6.

2. Name two species that are found at two trophic levels.

3. Ifalllions die, explain what might happen to: leopard
a. hunting dogs b. impala.

4. |Ifthereis a greatincrease in the zebra population,
explain what might happen to:

baboon

zebra

giraffe impala wildebeest locust

a. hunting dogs b. producers.

5. Ifa pesticide is used to kill locusts, what may happen
to baboons?

P Figure 6 Food web on the African savanna acacias grasses

The earliest food webs were published in the 1920s by Charles Elton (on Bear
Island, Norway) and Alister Hardy (on plankton and herring in the North Sea).
Elton’s food web (Figure 7) looks complex but scientists have suggested that
food web are not this simple. For example, polar bears are a keystone species
and eat other animals as well as seals. Many species will change their diets
depending on available food sources. But Elton was a pioneer in ecology and
wrote about food chains and webs, niches, population cycles and pyramids of
numbers before others understood their significance. He was one of the first to
be concerned about the impact of invasive species on ecosystems.
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kittiwake

| nitrogen | | protozoa skua
T guillemots

A glaucous gull

fulmar petrel

If‘l P little auk
bacteria |« dung | ouffin

northern eider

Y

—| mineral salts |

long-tailed duck

lermbol red-throated diver
dead plants —— [ coemeoe :
; i >» diptera —>spider A
R I3 mites
i : | R
i plants { > hymenoptera Aretic fox marine
animals
seals |
h 4 snow bunting | A ’
geese -
| purple sandpiper | polar

‘\".. ...... bear

}I algae |—>| protozoa | q . —>| 7 | —
> decayin epidurus -
N matter —
entomostraca ” entomostraca
rotifera protozoa > rotifera
A o | > tardigrada
freshwater plankton oligochaeta
algaTI > nematoda

freshwater benthic and littoral

A Figure 7 One of the first food webs observed by Elton on Bear Island, Norway
Efficiency of energy transfer

The number of trophic levels in ecosystems is limited due to energy losses.
Some of the energy released from respiration is lost to the organism as heat
loss. This is especially the case for warm-blooded animals such as humans.
This means the heat energy is not available to higher trophic levels. This limits
the length of food chains.

The efficiency of transfer from one trophic level to the next (trophic efficiency)

is considered, on average, to be about 10%. As always, things are not quite as
straightforward as they at first appear. The 10% rule is a generalization and a helpful
aid to our understanding of energy flow, but there are considerable variations.
Trophic efficiencies generally range from 5% to 20%. This means only 5% to 20% of
primary producer biomass consumed is converted into consumer biomass.

A community of small mammals in a grassland ecosystem may have a trophic
efficiency of only 0.1% as they are warm-blooded, have a high metabolic rate and
large surface area compared to their volume, and so lose a great deal of energy
in respiration and heat.

In the oceans, zooplankton feeding on phytoplankton may have a trophic
efficiency of 20% and consume most of the producer biomass. Cold-blooded
animals have much slower assimilation rates than warm-blooded animals.
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ATL skills used: thinking, research

Carnivores in the tundra ecosystem

There are several species of bear in the tundra. Polar
bears live further north, but are also found in the tundra
searching for food. The Kodiak is the largest bear in the
Alaskan tundra. It is usually a brown colour. Brown bears
are not especially fierce and seldom eat meat. Wolves

are the top predators of the tundra. They travel in small
family groups (packs) and prey on caribou and other large
herbivores that are too slow to stay with their groups.

Some wolves change to a bright white colour in the
winter. Otters live near rivers and lakes so they can feed on
fish. Shrews are the smallest carnivores of the tundra. Even
bats are found in the tundra during the summer. They feed
on the swarms of insects that fill the air.

The primary production is not sufficient to support
animal life if only small areas of tundra are considered. The
large herbivores and carnivores are dependent on

40 7
27 7

13

lemmings
per hectare

the productivity of vast areas of tundra and have adopted
a migratory way of life. Small herbivores feed and live in
the vegetation mat, eating the roots, rhizomes and bulbs.

1. Draw a food web for the tundra with only the animals
mentioned here.

The populations of small herbivores such as lemmings
show interesting fluctuations that also affect the
carnivores dependent on them, such as the arctic fox and
snowy owl.

The blue squares on the graph in Figure 8 represent the
appearance and frequency of snowy owls after almost
exponential population increases of lemmings. There
isthen a lag period of about two years before lemming
numbers increase again.

2. Why do you think the snowy owls only appear when
lemming numbers have fallen? (Hint: think about
climate and decomposers.)

I T T T T T T T T T T T T T T 1
1929 1930 1931 1932 1933 1934 1935 1936 1937 1938 1939 1940 1941 1942 1943

year

A Figure 8 Snowy owl and lemming numbers in the tundra from 1929 to 1943

Trophic inefficiencies occur because:

* noteverything is eaten (if it were, the world would not be green as all plants
would be consumed)

e digestionis inefficient (food is lost in faeces because the digestive system
cannot extract all the energy from it)

* heatislostin respiration

* some energy assimilated is used in reproduction and other life processes.

Calculating efficiency of transfer

To calculate the efficiency of transfer between two trophic levels, use:

efficiency % =

biomass of higher trophic level

: : x 100
biomass of lower trophic level
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@ Activity 10

ATL skills used: thinking

Look at this food chain:
phytoplankton —— zooplankton —— herring ——» seal

Table 3 shows the amount of biomass contained within each trophic level.

Trophic level | Organism | Total biomass (kg)
1 Phytoplankton 22
2 Zooplankton 1.8
3 Herring fish 0.26
4 Seal 0.019

A Table 3 Biomass at each trophic level

Calculate the efficiency of transfer between trophic levels 1and 2, 2 and 3,
and 3and 4.

Maximum sustainable yield

Maximum sustainable yield (MSY) is a concept that assumes a population and a
species produce surplus biomass (i.e. more biomass than is required to replace
the population or species). This surplus can be harvested by humans.

MSY is the net productivity of a species or a trophic level that can be harvested
without reducing future supply. It is usually applied to the fishing industry which
aims to fish at MSY levels (see Figure 9 and subtopic 4.3).

Measuring biomass

The biomass of a trophic level can be measured by collecting and drying samples
of that trophic level. For example, collect a sample of grasses, dry the sample to
evaporate any water and weigh the sample. Units are usually g m™2 or Mg ha™".

Productivity

Gross productivity (GP) is the gain in biomass of an organism. In a producer
(mostly plants) gross productivity is called gross primary productivity (GPP). In
consumers it is called gross secondary productivity (GSP).

All'living things—whether producers or consumers—use some of the energy
they take in to respire and to carry out metabolic processes (chemical reactions
within cells). Net productivity (NP) is defined as gross productivity minus losses
(Figure 10). A short equation for this is:

NP =GP-Ror NPP=GPP-R
where R = respiratory loss

In ecology, we usually talk about productivity and not production. This means we
know the area or volume and the time period to which we refer.

Net productivity (NP) results from the fact that all organisms must respire to stay
alive so some of the total energy gain is used in staying alive instead of being
used to grow.

This work must not be reproduced, stored, transmitted or circulated in any other form.
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A Figure 9 MSY graph showing yield
against fishing effort

Adapted from: Food and Agriculture
Organization of the United Nations (FAO)
(CCBY-NC-SA 3.01GO)

Key terms

Productivity is the conversion of
energy into biomass over time. It

is the rate of growth or biomass
increase in plants and animals.

It is measured for plants as mass
per unit area per unit time (e.g.
gram per square metre per year,
gm=2yr).

Gross productivity (GP) is the total

gain in biomass by an organism.

Net productivity (NP) is the
amount remaining after losses due
to respiration.
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/TTV\ NPP = GPP-R

glucose produced during photosynthesis (GPP)

some glucose used to supply remaining glucose available
energy to drive cellular to be laid down as new
processes (R) material—biomass (NPP)

A Figure 10 Net primary productivity (NPP)

Ecological pyramids

Ecological pyramids include pyramids of numbers, biomass and productivity.
They are quantitative models, usually measured for a given area and time.

Pyramids are graphical models of the quantitative differences between amounts
of living material stored at each trophic level of a food chain.

* They allow easy examination of energy transfers and losses.

* They give an idea of what feeds on what and what organisms exist at the
different trophic levels.

*  They help to demonstrate that ecosystems are systems that are in balance.

All pyramids may be represented as in Figure 11.

P = producer
C1 = primary consumer

top carn'vo4

secondary _
carmnivore Jf}f& C2= secpndary consumer
primary C3 = tertiary consumer

carnivore C4 = quaternary consumer

herblvores

producers /S \

ina grassland ina pond

A Figure 11 Ecological pyramids

Pyramids of numbers

rabbits A pyramid of numbers (Figure 12) shows the number of organisms at each
trophiclevelinafood chainat one time—the standing crop. The units are number
perunitarea.

grass

A Figure 12 Pyramid of numbers, The length of each bar gives a measure of the relative numbers. Most pyramids
showing producers (P), primary consumers ..o hroad at their base and have many individuals in the producer (P) level. But
(C1) and secondary consumers (C2) . )
) some may have a large single plant such as a tree as the producer so the base is
Adapted from: Six Red Marbles and OUP o . .
one individual which supports many consumers (Figure 13).
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90,000

200,000
1,500,000

A Figure 13 Pyramids of numbers for a grazing ecosystem (left) and an oak tree (right)
Adapted from: Six Red Marbles and OUP

Advantage of pyramids of numbers

* Thisisasimple, easy method of giving an overview and is good for
comparing changes in population numbers with time or season.

Disadvantages of pyramids of numbers

e Allorganisms are included, regardless of their size, so a pyramid based on an
oak tree (Figure 13) is inverted (has a small base and gets larger as it goes up
the trophic levels).

* Do notallow for juveniles orimmature forms.

e Numbers can be too great to represent accurately.

Pyramids of biomass

A pyramid of biomass contains the biomass (mass of each individual X number
of individuals) at each trophic level (Figure 14). Biomass is the quantity of (dry)
organic material in an organism, a population, a particular trophic level or an
ecosystem. Practical work on pyramids of biomass is covered in subtopic 2.6.

A pyramid of biomass uses units of mass per unit area, often grams per square
metre (g m2) or kilograms per cubic kilometre of water (kg km=). A pyramid of
biomass is more likely to be a pyramid shape (Figures 14 and 15) but there are
some exceptions, particularly in oceanic ecosystems where the producers

are phytoplankton (unicellular green algae). Phytoplankton reproduce fast but are
present only in small amounts at any one time. As a pyramid represents biomass
atonetime only (e.g. in winter), the phytoplankton bar may be far smaller than
that of the zooplankton which are the primary consumers (Figure 14).

decomposers
C3 1.5
Cc2 5
Cl

: )

A Figure 15 Pyramid of biomass for a lake (units g m2)

Advantage of pyramids of biomass

e Overcome some of the problems of pyramids of numbers.

This work must not be reproduced, stored, transmitted or circulated in any other form.

C3
Cc2

1 sparrowhawk

90 blue tits

Cl 2,000

caterpillars
1 oak tree

CI zooplankton

4.0 B phytoplankton

A Figure 14 Pyramids of biomass (units g m2)
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Disadvantages of pyramids of biomass

e Onlyuse samples from populations, so it is impossible to measure
biomass exactly.

e Organisms must be killed to measure dry mass.

The time of year at which biomass is measured affects the result. For example,
the biomass of algae changes significantly during the year so the shape of the
pyramid would depend on the season. The giant redwood trees of California
have accumulated their biomass over many years but algae in a lake at the
equivalent trophic level may only need a few days to accumulate the same
biomass. A pyramid of biomass will not show these differences.

Pyramids of total biomass accumulated per year by organisms at a trophic level
are usually pyramidal in shape. But two organisms with the same mass do not
necessarily have the same energy content. A dormouse stores a large amount of
fat, around 37 k] g~" of potential chemical energy, but a carnivore of equivalent
mass contains larger amounts of carbohydrates and proteins, around 17 k| g™
potential energy. Some organisms contain a high proportion of non-digestible
parts such as the exoskeletons of marine crustaceans.

Pyramids of numbers and biomass are snapshots at one time and place. Pyramids
for the same food web in the same ecosystem may vary with season and year. In
the spring, there will be more producers growing; in autumn, there may be more
consumers living on the producers. As you have seen, pyramids of numbers may
sometimes be inverted (Figure 13).

Pyramids of energy

A pyramid of energy (or productivity) shows the rate of flow of energy or
biomass through each trophic level. It shows the energy or biomass being
generated and available as food to the next trophic level during a fixed period

of time. Unlike pyramids of numbers and biomass, which are snapshots at one
time, these pyramids show the flow of energy over time. They are always pyramid-
shaped in healthy ecosystems because they must follow the second law of
thermodynamics. They are measured in units of energy or mass per unit area per
period of time, often kilojoules per square metre per year (k] m2 yr')—see Table 4.
Productivity values are rates of flow, whereas biomass values are stores existing

at one particular time.

Pyramid ‘ Units Advantages of pyramids of energy

Numbers (standing crop) | N m~ e Allow for rate of production over time.

Biomass (standing crop) | g m

*  Allow comparison of different ecosystems.

Productivity (flow of gm2yr!

biomass or energy) Jm=2yr! * Canadd solar radiation input.
A Table 4 Pyramid units *  Never have inverted pyramids of energy.
Note the notation: N = numbers,
g =grams, ] =joules Disadvantages of pyramids of energy

* Need to measure growth and reproduction over time.

e Still have issues of consumers at more than one trophic level and where to
put decomposers and detritivores.
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[C) Data-based questions

Draw and label pyramids of numbers, biomass and energy, using the data in Table 5. Comment on these pyramids.

Numbers Biomass (kg m~2) Energy (1000 kj m=—2yr')
Primary producers 100,000 2,500 500
Primary consumers 10,000 200 50
Secondary consumers 2,000 15 5
Top consumers 500 1 -
A Table5

@ Activity 11

ATL skills used: thinking, communication, research

An ecosystem consists of one oak tree on which 10,000 herbivores are feeding. These herbivores are prey to
500 spiders and carnivorous insects. Three birds are feeding on these spiders and carnivorous insects. The oak
tree has a mass of 4,000 kg, the herbivores have an average mass of 0.05 g, the spiders and carnivorous insects

have an average mass of 0.2 g, and the three birds have an average mass of 10 g.

1. a. Construct a pyramid of numbers.
b. Construct a pyramid of biomass.

c. Explain the differences between these two pyramids.

2. Explain whether the energy “loss” between two subsequent trophic levels is

in contradiction with the first law of thermodynamics.

3. Assuming ecological efficiency of 10%, 5% and 20% respectively

(see Figure 16), what will be the energy available at the tertiary consumer level

(4th trophic level), given a net primary productivity of 90,000 k| m=2yr~'?
What percentage is this figure of the original energy value at the primary
producer level?

Consequences of pyramids
and ecosystem function

The way ecosystems work leads to: concentration of toxic substances in
food chains; limited length of food chains; vulnerability of top carnivores;
bioaccumulation and biomagnification.

Many chemicals are biocides. If a chemical in the environment (e.g. a pesticide
such as DDT (dichlorodiphenyltrichloroethane) or PCBs (polychlorinated
biphenyls) or a heavy metal such as mercury) breaks down slowly or does not
break down at all, plants may take it up and animals may take it in as they eat

or breathe. If they do not excrete or egest it, the chemical accumulates in their
bodies over time. If the chemical stays in the ecosystem for a prolonged period
of time, the concentration builds up. This is bioaccumulation. Eventually, the
concentration may be high enough to cause disease or death.

This work must not be reproduced, stored, transmitted or circulated in any other form.

90,000 k| m2 yr~

A Figure 16

Key terms

Biocides are substances or
microorganisms that destroy, deter
or render harmless living things.
Examples include: disinfectants,
antiseptics, preservatives, pesticides.

Bioaccumulation refers to the
increasing concentration of non-
biodegradable pollutants in
organisms or trophic levels over
time (as more are absorbed).

141




Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Ecology

If a herbivore eats a plant that has the chemical in its tissues, the amount
Key term of the chemical that is taken in by the herbivore is greater than that in the
plant that is eaten—because the herbivore grazes many plants over time. Ifa
carnivore eats the herbivores, it too will take in more of the chemical than each
herbivore contained because it eats many herbivores over time. In this way the
chemical’s concentration is magnified from trophic level to trophic level. This
is biomagnification. While the concentration of the chemical may not affect
organisms lower in the food chain, the top trophic levels may take in so much of
the chemical that it causes disease or their death.

Biomagnification refers to the
increasing concentration of non-
biodegradable pollutants along
a food chain (due to the loss of
biodegradable biomass through,
for example, respiration).

[€) Data-based questions

In this food web, the smaller fish (minnows) eat plankton (microscopic plants and animals) in the water.
Minnows are eaten by the larger fish called pickerel. These are eaten by herons, ospreys and cormorants;
herons eat the minnows as well. The numbers give the percentage concentration of DDT.

1. How many trophic levels are in this food web?

2. How many times more concentrated is the DDT in the body of the cormorant than in the water?
Explain how this happens.

3. Inwhich species does biocaccumulation occur?
4. Inwhich species does biomagnification occur?

5. Sealsand penguins in Antarctica and polar bears in the Arctic have been found with pesticides in their
tissues. The nearest land is over 1,000 km away. Discuss how the pesticides may have reached them.

cormorant eats
medium to large
fish 26.4

osprey eats medium
to large fish 13.8

heron eats pickerel eats minnows and
small fish other small fish 133
3.57 -
minnow eats plankton
0.23

plankton—small organisms
suspended in water: their
very high ratio of surface area
to volume means they easily
absorb pesticide from water,
concentrating it 800 times

0.04

Tl S U aRe e e e e el a g ik e g e e s wyater 0.00005

A Figure 17 Food web in a freshwater ecosystem showing the percentage concentration of DDT at each trophic level
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A serious problem with pesticides is how long they last in the environment once
they are sprayed. Some decompose into harmless chemicals as soon as they
touch the soil. Glyphosate (first sold by Monsanto as Roundup®)is one of these:
once it touches the soil, it is inactivated. Others are persistent and do not break
down in this way. Neither do they break down inside the bodies of organisms.
They enter the food web and move through it from trophic level to trophic level.
They are non-biodegradable—persistent organic pollutants or POPs. Many early
insecticides such as DDT, dieldrin and aldrin fall into this group and they are
stored in the fat of animals.

Human impact on flows of energy
and transfer of matter

Just about all human activity has an effect on ecosystems. Biomass is lost to
ecosystems when we build on land, grow crops and cut down trees. Food webs
are disrupted when ecosystems are destroyed or degraded.

Loss of plants means less photosynthesis so less of the Sun’s energy is captured
and turned into chemical energy. Solar panels and solar farms do capture sunlight
and convert it to electricity but efficiency is about 20% at best.

More on energy sources

Animals are known as heterotrophs or heterotrophic organisms, to distinguish
them from plants (autotrophs). Heterotrophs range from fungi and some
bacteria and single-celled organisms to all animals and some parasitic plants.

Green plants are not the only organisms that can make their own food. Others
include algae such as the green algae you see in ponds or brown algae which are
seaweeds. There are also photosynthetic bacteria living in soil or water. These all
use light as the external source of energy. They are called photoautotrophs.

There are other sources of energy such as chemical energy which some
organisms use as their energy source. These organisms are called
chemoautotrophs. These producers are the basis of food webs. Examples of
chemoautotrophs include:

e Bacteria that live in deep sea vents where no sunlight penetrates and
pressure and temperature are extremely high. Hydrogen sulfide and other
chemicals provide the energy source.

* Two types of bacteria in the nitrogen cycle. One type gains its energy from
oxidizing ammonia to nitrite (Nitrosomonas) and the other converts nitrite to
nitrate (Nitrobacter).

This work must not be reproduced, stored, transmitted or circulated in any other form.

Key term

Pesticides are chemicals that kill
pests. There are over 1,000. A few
are found naturally (e.g. pyrethrin)
but most are synthetic. Pesticides
may be insecticides, fungicides,
bactericides or rodenticides,
depending on the target organisms.
Pesticides may also kill non-target
organisms.

Key terms

Heterotrophs cannot make their
own food. They eat other plants
or animals to gain energy and
nutrients.

Autotrophs are organisms that can
make their own food. Autotrophs
include green plants, algae and
photosynthetic bacteria.
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Key terms

Primary productivity is the rate
of production of biomass using
an external energy source and
inorganic sources of carbon and
other elements.

Gross primary productivity
(GPP) is the total gain in energy or
biomass per unit area per unit time
by green plants. Itis the energy
fixed (or converted from light to
chemical energy) by green plants
by photosynthesis. But some of this
is used in respiration.

Net primary productivity (NPP) is
the total gain in energy or biomass
per unit area per unit time by green
plants after allowing for losses to
respiration. This is the increase in
biomass of the plant: how much

it grows and the biomass that is
potentially available to consumers
(animals) that eat the plant.

More on productivity

Gross primary productivity (GPP) is the total gain in energy or biomass per unit
area per unit time by green plants. It is the energy fixed (or converted from light to
chemical energy) by green plants by photosynthesis. Some of this energy is used
in respiration.

Net primary productivity (NPP) is the total gain in energy or biomass per unit
area per unit time by green plants after allowing for losses to respiration. This is
the increase in biomass of the plant—how much it grows—and is the biomass that
is potentially available to consumers (animals) that eat the plant.

GPP is very hard to measure as much of the light energy converted to
chemical energy (glucose) is used up by plants in respiration almost as soon
as it is produced. A more useful way of looking at production of plants is the
measurement of net primary productivity (NPP).

Net primary productivity is simply plant growth and is the basis for food
chains because it is the quantity of carbon compounds sustainably available to
primary consumers.

The consumers may be herbivores in a natural food web or farmers, foresters
and all humans in managed ecosystems whether agriculture (food) or
silviculture (wood).

The units usually used for productivity are kg carbon m=2 year™' (kilograms of
carbon per square metre of ecosystem per year).

An ecosystem’s NPP is the rate at which plants accumulate dry mass (actual plant
material). The glucose produced in photosynthesis has two main fates.

e Some provides for growth, maintenance and reproduction (life processes)
with energy being lost as heat during processes of respiration.

* Theremainderis deposited in and around cells as new material and
represents the stored dry mass—this store of energy is potential food for
consumers within the ecosystem.

This means that NPP represents the difference between the rate at which plants
photosynthesize, GPP, and the rate at which they respire. This accumulation

of dry mass is usually termed biomass and provides a useful measure of both
production and utilization of resources (NPP = GPP - R, see Figure 10).

The amount of biomass produced varies:

* inspace—some biomes have much higher NPP rates than others (e.g.
tropical rainforest vs tundra)

* intime—many plants have seasonal patterns of productivity linked to changing
availability of basic resources such as light, water and warmth.
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Net secondary productivity (NSP)

As with plants, not all energy that goes into the herbivore is available to make
new biomass.

*  Onlyfood that crosses the wall of the alimentary canal (gut wall) of animals
is absorbed and used to power life processes (assimilated food energy).
Some of the assimilated food energy is used in cellular respiration to provide
energy for life processes. Some is removed as nitrogenous waste, in most
animals as urine. The rest is stored in the dry mass of new tissue.

e Some ingested plant material passes straight through the herbivore and is
released as faeces (egestion). This is not absorbed and provides animals
with no energy.

Total food ingested, including food that is egested, is the measure of gross
secondary productivity (GSP). Therefore, net secondary productivity (NSP)
can be thought of in the same way as net primary productivity (Figure 10).

net productivity of herbivores (net secondary productivity) =

energy in food ingested —energy lost in egestion —energy used in respiration

Only a very small percentage of the original NPP of plants is turned into
secondary productivity by herbivores (Figure 18) and it is this secondary
productivity which is available to consumers at the next trophic level. This change
of primary productivity to secondary productivity follows the general conditions
of energy transfer up trophic levels.

Carnivores—animals that eat other animals—are next in the trophic ladder.
Secondary consumers are those that eat herbivores and tertiary consumers are
those whose main source of energy is other carnivores. The ability of carnivores
to assimilate energy follows the same basic path as that of herbivores, though
secondary and tertiary consumers have higher protein diets—meat, which is more
easily digested and assimilated.

Carnivores

* Onaverage, carnivores assimilate 80% of the energy in their diets and egest
less than 20%.

e Usually they have to chase moving animals so higher energy intake is offset
by increased respiration during hunting.

e Biomassis locked up in the prey foods (e.g. non-digestible skeletal parts,
such as bone, horn and antler) so they have to assimilate the maximum
amount of energy that they can from any digestible food.

Herbivores
e Assimilate about 40% of the energy in their diets and egest 60%.

e Graze static plants.

This work must not be reproduced, stored, transmitted or circulated in any other form.

total energy taken
in (food eaten)

Key terms

Secondary productivity is the
gain in biomass by consumers,
using carbon compounds
absorbed and assimilated from
ingested food. It can be estimated
as ingested food minus faecal
waste. (Faecal matter is not
included as it is material that

has remained undigested and
unabsorbed.)

Gross secondary productivity
(GSP) is the total energy or biomass
assimilated (taken up) by consumers
and is calculated by subtracting the
mass of faecal loss from the mass of
food eaten.

Net secondary productivity
(NSP) is the total gain in energy
or biomass per unit area per unit
time by consumers after allowing
for losses to respiration. There are
other losses in animals as well as
to respiration but respiration is the
main one.

NSP is calculated by subtracting
respiratory losses (R) from GSP.

GSP = food eaten —faecal loss

energy to drive cellular
processes (respiration)

. new waste
o
N —  biomass (faeces and
e.. Urine)

A Figure 18 Net productivity of a herbivore
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Maximum sustainable yield
The MSY is the net primary or net secondary productivity of a system.

Itis the largest crop or catch that can be taken from the stock of a species (e.g. a
forest, or a shoal of fish) without depleting the stock. What is removed is the
increase in production of the stock while leaving the stock to reproduce again.

Sustainable yields are higher for lower trophic levels. This is because less energy
has been lost as there are fewer links in the food chain.

Eating meat or fish from higher trophic levels is expensive in terms of energy but
these foods have high energy values. Muscle is mostly protein and fat is high in
energy content. They are energy-dense foods.

For humans, eating a plant-based diet or from lower trophic levels is a more
sustainable practice as we are then primary consumers not secondary or tertiary
consumers. Less energy is wasted as there are fewer trophic levels.

Ecological efficiency

We need to know two quantities to establish assimilation and productivity
Ecological efficiency is the efficiencies.
percentage of energy received by
one trophic level that is passed on

Key term

*  What proportion of the NPP from one trophic level is assimilated by the next?

to the next level. e How much of this assimilated material is turned into the tissues of the
organism and how much is respired?

For an animal raised for meat these questions are:

*  How much of the grass that an animal eats can it assimilate (absorb into its
body)? This will determine how many animals the farmer can putin a field.

e How much of what is assimilated is used for productivity (turned into meat)?
On a commercial farm this will determine the profits.
gross productivity

efficiency of assimilation = x 100
food eaten

. . o net productivity
efficiency of biomass productivity = —Xx 100
gross productivity

The length of food chains

As a rule of thumb, only 10% of the energy in one trophic level is transferred to

the next—the trophic efficiency is 10%. A major part of the energy is used in
respiration to keep the organism alive and is finally lost as heat to the environment.
This is a result of the second law of thermodynamics, which states that energy is
degraded to lower quality and finally to heat. More is lost because herbivores
destroy more plant material than they eat (e.g. by trampling on it) or they reject it
because it is too tough, old or spiky. Some material is not eaten at all and some dies
and decomposes before it can be eaten. The 90% loss of energy from one trophic
level to the next means there is very little energy available after about four trophic
levels in terrestrial ecosystems and five in aquatic ecosystems.
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@D Activity 12
<

ATL skills used: thinking, communication, research

Organism ‘ Assimilation efficiency
1. Consider the assimilation efficiencies in Table 6. Carnivore 90%
a. Why do carnivores have a relatively high assimilation Insectivore /0-80%
efficiency? (Think about the food they eat.) Herbivore 30-60%
b. Do you think ruminant herbivores would be at the top or Zoop}:latnkt(l)n {jedlng =i
bottom of the range for herbivores? Why? on phytoplankton
Giant panda 20%
c. Why does the giant panda have such a low assimilation
efficiency? (Hint: its diet is mainly bamboo shoots.) A Table 6
2. Copy Figure 19 and add the energy storages and
transfers in Figure 20.
|:> grass |:> sheep |:>
solar
energy
A Figure 19

|

dung
invertebrates

X

dead vegetation
still standing

dung

litter
Y
\ v earthworms
soil organic
matter including
decomposers

Why top carnivores are in trouble

Top carnivores are vulnerable because of the loss of energy from each trophic
level. There is only so much energy available and that is why big, fierce animals
are rare. ltis hard for them to accumulate enough energy to grow to a large size.

It is often the highest trophic level in a food chain that is the most susceptible

to alterations in the environment. The UK population of the peregrine falcon

fell dramatically in the late 1950s, probably due to agricultural chemicals such

as DDT accumulating and then magnifying in the food chain. This appeared to
cause egg-shell thinning and reduced breeding success. These chemicals were
banned and from the mid-1960s, the peregrine population began to slowly
recover despite persecution on grouse moors and the threat from egg collectors.
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« Figure 20 The energy
budget in a sheep-grazed
ecosystem
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The top of the food chain is always vulnerable to the effects of changes further
down the chain. Top carnivores often have a limited diet so a change in their food
(prey) has a knock-on effect. Their population numbers are low because of the

fall in efficiency along a food chain, therefore their ability to withstand negative
influences is more limited than for species lower in the food chain with larger
populations. They have lower resilience.

More on entropy

The second law of thermodynamics shows that the entropy of an isolated
system not in equilibrium will tend to increase over time.

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.

e Entropy refers to the spreading out or dispersal of energy.
*  More entropy = less order.

e Qvertime, all differences in energy in the universe will be evened out until
nothing can change.

* Energy transformations are never 100% efficient.
* The biggest loss of heat is in respiration.

*  When energy is used to do work, some energy is always dissipated (lost to
the environment) as waste heat.

heat This process can be summarized by a simple diagram showing the energy input
and outputs (Figure 21).
energy = work + heat (and other wasted energy)
; . heat generated heat generated  heat generated
ful : k ) } :

Input energy e s ) Wor during work, during work, during work,

> 2 e.g. respiration e.g.respiration  e.g. respiration

conversion I ﬁ *
process /[/(

N N y A
Figure 21 Diagram to show the second & -
law of thermodynamics —) lﬁ ﬂ —

A Figure 22 Loss of energy to the environment in a food chain

In the example in Figure 22, the energy spreads out so the useful energy
consumed by one trophic level is less than the total energy at the level below.

*  Depending on the type of plant, the efficiency at converting solar energy to
stored sugars is around 1-2%.

e  Herbivores (e.g. the zebra) on average only assimilate (turn into animal matter)
about 10% of the total plant energy they consume. The rest is lost in metabolic
processes and in escaping from the lion. This changes the stored chemical
energy in its cells into useful work (running). But during the attempted escape
some of the stored energy is converted to heat and lost from the food chain.
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* Acarnivore's efficiency is also around 10%. Carnivores also metabolize
stored chemical energy, in this case trying to catch the herbivore.

* Asenergy is dispersed to the environment, there is a reduction in the amount
of energy passed on to the next trophic level.

e The carnivore’s total efficiency in the chain is 0.02 x 0.1 x 0.1 = 0.0002%.

Life is a battle against entropy and without the constant replenishment of energy,
life cannot exist. Imagine rowing upstream, as shown in Figure 23. Stop for a
moment and you will be swept back downstream by the current of entropy.

. A Figure 23 A representation of life against
Simple example of entropy entropy
The situation in Figure 24 obeys the second law of thermodynamics, since the
tidy room of low entropy becomes untidy, a situation of high entropy. In the
process, entropy increases spontaneously.

A Figure 24 (a) Tidy room—Ilow entropy vs (b) untidy room—high entropy

e Solar energy powers photosynthesis.
e Chemical energy, through respiration, powers all activities of life.
e Electrical energy runs all home appliances.

* The potential energy of a waterfall turns a turbine to produce electricity.

These are all high-quality forms of energy, because they power useful processes.
They are all ordered forms of energy. Solar energy reaches us via photons in solar
rays; chemical energy is stored in the bonds of macromolecules like sugars; the
potential energy of falling water is due to the specific position of water, namely
that it is high and falls. These ordered forms have low disorder, so low entropy.

On the contrary, heat may not power any process; it is a low-quality form of
energy. Heat is simply dispersed in space, being capable only of warming it.
Heat dissipates to the environment without any order; it is disordered. In other
words, heat is a form of energy characterized by high entropy.
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) Data-based questions

The classical energy flow example

b

Silver Springs, in central Florida, is famous among ecologists as the place where Howard T. Odum researched energy flow in
the ecosystem in the 1950s. Odum (1924-2002) was a pioneer ecologist working on ecological energetics. He was the first
to attempt to measure an energy budget—he measured primary productivity and losses by respiration. (Later, near the end
of along and illustrious career, he and David Scienceman developed the concept of emergy (embodied energy) which is a
measure of the quality and type of energy and matter that go into making an organism.)

Figure 25 shows the energy flows and biomass stores measured by Odum at Silver Springs. This simple community
consists of algae and duckweed (producers); tadpoles, shrimps and insect larvae (herbivores); water beetles and
frogs (first carnivores); small fish (top consumers); and bacteria, bivalves and snails (decomposers and detritivores).
Dead leaves also fall into the water and spring water flows out, exporting some detritus.

1. Why does the width of the energy flow bands 6. Calculate the efficiency of net primary productivity.
become progressively narrower as energy flows o ) )
through the ecosystem? 7. Draw a productivity pyramid from the data given.

2. Suggest an explanation for the limit on the number of ~ o+ Would itbe possible to draw a biomass pyramid from

. ) . . iven?
trophic levels to four or five at most in a community. the data given?

3. How isthe energy transferred between 9. Doesthe modgl support the first law (?f
trophic levels? thermodynamics? Show your calculations.

4. Insolation (light) striking leaves is 1,700,000 units but 10. How does the dif'ag;am demonstrate the second law
only 410,000 are absorbed. What happens to the of thermodynamics?
unabsorbed light energy?

5. Afurther 389,190 units escapes from producers
as heat. Why is this?

486 ——
\ import 5,060
460
insolation 1,700,000 . \a D
ross production
e] P r \N ¢
light absorbed by 383
plants 410,000 producers 768 1,478 67 Mo *
20,810 8,833 A NS
K\é\\o L/ TC
& plant l
N o ; net plant N N
3O L respiratory ducti \
N o° biomass production
¢ 2,500 —>
f downstream
389,190 1,977 1,890 / export
316 13 774 600
light not absorbed
by plants 1,290,000
l l l 18,796
community respiration

A Figure 25 The energy flow values in Silver Springs community. Units kcal m™2yr™ (1 kcal = 4.2 )
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) Data-based questions

The data in Table 7 refer to carbon (in biomass) flows in a ‘ -
freshwater system at 40° N latitude. 9 Cm=yr
1. From the data, write word equations and calculate: Gross productivity of phytoplankton 132
a. net productivity of phytoplankton Respiratory loss by phytoplankton 35
b. gross productivity of zooplankton Phytoplankton eaten by zooplankton 31
c. netproductivity of zooplankton Faecal loss by zooplankton 6
d. % assimilation of zooplankton Respiratory loss by zooplankton 12
e. % productivity of zooplankton. A Table7
2. Two more energy flow diagrams are shown in
Figures 26 and 27.
a. Copy Figure 26 and draw a rectangle on the
diagram to show the ecosystem boundary.
b. Explain why the storage boxes reduce in size as
you go up the food chain.
c.  Name three decomposers and explain how they
lose heat.
1
Ra ;
~ tertiary consumers By
Dg | d
R3 \ 1E4 e
secondary consumers B3 > ©
R N
2 1 m heat loss
Es P / Rs
3 dead remains .
primary consumers By s
R faeces D> e
i
E2 S
respiratory dead remains
loss producers B, — Bs
Dy
energy input Key
biomass of the various trophic levels;
E area of box is proportional to biomass
\ v\“_-'j ¥ energy flow through grazing chain
‘*; Sun "“ energy flow to decomposers
S ’"MT( N Ri_s | respiratory loss to abiotic environment
A Figure 26 Energy flow diagram of ecosystem |
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©

solar radiation atmospheric d. Forecosystem I, identify from Figure 27 the letter(s)
> absorption/ referring to the following energy flow processes and
photosynthesis (B) reflection (A) explain what happens to this energy at each stage as it
v passes through the ecosphere:
———> respiration i. loss of radiation through reflection and
absorption
food consumed (C)
> faecal loss (D) .. . . . L
absorbed (E) ii. conversion of light to chemical energy in biomass
A\
ii. loss of chemical energy from one trophic level
speoesX —» respiration (F)
to another
food
consumed ( / w{od consumed (H) iv. efficiencies of transfer
v. overall conversion of light to heat energy by an
A Figure 27 Energy flow diagram of ecosystem Il vi. re-radiation of heat energy to the atmosphere.
Check your understanding
In this subtopic, you have covered: 2. Draw systems diagrams of these processes.
* energy flow through ecosystems 3. Review the two laws of thermodynamics and explain
* photosynthesis and respiration processes how energy degrades.
e firstand second laws of thermodynamics 4. Define GP and NP.
*  food chains and webs and trophic levels 5. Sketch pyramids of numbers, biomass and
e ecological pyramids productivity for a lake and label the trophic levels.
*  pollutants in food webs 6. Explain how some pollutants accumulate in
* human impacts on energy transfers food chains.
* more detail on autotrophs EI 7. Explain why and how energy is lost in a food chain.
° IS e ey < 8. Explain biomagnification and bioaccumulation, with
* maximum sustainable yields reference to named examples.
*  ecological efficiency 9. Discuss examples of loss of photosynthetic activity
* entropy. through human activities.
How can flows of energy and matter through 10. Define primary and secondary productivity, net and

ecosystems be modelled? How do human actions
affect the flow of energy and matter, and what is the
impact on ecosystems?

1. Explain the processes of respiration and
photosynthesis.

) Takingit further

* 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. (Consider health and safety,
and ethical issues.)

11.

AHL

gross primary productivity.

Explain the significance of (a) maximum sustainable
yield; (b) ecological efficiency; and (c) entropy.

Advocate for the planetary health diet in your community
based on the second law of thermodynamics.

Contribute to an ecological citizen science
programme.
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yACE Biogeochemical cycles

Guiding question

* How do human activities affect nutrient cycling, and what impact does this have
on the sustainability of environmental systems?

Understandings

1. Biogeochemical cycles ensure chemical 12. The lithosphere contains carbon stores in fossil fuels and in f
elements continue to be available to living rocks, such as limestone, that contain calcium carbonate. <
organisms. 13. Reef-building corals and molluscs have hard parts that contain

2. Biogeochemical cycles have stores, sinks calcium carbonate that can become fossilized in limestone.
and sources. 14. In past geological eras, organic matter from partially

3. Organisms, crude oil and natural gas contain decomposed plants became fossilized in coal, and partially
organic stores of carbon. Inorganic stores decomposed marine organisms became fossilized in oil and
can be found in the atmosphere, soils and natural gas held in porous rocks.
oceans. 15. Methane is produced from dead organic matter in anaerobic

4. Carbon flows between stores in conditions by methanogenic bacteria.
ecosystems by photosynthesis, feeding, 16. Methane has a residence time of about 10 years in the
defecation, cellular respiration, death and atmosphere and is eventually oxidized to carbon dioxide.
decomposition. 17. The nitrogen cycle contains organic and inorganic stores.

5. Carbon sequestration is the process of 18. Bacteria have essential roles in the nitrogen cycle.
capturing gaseous and atmospheric carbon 19. Denitrification only happens in anaerobic conditions, such as
dioxide and storing it in a solid or liquid form. soils that are waterlogged.

6. Ecosystems can act as stores, sinks or 20. Plants cannot fix nitrogen so atmospheric dinitrogen is
sources of carbon. unavailable to them unless they form mutualistic associations

7. Fossil fuels are stores of carbon with with nitrogen-fixing bacteria.
unlimited residence times. They were 21. Flows in the nitrogen cycle include mineral uptake by
formed when ecosystems acted as carbon producers, photosynthesis, consumption, excretion, death,
sinks in past eras and become carbon decomposition and ammonification.
sources when burned. 22. Human activities such as deforestation, agriculture, aquaculture

8. Agricultural systems can act as carbon and urbanization change the nitrogen cycle.
stores, sources and sinks, depending on the 23. The Haber process is an industrial process that produces
techniques used. ammonia from nitrogen and hydrogen for use as fertilizer.

9. Carbon dioxide is absorbed into the oceans 24. Increases in nitrates in the biosphere from human activities
by dissolving and is released as a gas when it have led to the planetary boundary for the nitrogen cycle being
comes out of a solution. crossed, making irreversible changes to Earth systems likely.

10. Increases in concentrations of dissolved 25. Global collaboration is needed to address the uncontrolled use
carbon dioxide cause ocean acidification, of nitrogen in industrial and agricultural processes and bring
harming marine animals. the nitrogen cycle back within planetary boundaries.

11. Measures are required to alleviate the effects
of human activities on the carbon cycle.

153

This work must not be reproduced, stored, transmitted or circulated in any other form.




Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Ecology

Biogeochemical cycles

All the biogeochemical cycles have both organic (when the elementisin a
living organism) and inorganic (when the element is in a simpler form outside
living organisms) phases. Both phases are vital: the efficiency of movement
through the organic phase determines how much is available to living organisms.

The major reservoir for all the main elements is as inorganic molecules in rock and
soils. Flow in this inorganic phase tends to be much slower than the movement of
these nutrients through the organic phase in organisms.

The major biogeochemical cycles are those of water, carbon, nitrogen, sulfur and

Key terms

Biogeochemical cycles are cycles
of chemicals between biological

phosphorus, all of which follow partially similar routes.

The impact of human activities is affecting the sustainability of the cycles.
Biogeochemical cycles have stores, sinks and sources.

and geological storages.

Stores (storages) remain in

- . . inorganic

equilibrium with the environment, 9

ith | bsorbed and molecule
with equal amounts absorbed an orion
released.
Sinks are where there is net absorption
accumulation of the element.
Sources are where there is net feeding and
release of the element. organic molecules digestion organic molecules

in producers in consumers
death Key

organic molecules living component

in decomposers
(saprobiotic micro-
organisms)

decomposition

non-living component

A Figure 1 Basic cycle of all nutrient cycles

Carbon cycle

The carbon cycle is the circulation of carbon through living and non-living
systems on Earth. Carbon is found in four main stores: the soil, living things
(biomass), the oceans and the atmosphere. Carbon not in the atmosphere is
stored in carbon dioxide sinks (soil, biomass and oceans) as complex organic
molecules or dissolved in seawater.

Connections: This links to material
covered in subtopics 1.2 and 6.2.

Carbon cycles between living (biotic) and non-living (abiotic) chemical cycles.
It is fixed by photosynthesis and released back to the atmosphere through
respiration. Carbon is also released back to the atmosphere through the
combustion of fossil fuels and biomass.
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Biogeochemical cycles

When dead organisms decompose, when living organisms respire, and when
fossil fuels are burned, carbon is oxidized to carbon dioxide and this, water
vapour and heat are released. By photosynthesis, plants recapture this carbon—
carbon fixation—and lock it up in their bodies for a time as glucose or other
large molecules.

When plants are harvested and cut down for food, firewood or processing, the
carbon is released again to the atmosphere. As humans burn fossil fuels and

cut down trees, they are increasing the amount of carbon in the atmosphere
and changing the balance of the carbon cycle. Carbon can remain locked up for
long periods of time, e.g. in the wood of trees or as coal and oil.

Human activity has disrupted the balance of the global carbon cycle (carbon
budget) through increased combustion, land use changes and deforestation.

Residence time is the average period that an atom remains in a store. Without
human interference (i.e. mining and burning) the residence time of carbon in
fossil fuels would be measured in hundreds of millions of years. Fossil fuels are a
carbon sink but become a carbon source when burned.

Carbon stores

Life on Earth is based on carbon, which may be:
e organic (complex carbon molecules)
— organisms (biomass) in the biosphere—living plants and animals
— stored as fossil fuels—crude oil, natural gas
* inorganic (simple carbon molecules)
— locked up or fixed into solid forms and stored as sedimentary rocks

— inthe oceans where carbon is dissolved or locked up as carbonates in
the shells of marine organisms

— insoll

as carbon dioxide in the atmosphere.

Most of the carbon on Earth—about 65,500 billion metric tonnes—is stored

in rocks and sediments (limestone, chalk, fossil fuels) and this is locked up for
millions of years. The rest is in oceans, the atmosphere, soil, fossil fuels and living
things. All fossil fuels contain carbon because they are fossilized life forms.

Carbon is an essential element in living systems, providing the chemical
framework to form molecules that make up living organisms. The molecules of
organic compounds are built from chains of carbon atoms to which atoms of the
other elements (mainly hydrogen, oxygen, nitrogen and sulfur) are attached.

Carbon makes up around 0.037% of the atmosphere as carbon dioxide and
is present in the oceans as carbonate and bicarbonates, and in rocks such as
limestone and coal.

This work must not be reproduced, stored, transmitted or circulated in any other form.

Key term

Carbon fixation is when living
organisms sequester carbon
naturally by absorbing carbon
dioxide and converting it into
biomass in photosynthesis.

Connections: This links to material
covered in subtopics 1.2, 5.1, 5.2
and 6.2.
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Ecology

Carbon flows

Carbon flows between stores in In inorganic stores, carbon flows by:

ecosystems by:
Y Yy e fossilization

e photosynthesis e combustion
* respiration e dissolving.
e feeding

e defecation

e death and decomposition.

@ Activity 13

ATL skills used: thinking, communication, research ) carbon dioxide
in the atmosphere

1. Copy the carbon cycle diagram in Figure 2 and complete el D

the blank boxes with the names of the processes. A
2. Review subtopic 1.2 on transfers and transformations, B \

then colour transfer and transformation processes in plants

different colours. L

respiration
3. Colour biotic and abiotic stores in different colours.
. C
4. Add the inorganic stores to your diagram. fossil fuels ~
5. Addakey Ul
P Figure 2 Basic carbon cycle death

There is a fast carbon cycle (biotic, Figure 3) and a slow one (abiotic). The fast carbon
cycleis alifespan long. The slow carbon cycle is measured in millions of years.

Cell respiration

0
Q .
S in saprotrophs
= ..
g and detritivores
L —
5 Cell respiration
S in consumers
5
o
Nej
§
@)

Carbon in dead Egestion
organic matter

Incomplete decomposition
and fossilization of

P Figure 3 Fast carbon cycle involving
organic matter

living things
Adapted from: U.S. DOE http://
genomicscience.energy.gov/

Coal  oil and

If there were only inorganic stores of carbon, it would take millions of years for
carbon to move between rocks, soil, oceans and atmosphere via transfer and
transformations of precipitation and weathering processes. For example, rain

falls on limestone and forms a weak acid—carbonic acid. This dissolves the

rocks, releasing calcium ions that flow to the sea in rivers and there combine with
bicarbonate ions to form calcium carbonate—chalk or limestone. Carbon returns
to the atmosphere via volcanic eruptions. This is the inorganic slow carbon cycle.
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Biogeochemical cycles

The carbon budget

The amount of carbon on Earth is finite and we have a rough idea of where it
goes. It is not easy to get accurate figures on global carbon exchange but there
are (slightly different) estimates in Figures 4 and 5.

atmosphere
(C0[0)]

120
photosynthesis

Numbers in parentheses refer to
plant stored carbon pools. Red indicates
respiration carbon from human emissions.

air-sea gas exchange

net terrestrial
uptake 3

plant
blomass &-
surface ocean
(1,000)

respiration

p:y:oplar::ton e
photosynthesis decomposition
-— _—— -— Vs C____J L] E—

microbial
%oi|[Carbon resplratlon.a.nd
decomposition
net ocean
uptake
2
deep ocean
(37,000)

<« Figure 4 The fast
carbon cycle with sizes
of sinks, stores and flows
in gigatonnes of carbon
(GtC)

Adapted from: U.S.
DOE, Biological and
Environmental Research
Information System

fossil pool
(10,000)

reactive sediments
(6,000)

The fast carbon cycle in Figure 4 involves living things in ecosystems and shows
the movement of carbon between land, atmosphere and oceans. Yellow
numbers are natural flows. White numbers indicate stored carbon. Red are
human contributions. All are in gigatonnes of carbon per year GtC yr-1. A
gigatonne is 1 billion metric tonnes, or 10'?kg.

Humans and the carbon cycle

Without human interference, the carbon cycle is in balance over the long term.
The carbon in fossil fuels would leak slowly into the atmosphere through volcanic
activity over millions of years in the slow carbon cycle. But by burning coal, oil
and natural gas, we accelerate the process, releasing carbon that took millions of
years to accumulate into the atmosphere. In this way we move carbon from the
slow cycle to the fast cycle.

Carbon dioxide levels in the atmosphere have risen from pre-industrial levels
of about 280 ppm (parts per million) to 414 ppm in February 2023 and are still
rising. Find out what they are now.

Each year:
e about 9 GtC enter the atmosphere
e about 5 GtC of this stays in the atmosphere

* about 3.4 GtC are taken up by plants

This work must not be reproduced, stored, transmitted or circulated in any other form.

@D Activity 14

ATL skills used: thinking, research,
self-management

Study Figure 4 and state:

1. thelargest terrestrial stores
of carbon

2. the largest oceanic stores
of carbon

3. the amount of carbon added to
the atmosphere per year by
human activity

4. the amount of this carbon that
is fixed by phytoplankton in
oceans

5. the amount of carbon that is
fixed by terrestrial plants

6. the total amount of carbon
added to the atmosphere each
year by anthropogenic activity.
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TOK

A lot of numbers have been stated
in this section so far. They are
estimates calculated from data
collected. Should we trust this
knowledge?

What is the role of inductive
(specific to general conclusions)
and deductive (testing an existing
theory) reasoning in this scientific
inquiry and prediction?

m Fossil CO, Eros

Land uptake S| snp

% Land-use change E|

* Ocean uptake Socean

+ Atmosphericincrease Gy
W Budgetimbalance By,
Stocks GIC

A Figure 5 Anthropogenic activities
affecting the carbon cycle, 2010-2019.
Numbers are average figures in GtC per
year

Friedlingstein, P. et al. (2020) ‘Global
Carbon Budget 2020’, Earth System

Science Data, 12(4), pp. 3269-3340.
doi:10.5194/essd-12-3269-2020.
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@\
()
Gas reserves

385-1,135GIC

()
Oil reserves
175-265 GtC

°
Coal reserves
445-540 GtC

e diffusion of carbon dioxide into the oceans and uptake by oceanic
phytoplankton accounts for about 2.5 GtC

* new growth forests fix about 0.5 GtC.

This leaves a large amount unaccounted for. We are not sure where it goes
because of the complexity of the system. The amounts of carbon (in GtC) in other
reservoirs are:

* atmosphere 860 e s0ils 2,300

e standing biomass 550 e surface oceans 1,000.

Since the pre-industrial period, we have added 200 GtC to the atmosphere.
Nearly half the carbon humans emit per year through various processes is not
fixed or sequestered.

Atmospheric CO, w

+5.1
860 GtC
Y 2.5
(1.9-3.1)
Vegetation 90
450-650 GtC Dissolved
O o inorganic carbon
7 . 90 38,000 GtC
Ri\m\ Organic carbon o
Permafrost . 700 GtC arine
17096, 500 S;Zéoag dclakes oasts Surzce e /\ biota
,500-2, t -
10-45GtC ¢ giments u 3GtC

1,750 GtC
Budget imbalance -0.1

Agricultural and forest systems and carbon

Forests and agricultural crops can act as carbon stores, sources or sinks.
The carbon source-sink-store balance is dynamic.

* Regenerative agricultural methods like crop rotation, cover crops and no till
promote the role of soil and vegetation as a carbon sink.

*  Drainage of wetland, monoculture and heavy tillage promote the role of soil
and vegetation as a carbon source.

e Cropping over a longer timescale (e.g. timber production) and the
subsequent use of harvested products will also affect whethera cropis a
store, sink or source.

* Forests have moderated climate change caused by humans by absorbing
about 25% of the carbon emitted by human activities.

e Aforestis acarbon source if it releases more carbon than it absorbs, for
example when trees burn or when they decay after dying (due to old age or
fire, insect attack or other disturbance).

e Aforestisacarbon sink if it absorbs more carbon from the atmosphere than
it releases.
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Biogeochemical cycles

Carbon is absorbed from the atmosphere through photosynthesis. It is then
deposited in forest biomass (trunks, branches, roots and leaves), in dead organic
matter (litter and dead wood) and in soil. This is carbon sequestration.

The carbon cycle of forests—a dynamic process

Trees, like all other plants, fix atmospheric CO, through photosynthesis and convert
it to biomass and other materials necessary for metabolism. Above ground, most
of a forest's long-term carbon storage occurs as woody biomass. Some of that
carbon becomes soil organic carbon through addition and decomposition of fallen
branches, leaf litter and dead roots. The remaining carbon is released back to the
atmosphere by respiration and the decomposition of soil organic matter.

Storing carbon in woody biomass is good because it is a stable, long-term
carbon pool. Even if a forest is no longer sequestering additional carbon or is
sequestering it at low rates, the carbon previously sequestered in biomass is
preserved for a long time because wood decomposes very slowly and tree roots
prevent erosion and subsequent oxidation of soil organic carbon.

In young trees, respiration and losses of carbon to the atmosphere are low;
therefore, most of the carbon fixed through photosynthesis is converted to
biomass and sequestered. As trees age, respiration increases because energy is
needed to replace dying tissues and a lower proportion of carbon fixed through
photosynthesis is converted to biomass and sequestered.

Eventually a tree no longer sequesters additional carbon but instead maintains a
constant quantity of carbon. This steady-state condition occurs when the carbon
gained from photosynthesis and the carbon lost from respiration are equal. Different
tree species reach a steady state at different times, somewhere between 90 and
120 years. Research indicates that late successional forests have more stable steady-
state carbon pools because of a larger biomass of fungi associated with their roots
below the zone of decomposer fungi found in the oxygen-rich upper soil layers.

\Q_ﬁ*&._
Net greenhouse gas :

fluxes from forests
Mt COze yr-1 (2001-2019)

0.17 (source) : s )
0 (neutral) '\\ '," ’_/
M 0087 (sink)

GLOBAL

-+ WORLD RESOURCES INSTITUTE

WATCH

A Figure 6 Forests: carbon sink or source?

Look at Figure 6. Where are forests a source of carbon? Why?
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Key term

Carbon sequestration is the
process of capturing gaseous and
atmospheric carbon dioxide and
storing it in a solid or liquid form.
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Ecology

Oceans and carbon

Oceans sequester another 25% of carbon from the atmosphere and most is in the
upper ocean. But burning fossil fuels releases inorganic carbon faster than oceans
can absorb it. Adding more carbon dioxide from the atmosphere acidifies the
oceans, with major consequences for ecosystems and marine animals. This is
because small decreases in pH can interfere with calcium carbonate deposition
in mollusc shells and coral skeletons.

Alleviating the effects of humans on the carbon cycle

There are four main ways to alleviate the impact of human activities.

1. Low carbon technology products are energy sources that produce
low levels of GHGs (greenhouse gases). They include renewable energy
technologies, such as wind turbines, solar panels, biomass systems, carbon
capture and storage (CCS) and nuclear power. They are not zero carbon as
GHGs are emitted in their construction, transport and maintenance but they
produce less carbon than burning fossil fuels. The expectation is that the
global economy will continue to grow but carbon emissions will fall.

2. Reducing fossil fuel burning is an obvious measure. This can be done
through low carbon technologies and also by energy efficiency. Insulating
homes and using LED lights, smart thermostats and electric vehicles all
reduce fossil fuel use. “Green” electricity production using renewables is a
great marketing tool for energy companies and makes environmental sense.
Our need for electricity to power our technologies will only increase.

3. Biological sequestration can be increased by increasing forests. On
average, growing forests capture twice the carbon they emit, whereas
croplands or grasslands capture about 25% of carbon emissions. Soil also
sequesters carbon, and peat bogs and swamps contain more than 600 GtC.
This is more than all other vegetation types yet natural peatland is threatened
with drainage, fire and removal.

The following forestry practices help to store carbon.

*  Afforestation is the planting of trees where trees have not grown (in the
last 100 years). A common type of afforestation is the planting of short-
rotation woody crops like hybrid poplar. These species grow very quickly
and as a result sequester large amounts of carbon in a short time. They
are planted and harvested within a short time frame—10 to 15 years—and
the biomass is sold for paper or other processed wood products. Wood
pellets are used in power stations as a source of fuel.

5
&
¥
-4
-

e Reforestation is the re-establishment of trees on land that had been
deforested in the last 100 years.

* Forest management can maximize carbon storage—for example, by
lengthening time between harvests, selective thinning for increased

A Figure 7 A conifer plantation in stocking, and planting fast-growing species.
Europe—fast-growing trees capture carbon

* Management practices not to clear fell the forest but leave some trees
and allow natural regeneration.

Connections: This links to material

) . Agricultural practices also affect carbon storage.
covered in subtopic 5.2. & P g
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Biogeochemical cycles

4. Artificial (or geological) carbon sequestration—there are several ways to use
technology to capture carbon emissions at point of production and then compress

and store them in underground or under sea geological formations or rocks. electricity distributed

to National Grid

e Carbon capture and storage (CCS) and bioenergy with carbon

iles of coal
capture and storage (BECCS) piles of coa

ready to be

Sustainably sourced biomass-generated energy (bioenergy) can be burned

carbon neutral because plants absorb CO, from the atmosphere as they
grow. This offsets CO, emissions released when the biomass is burned
as fuel to create electricity in power plants. When sustainable bioenergy
is paired with CCS, it becomes a source of negative emissions, as CO, is
permanently removed from the carbon cycle.

CCS is the same but the energy source is fossil fuels, so it cannot be as
low carbon as BECCS.

® Graphene production requires CO, as a raw material. Although limited
to certain industries, itis used heavily in the production of devices suchas  pipes stored in

smartphones or computer processors. taking CO, old oil or
underground gas fields

® Engineered molecules are a fairly new science. Scientists can change
the shape of molecules to form new compounds by capturing carbon A Figure 8 Diagram to show carbon
from the air. In practice, this could present an efficient way of creating raw ~ capture and storage
materials while reducing atmospheric carbon.

[C) Data-based questions

CCSin retrofitted coal-fired

increased power stations
costs in euros 50 water |
. solar
per tonne of heating nuclear
CO,
____________ O
switch from coal
' -50 sugar cane to gas for power
:;gs; biofuel generation
i .
euros per -100 I fuelefficient forestation
tonne of lighting vehicles
CO, -150 systems CCS with enhanced oil recovery
fuel-efficient and new coal-fired power stations
~200 commercial
vehicles

insulation improvements

A Tigure 9 Relative cost effectiveness, in euros, of different methods of reducing carbon emissions

Use the data in Figure 9 to answer these questions. 4. Why does nuclear power generation have a zero
o ) ) cost here?
1. Which is the most cost-effective method of reducing
carbon emissions? 5. Aswind and solar energy production become more
) o widespread, what do you think will happen to the
2. Why do you think this is? cost of these?
3. \é\/hft a;;e the disadvantages of using sugar cane as 6. Why is retrofitting CCS more expensive than CCS in
iofuel’

new oil or coal power stations?
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Ecology

A little more on the carbon cycle

More on carbon stores

* Thelithosphere carbon stores are limestone rocks and fossil fuels.
* Llimestone—calcium carbonate—is the largest store of carbon.

e Limestone can be laid down by minerals precipitating out of seawater but
most limestone is the fossilized remains of reef-building corals and mollusc
shells which are made of calcium carbonate.

e Fossil fuels are the partially decomposed remains of plants (coal) and marine
organisms (oil and gas) which were compressed by heat and pressure over
millions of years between 10 and 180 million years ago.

e Fossil fuels take millions of years to form.

A Figure 10 Coal mining, crude oil (being cleaned up after a spill) and peat (cut and drying to be used as a fuel)

Residence time of carbon stores (how long something stays in one place) varies.
For limestone it can be hundreds of millions of years if it is not mined; for the
atmosphere 5 years; for the biosphere 13 years; and for the oceans 350 years.

Peat as a carbon sink

e Peatlands are very good carbon sinks because they absorb and store huge
amounts of carbon —twice as much as all forests, even though peat occupies
only 3% of global land area.

* Peatis partially decomposed decayed vegetation which forms in
waterlogged conditions. It does not fully decompose because conditions
are too acid and anaerobic (no air).

* |ttakesayearfor 1 mm of peat to accumulate in temperate regions but less
time in the tropics.

*  When burned or drained, peat becomes a carbon source.

e Farmers and foresters have drained and then planted peatlands because they
are fertile.

* Peatland degradation is most acute in the tropical peatlands of Southeast
Asia, primarily in the islands of Borneo and Sumatra, where over two-thirds of
all peat swamps have been cleared and drained since 1990.
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Biogeochemical cycles

Methane

* Methane molecules contain one carbon and four hydrogen atoms—CH .
* ltisreleased when burning fossil fuels and from other activities (Figure 11).

*  Methaneis a potent GHG, with a much greater global warming potential
than carbon dioxide.

e [tstaysinthe atmosphere—residence time—for about 10 years and is then
oxidized to carbon dioxide.

*  Methane is also the main contributor to ground-level ozone pollution
(see subtopic 5.1).

rice
cultivation
10%

other agricultural
enteric souzces
fermentation / %
29% wastewater
Y 9%

staionary and
mobile sources o
- .. - oiland gas
biomass
3% 0 - o . o - o . 0
agriculture —' | CETEENEE
(maégﬂé coal mining  |andfills
b 6% 11%

A Figure 11 Estimated anthropogenic methane emissions by source
Adapted from: Institute for Governance and Sustainable Development

Main sources of methane emissions

Methane emissions are of two sorts: natural, 40%, and anthropogenic
(human-made), 60%.

Natural: Anthropogenic:
e decay of plant material in anaerobic e fossil fuel burning
wetlands (swamps) by methanogenic

e anaerobic digestion of
biofuels

bacteria

* seepage of gas hydrates from underground

deposits in melting permafrost * rice paddies

e cattle farming (called
enteric fermentation in
e digestion of food by ruminant animals Figure 11)

e volcanoes

* digestion of food by termites * landfill emissions from

decaying waste.
e wildfires ying

* ocean sediments.
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Case study 4

Sources of methane

Methane is more than 80 times more powerful than
carbon dioxide in its warming effect over 20 years.
At least 25% of global warming is driven by methane
from human activity.

There are three main sources of methane:

1. Permafrost blow holes

A Figure 12 Permafrost blow hole in Siberia

Inside the Arctic circle permafrost in Russia are some
strange, large holes. They can be up to 50 m deep and
probably formed in the last 10-15 years. An explosion
causes them so soil, ice and rock are forced into the
air. Some researchers think they are cryovolcanoes
spewing ice not lava but most currently think they are
due to the emission of gases which build up asice
layers melt in the ground. Inside the craters are higher
levels of methane and carbon dioxide. There are
various theories on how these gases are released and
one is that the frozen methane hydrate melts, the gas
builds up and then ruptures the surface.

Surface air temperatures in the Arctic are warming
twice as fast as the global average, which is
increasing the amount of permafrost thaw during the
summer months.

The amount of these methane hydrates under the
permafrost is not clear but there are possibilities of
mining it. While methane is a source of energy, the
dangers of methane escape are clear.

2. Rice paddies

Rice is the staple food of more than half the human
population. Methane release from rice growing is
about 20% of anthropogenic methane emissions.

3 FETIa
L7 b

Methane is released because rice growing requires
flooded paddy fields and the lack of oxygen causes
anaerobic conditions so bacteria emit methane.
Draining the fields in the middle of the growing
season stops most methane release. This also saves
water for irrigation and can increase yield. Many
farmers in China have done this for 20 years now. The
downside is that this practice increases nitrous oxide
emissions—another GHG.

3. Ruminant methane

A Figure 14 The cow, like all ruminants, has four stomachs

Ruminants, including cows, sheep and goats, have
four stomachs to digest tough grass. One of these,
the rumen, contains bacteria which break down

the grass cellulose in a digestive process called
enteric fermentation. This releases methane which
the animals release by belching. Estimates vary, but
livestock are thought to be responsible for up to 14%
of all GHG emissions from human activities. Ways to
reduce this are:

e feed additives and supplements such as
legumes or oils

* give vaccines to remove the gut microorganisms
that release methane

* practise selective breeding for low methane
producing animals

* feedsilage (fermented grass), not other cereals.
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Biogeochemical cycles

Nitrogen cycle

Bacteria are essential in the nitrogen cycle. The nitrogen cycle is in three stages:
nitrogen fixation, nitrification and denitrification. Nitrogen stores or sinks are:

* organisms

*  soll

e fossil fuels

e theatmosphere

e water.

All living organisms need nitrogen as it is an essential element in proteins

and DNA.

The nitrogen cycle has organic and inorganic stores.

@ Activity 15

Organic stores (containing carbon
in long chains in plants and animals)
include:

* proteins
®* amino acids
*  DNA

e other carbon compounds
containing nitrogen in living
organisms and in dead organic
matter.

Inorganic stores (not in plants or
animals) include:

* nitrogen in the atmosphere

* ammonia and other nitrogen
compounds (nitrites and nitrates)
in soil and water

* nitrogen locked in sedimentary
rocks on the ocean floors, mostly
as ammonium salts, e.g. mica,
feldspars, clay minerals.

Flows in the nitrogen cycle are transfers and transformations.

Transformation flows are:
e photosynthesis

e decomposition

* ammonification

e denitrification

* nitrogen fixation

e nitrification.

Transfers are:

* consumption
*  excretion

e death

* mineral uptake by producers.
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ATL skills used: thinking,
communication, social, research,
self-management

Look at Figure 11 again. Research
how landfills and wastewater also
produce methane emissions.

In small groups of three or four,
draw a poster or produce a
podcast about the problems
caused by methane and what we
can do to reduce the problems.
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Key term

Nitrogen fixation is conversion of
nitrogen from the atmosphere into
ammonia; some bacteria that fix
nitrogen are free-living, others are
found in root nodules of plants.

A Figure 15 Lightning transforms nitrogen
gas to nitrate

Key terms

Nitrification is conversion of
ammonia to nitrates; this occurs in
two stages: ammonia to nitrites then
nitrites to nitrates.

Denitrification is conversion of
nitrates to nitrogen.

Decomposition is the conversion
of amino acids into ammonium.

Nitrogen is the most abundant gas in the atmosphere, making up 78% of it. But
it is unavailable to plants in this form. For plants to take up nitrogen, it must be in
the form of ammonium ions (NH,*) or nitrates (NO, ). Animals eat plants and so
take in their nitrogen in the form of amino acids and nucleotides.

Nitrogen fixation

Atmospheric nitrogen, N, cannot be used by plants or animals. But bacteria
convertitto ammonium ions NH,*which are in a form that plants can use.
This process is nitrogen fixation.

This conversion from gaseous nitrogen to ammonium ions can happen in one of
the following five ways.

1. By nitrogen-fixing bacteria free-living in the soil (Azotobacter).

2. By nitrogen-fixing bacteria living symbiotically in root nodules of leguminous
plants (e.g. Rhizobium). The plant provides the bacteria with sugars from
photosynthesis, the bacteria provide the plant with nitrates.

3. By cyanobacteria (sometimes called blue-green algae) that live in soil or
water. Cyanobacteria are the cause of the high productivity of Asian rice
fields, many of which have been productive for hundreds or even thousands
of years without nitrogen-containing fertilizers.

4. By lightning also causing the oxidation of nitrogen gas to nitrate which is
washed into the soil.

5. Bytheindustrial Haber process—a nitrogen-fixing process used to make
fertilizers. Nitrogen and hydrogen gases are combined under pressure in the
presence of iron as a catalyst (speeds up the reaction) to form ammonia.

Nitrification

Some bacteria (e.g. Nitrosomonas) in the soil are called nitrifying bacteria and
convert ammonium ions (NH,*) to nitrites (NO, ). Others (e.g. Nitrobacter)
convert the nitrites to nitrates (NO;)which are then available to be absorbed by
plant roots.

Denitrification

Denitrifying bacteria (Pseudomonas denitrificans), in waterlogged and anaerobic
(low oxygen level) conditions, reverse this process by converting ammonium,
nitrate and nitrite ions to nitrogen gas which escapes to the atmosphere.

Decomposition

Decomposition of dead organisms supplies the soil with much more nitrogen
than nitrogen fixation processes. Important organisms in decomposition are
animals (insects and worms, among others), fungi and bacteria. They break down
proteins into different ions: ammonium ions, nitrite ions and finally nitrate ions.
These ions can be taken up by plants which recycle the nitrogen.

Assimilation

Once living organisms have taken in nitrogen, they assimilate it or build it into
more complex molecules. Protein synthesis in cells turns inorganic nitrogen
compounds into more complex amino acids which then join to form proteins.

166 Nucleotides are the building blocks of DNA and these too contain nitrogen.
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Biogeochemical cycles

nitrogen in the air

animal protein

plant proteins

animal wastes 7.
death and
decay m
denitrifying bacteria - _
in soil decay bacteria act nitrate ions taken
on dead remains of up by roots

plants and animals
and animal wastes

nitrifying
bacteria
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A Figure 16 The nitrogen cycle
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A Figure 17 Another diagram of the nitrogen cycle
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@ Activity 16

ATL skills used: thinking, communication, self-management

1. Draw your own systems diagram of the N cycle, including as many organisms or colours as you can.

Add stores of ocean, soils and atmosphere.

2
3. Make a key to show stores and flows, transfers and transformations.
4

Try to scale the stores and flows according to the data in Tables Tand 2.

Rocks and sediments 190,400,120 (deep, unavailable)

Atmosphere 3,900,000

23,348

460

Land plants 14

Land animals 0.2

A Table 1 Stores of N, in 10" grams

Biological fixation on land: 140
in oceans: 15

Fixation by lightning <3

Denitrification

A Table 2 Flows of N, in X10™ grams

Decomposition and assimilation in plants  [JI#24eL0)

on land: 200
in oceans: 110
by human activity: 1,000

5. Compare and contrast Figures 16 and 17 as models showing the nitrogen cycle.

Connections: This links to material
covered in subtopics 1.2, 2.1, 2.5,
5.2,5.3and 6.2.

A Figure 18 Nitrogen-fixing root nodules

Natural nitrogen fixation

Nitrogen is often a limiting factor in plant growth so any advantage a plant gets in
access to nitrogen is a good thing. The only way that plants can use atmospheric
nitrogen is by forming mutualistic associations with nitrogen-fixing bacteria

(e.g. Rhizobium).

Legumes are plants that have pods, e.g. peas, beans, chick peas, soy beans.
They have root nodules (Figure 18) where Rhizobium live in a symbiotic
relationship with the plant. Rhizobium bacteria can only fix nitrogen if they are in
nodules on a legume root but other free-living bacteria can fix it anywhere. Alfalfa
and clover are the best nitrogen-fixing crops.

The legume gains nitrogen in a form it can use and the bacteria gain sugars made
in photosynthesis from the plant. This is a mutualistic relationship.

This is a huge advantage to farmers because legumes do not need additional
nitrogen fertilizers and can grow on nitrogen-poor soils.

Cereals (e.g. rice, wheat, maize) cannot fix nitrogen in this way but current work
in genetic engineering is researching how to introduce nitrogen-fixing genes into
cereals. All genes code for proteins and the Nif genes code for proteins that fix
atmospheric nitrogen. They are found in free-living bacteria and in Rhizobium.
Adding them to cereals by genetic engineering could mean a reduction in the
need for artificial fertilizers.

This work must not be reproduced, stored, transmitted or circulated in any other form.



Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Biogeochemical cycles

Denitrification only happens in anaerobic conditions, such as soils that are
waterlogged. In waterlogged, anaerobic soils, plant growth is reduced or
stopped and nitrates are washed away by denitrification and leaching. In these
soils, insectivorous plants (such as pitcher plants and sundews) can capture and
digest insects and use them as a nitrogen source.

Artificial nitrogen fixation—the Haber process

This is an industrial process which uses high pressure and temperature and an
iron catalyst to combine nitrogen from air with hydrogen (from natural gas—
methane, CH,) to make ammonia (Figure 20). Over 200 million tonnes (Mt) of
ammonia is made in the Haber process per year.

The ammonia is sold to farmers as ammonium phosphate, nitrate or sulfate
(synthetic fertilizers). About half the world population relies on food fertilized by

synthetic fertilizers. The ammonium nitrate global market is over 50 million tonnes.

catalyst

200

atm
450°C
1 gases
mixed and
scrubbed

No,Ho,NH3

5 storage tanks

liquid ammonia

Advantages of the Haber process

e Produces inorganic fertilizer high in nitrogen—mostly ammonium nitrate
and urea

e Nitrogen increases crop yield enormously
Disadvantages of the Haber process

*  Expensive because the pressure is so high in the vessel and pipes where the
reaction occurs so they have to be strong and well-maintained

e Inefficient—only about 15% of the gases are combined to form ammonia
each time so they are recycled

*  Uses 3-5% of the global natural gas supply and produces 1.4% of global
carbon emissions

This work must not be reproduced, stored, transmitted or circulated in any other form.

A Figure 19 A pitcher plant Nepenthes sp.
on Mt Kinabalu, Borneo. The pitcher attracts
insects which fall into the well, cannot escape
and are dissolved by enzymes. The plant
gains nitrogen from the insects

<« Figure 20 The Haber process. Liquid ammonia
is highly toxic and burns the skin

TOK

What criteria should be used to
make ethical decisions about the
use of advances in technology in
the physical world?
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Humans and the nitrogen cycle

Human activities such as deforestation, agriculture, aquaculture and urbanization
change the nitrogen cycle. Nitrogen (and phosphorus) are both essential elements
for plant growth, so fertilizer production and application are the main concerns.

Human activities convert around 120 million tonnes of nitrogen from the
atmosphere into reactive nitrogen, mainly as fertilizer to help feed the
world. Much of this new reactive nitrogen is emitted to the atmosphere

in various forms rather than taken up by crops. When it is rained out,

it pollutes waterways and coastal zones or accumulates in the terrestrial
biosphere. Similarly, a relatively small proportion of phosphorus fertilizers
applied to food production systems is taken up by plants; much of the
phosphorus mobilized by humans also ends up in aquatic systems. These
systems can become oxygen-starved as bacteria consume the blooms of algae
that grow in response to the high nutrient supply. This causes eutrophication
and ocean dead zones (see Figure 21).

Connections: This links to material
covered in subtopic 4.4.

Itis easy for humans to alter the cycle and upset the natural balance. When people
remove animals and plants for food for humans, they extract nitrogen from the
cycle. Much of this nitrogen is later lost to the sea in human sewage. But people can
also add nitrogen to the cycle in the form of artificial fertilizers, made in the Haber
process, or by planting leguminous crops with root nodules containing nitrogen-
fixing bacteria. These plants enrich the soil with nitrogen when they decompose.
The soil condition also affects the nitrogen cycle. If it becomes waterlogged near
the surface, most bacteria are unable to break down detritus because of lack of
oxygen but certain bacteria can. Unfortunately, they release the nitrogen as gas
back into the air. This is called denitrification. Excessive flow of rainwater through a
porous soil, such as sandy soil, will wash away the nitrates into rivers, lakes and then
the sea. Thisis called leaching and can lead to eutrophication.

A significant fraction of the applied nitrogen and phosphorus makes its way
to the sea, where it can push marine and aquatic systems across ecological
thresholds of their own. One regional-scale example of this effect is the decline

in the shrimp catch in the Gulf of Mexico's “dead zone” caused by fertilizer
transported in rivers from the US Midwest.

Reactive nitrogen pollutes waterways and coasts and, in nitrous oxide form,
exacerbates global warming. Synthetic fertilizers, leguminous crops (soybeans,
peanuts, alfalfa), many types of manufacturing, and fossil fuel burning industries
and vehicles all produce reactive nitrogen.

Summary of human activity affecting the nitrogen cycle
1. Ocean dead zones

Rain washes nitrates in the soil into watercourses and oceans. This feeds algal
blooms which choke aquatic life as they decompose. Dead zones are formed.
There are over 400 such zones in the oceans, including a very large one in the
Gulf of Mexico (Figure 21).
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Biogeochemical cycles

Coral reefs are
being destroyed

Pacific
Indian Ocean

Oceans are being polluted

due to oil and shipping i Atlantic

industries

2 .4 Key
[ ] low risk
[ ] medium risk
B high risk

e dead zones

Ocean

A Figure 21 Ocean dead zones and polluted zones

2. Air pollution

Nitrogen oxides are emitted by power stations and the internal combustion
engine in cars. These form particulate matter—small particles that can be
breathed in and so damage health.

Ammonia in the air makes it more alkaline. Peat bogs need acidic conditions and
peat degradation is occurring with high ammonia levels.

3. Ozone depletion

Excess nitrate can be converted to nitrous oxide, N,O. At high altitudes this
reacts with UV light and breaks down ozone. Nitrous oxide molecules have a
120-year residence time in the atmosphere.

4. Climate change

Nitrous oxide is a GHG and is the third largest contributor to global warming
after carbon dioxide and methane. A molecule of nitrous oxide is 300 times more
potent at this than one molecule of carbon dioxide.

5. Soil acidification

Nitrates in soil, if not taken up by plants, can combine with magnesium and calcium.
This makes the soil too acidic and plants are unable to take up nutrients as well.

Planetary boundary for biogeochemical flows

The planetary boundary for the nitrogen cycle is calculated in millions of tonnes
per year removed from the atmosphere; the background level is O, the boundary
is setat 35, and we are already at 121. Phosphorus is a mineral that is mined for use
in fertilizers, detergents, pesticides, steel production and even toothpaste. Itis
measured in millions of tonnes per year entering the ocean. The background level
is =1, the boundary is 11, and currently 8.5 to 9.5 million tonnes end up each year
in the ocean where it depletes oxygen levels, harming marine life. The planetary
boundaries model is illustrated in subtopic 1.3, Figures 12 and 13.
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Ecology

The future of nitrogen use by human activity

As mentioned above, nitrogen fertilizer production uses 3-5% of the global
natural gas supply. Energy for the Haber process could in future come from
renewable resources but this does not solve the issues of nitrogen pollution.
And the human population continues to grow and needs to be fed.

The global food system is vulnerable to conflicts, pandemics, weather patterns
and natural disasters. In 2022, due to disruption in Ukraine and an energy crisis
when energy prices doubled and trebled, prices of wheat and fertilizers also
doubled and trebled. Food scarcity and suffering will continue unless the world
develops more food resilience.

A more effective and efficient process of delivering fertilizers to crops is needed.
Increasing costs are actually driving this, with better delivery practices, use of
biosolids and organic fertilizers, and better cultivation practices in different parts
of the world. As yet, however, there is no global agreement on reduction of
fertilizer use.

@ Activity 17

ATL skills used: thinking, communication, social, research

Intensive use of chemical fertilizers helped fuel the four-fold expansion of the human population over the last century
(the Green Revolution onwards) and will be crucial for feeding over eight billion people by 2050.

The advantages and disadvantages or inorganic (artificial) and organic fertilizers are summarized in Tables 3 and 4.
Organic fertilizers are derived from organic matter—either from animals (bone meal, blood meal, fish meal, shellfish,
decomposed dead material, animal wastes) or plants (compost, seaweeds, legumes).

Advantages of inorganic fertilizers Disadvantages of inorganic fertilizers
* Fast-acting on plants * (Canacttoo quickly and lead to fertilizer burn of
crops

* Exactamount applied can be calculated
¢ Overfertilization produces weak stems, too large

* Increase crop yields greatly dark green leaves, slow root growth

* Excess crop can be fed to livestock, increasing their | High levels of ammonium are toxic to plants
production

* Soil degradation as no organic matter added
* Easyto transport, handle and apply for farmers—

granules, powder or liquid rather than organic * Require several applications

manures o ) )
¢ Nitricacid is formed in the atmosphere which

*  Were inexpensive (until 2022 when prices tripled) contributes to acid rain

e  About 50% of fertilizer spread is not taken up by
plants; excess is leached away into rivers and seas
causing eutrophication and algal blooms

*  Nitrous oxide—the third most important GHG—is
released

A Table 3 Advantages and disadvantages of inorganic fertilizers
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Biogeochemical cycles

©

Advantages of organic

fertilizers

Disadvantages of
organic fertilizers

Work in groups of three or four. Considering various
environmental value systems, suggest and justify the

o best course of action—in terms of use of organic and
* Overapplication is rare Often more . S - .
) inorganic nitrogen fertilizers—for:
* Stayinthe soil longer expensive to
- produce 1. asubsistence farmer who needs more crop yield
so fewer applications ) . : -
to feed their family, currently using subsidized
needed Bulky, so . . .
inorganic fertilizer
. . transport and
*  Prevent soil degradation o ) i )
and can restore organic app*'.(:a;'on costs 2. alarge commercial crop farmer with low margins
; ar r
matter content to soil enighe and a small workforce
e  Retain water Require animals 3. the state of Sikkim, India when deciding to become
) to produce i 100% organic in 2016
¢ Slowly release nutrients enough organic
and lead to sail matter (or is that 4. the UK government subsidizing the growing of
sustainability an advantage?) nitrogen-fixing plants and green manures while also
) delaying a ban on use of urea fertilizer which emits
* Also have other nutrients :
ammonia (2002).
A Table 4 Advantages and disadvantages of organic fertilizers
Check your understanding
In this subtopic, you have covered: 1. Describe the carbon cycle briefly with a diagram.
* what biogeochemical cycles are 2. Listthe processes by which carbon flows through

its stores.
e carbon cycles

e how carbon is stored 3. Define carbon sequestration.

e 4. Explain how humans are affecting the carbon cycle.
e effects of ocean acidification Xplain howhu nd 4
. 5. Evaluate the means by which humans alleviate their
*  how humans are altering the carbon cycle .

impact on the carbon cycle.

* what can be done about this

6. Describe where carbon is stored in the lithosphere il
* more about how carbon is stored — and biosphere. <
L
*  methane from peat bogs and permafrost < 7. Explain how human activity releases more methane
) into the atmosphere.
* nitrogen cycles
8. Describe the nitrogen cycle briefly with a diagram.
* how humans are affecting the nitrogen cycle | e SRRt -
«  what can be done about this. 9. Explain how humans are affecting the nitrogen cycle.
10. Comment on the crossing of the planetar
How do human activities affect nutrient cycling and : 9 : 2 y
X . . = boundary for biogeochemical flows.
what impact does this have on the sustainability of
environmental systems?
) Takingit further
* Update a display monthly with the latest carbon dioxide ppm in the atmosphere.
* Ifyourschool has green fields (playing fields, grounds) find out if they are fertilized and, if so, with what type of
fertilizer. Are organic fertilizers used instead of inorganic? If not, can you provide an argument for change?
* Exploreissues of justice for local communities when the local environment is overexploited for financial gain.
173
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p:W Climate and biomes

Guiding questions

® How does climate determine the distribution of natural systems?

® How are changes in Earth systems affecting the distribution of biomes?

Understandings
1. Climate describes atmospheric conditions over 8. There are three general patterns of climate types that
relatively long periods of time, whereas weather are connected to biome types.
describes the conditions in the atmosphere over a 9. The biome predicted by any given temperature and
short period of time. rainfall pattern may not develop in an area because of
2. Abiome isa group of comparable ecosystems secondary influences or human interventions.
that have developed in similar climatic conditions, 10. The ElI Nifio Southern Oscillation (ENSQO) is the
wherever they occur. fluctuation in wind and sea surface temperatures that
3. Abiotic factors are the determinants of terrestrial characterizes conditions in the tropical Pacific Ocean.
biome distribution. The two opposite and extreme states are El Nino and
4. Biomes can be categorized into groups that include La Nina, with transitional and neutral states between
freshwater, marine, forest, grassland, desert and the extremes.
tundra. Each of these groups has characteristic 11. EINifo is due to a weakening or reversal of the normal
abiotic limiting factors, productivity and diversity. east-west (Walker) circulation, which increases
They may be further classed into many subcategories surface stratification and decreases upwelling of cold,
(for example, temperate forests, tropical rainforests nutrient-rich water near the coast of north-western
and boreal forests). South America. La Nina is due to a strengthening of
5. Thetricellular model of atmospheric circulation the Walker circulation and reversal of other effects of
explains the behaviour of atmospheric systems and El Nino.
the distribution of precipitation and temperature at 12. Tropical cyclones are rapidly circulating storm systems
different latitudes. It also explains how these factors with a low-pressure centre that originate in the tropics
influence the structure and relative productivity of and are characterized by strong winds.
different terrestrial biomes. 13. Rises in ocean temperatures resulting from global
6. The oceans absorb solar radiation and ocean warming are increasing the intensity and frequency of
currents distribute the resulting heat around hurricanes and typhoons because warmer water and air
the world. have more energy.

7. Global warming is leading to changing climates and
shifts in biomes.

Biomes

Abiotic factors determine terrestrial biome distribution—precipitation,
Key term temperature and insolation are the main ones.
A biome is a group of comparable For any given temperature and rainfall pattern, one natural ecosystem type is
ecosystems that have developed in likely to develop in different parts of the world.

similar climatic conditions wherever

those conditions occur. Each biome has characteristic limiting factors, productivity and biodiversity.
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Climate and biomes

Why biomes are where they are

The climate is the major factor that determines what grows where and therefore

what lives where. The other important factor is the terrain or morphology—slope,

aspect and altitude.

Climate is made up of general weather patterns, seasons, extremes of
weather and other factors. The two most important factors are temperature and
precipitation (rain and snowfall). The climate is hotter nearer the equator and
generally gets cooler as we go towards the poles (increase in latitude).

As well as orbiting around the Sun, the Earth rotates and is tilted at 23.5° on its
axis. It takes 365 days (and a quarter) for the Earth to go once round the Sun and
this gives us a year and our seasons (Figure 1).

spring in north
autumn in south 4_\

T winter in north
-

summer in south
summer in north

winter in south l

\ @ autumn in north 4 FigUre] How the Earth’s tilt

< Suns rays
_—

Spnng in south causes seasons

Latitude (distance north or south from the equator) and altitude (height above
sea level) both influence climate and biomes. It generally gets colder as you
increase either latitude or altitude. So, there is snow on Mt Kilimanjaro, the
Himalayas and the Andes at their higher altitudes. They have alpine or polar
biomes even though they are at lower latitudes (nearer the equator).

Ocean currents and winds distribute surplus heat energy at the equator towards

the poles. The oceans absorb solar radiation and ocean currents distribute the
resulting heat around the world. Air moving horizontally at the surface of the Earth
is called wind. Winds blow from high to low pressure areas. Winds cause the
ocean currents but the water is responsible for transferring the heat.

Water can exist in three states—solid (ice and snow), liquid (water) and gas
(water vapour). As it changes from state to state it either gives out or takes in
heat. This is called latent heat. As water changes from solid to liquid (melts) to
gas (evaporates), it takes in heat because more energy is needed to break the
molecular bonds holding the molecules together. As water changes from gas to
liquid (condenses) to solid (freezes), it gives out heat to its surroundings. These

changes distribute heat around the Earth. Water is the only substance that occurs

naturally in the atmosphere that can exist in all three states within the normal
climatic conditions on Earth.

Increasing temperature causes increasing evaporation so the relationship
between precipitation and evaporation is also important. Plants may be short
of water even when it rains or snows a lot if the water evaporates straight
away (deserts) or is frozen (tundra and poles). So we must also consider the
precipitation to evaporation ratio (P/E ratio). This is simple to calculate—
see Table 1.
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Key terms

Climate describes atmospheric
conditions over relatively long
periods of time.

Weather describes the conditions
in the atmosphere over a short
period of time.
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P/E ratio is approximately 1 when precipitation is about the same as evaporation.
In this case, the soils tend to be rich and fertile.

Tundra: Norway ‘ Desert: Jordan

e 75cm of snow falls per year e 5cm ofrain falls per year

e 50cmislost by evaporation e 50cmislost by evaporation

P/Eratiois 75/50 or 1.25 P/E ratiois 5/50 or 0.1

P/E ratio is much greater than 1 P/E ratio is far less than 1

* ltrains orsnowsa lotand e Water moves upwards through
evaporation rates are low. the soil and then evaporates from

) o _ the surface.
* Thereisleachingin the soil when

soluble minerals are washed e This leaves salts behind and
downwards. the soil salinity increases to the
point that plants cannot grow
(salinization).

A Table 1 Comparison of P/E ratio in Norway and Jordan

Different biomes have differing amounts of productivity due to limiting factors.
These are the raw materials or the energy source (light) for photosynthesis.

For example, solar radiation and heat may be limited at the south pole in

winter, while water is in limited supply in a desert. All food webs depend on
photosynthesis by producers to provide the initial energy store. If producers
cannot photosynthesize to their maximum capacity, other organisms will not have
enough food.

Productivity is greater at low latitudes (nearer the equator), where temperatures

Connection: This links to material are high all through the year, sunlight input is high and precipitation is also

covered insubtopics 1.3, 2.2and 6.2. high. These conditions are ideal for photosynthesis. Towards the poles, the
temperatures and the amount of sunlight decline. This means the rate at which
plants photosynthesize is lower, and so both GPP (gross primary productivity)
and NPP (net primary productivity) values are lower. In the terrestrial areas of the
Arctic, Antarctic and adjacent regions (i.e. at high latitudes), certain conditions
tend to cause a reduction in photosynthesis and lower productivity values.
These conditions are:

* low temperatures

e permanently frozen ground (permafrost)

* long periods in winter when there is perpetual darkness

e low precipitation (cold air cannot hold as much moisture as warm air).

In desert areas (e.g. the Sahara and much of Saudi Arabia) and semi-arid areas
(e.g. central Australia, south-west USA), the absence of moisture for long periods
lowers productivity values severely, despite high temperatures and abundant
sunlight. Temperate deciduous forests would become temperate rainforest if
precipitation were higher, and temperate grassland if it were lower. However,
these are generalizations and variations are considerable. In a few sheltered

and favourable places in Greenland and south Georgia—in the Arctic and sub-
Antarctic, respectively—productivity values close to those of mid-latitude forest
have been recorded.
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Climate and biomes

Biome types
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first plotted by Robert Whittaker, an American ecologist,
to show biome distribution
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<t Latitude influences biomes by altering temperature and precipitation o
arctic equator
Key Marine influence The sea cools nearby
. . . . land in the hot season and warms it during
Biomes seasonally Biomes permanently Biomes promoting the cold season. This reduces annual
lacking in heat lacking in heat growth all year round temperature ran. e and increases
and/or water and/or water preclci)pi ation 9
@® coniferous forest @ tundra @ tropical rainforest
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orest @ mountain or alpine land heats up in the hot season and cools
@ temperate grassland quickly in the cold season. This increases the
© mediterranean annu'al'ter'nperature range and reduces
) precipitation.
@ tropical grassland (savanna)

A Figure 3 Diagram showing how latitude, altitude and oceans influence biomes
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How many biomes are there?

TOK

Opinions differ slightly on the number of biomes. This is because they are not
To what extent does classification a natural classification but one devised by humans. However, it is possible to
aid our acquisition of knowledge? group biomes into several major types with sub-categories in each type

(see Figures 2-4).

*  Aquatic—freshwater (swamp forests, lakes and ponds, streams and rivers,
bogs) and marine (rocky shore, mud flats, coral reef, mangrove swamp,
continental shelf, deep ocean)

* Deserts—hot and cold

* Grassland—tropical or savanna and temperate

e Chaparral—hot and dry coastal (with woody shrubs)
*  Forests—tropical, temperate and boreal (taiga)

*  Tundra—Arctic and alpine

[ tropical forest

B savanna

P desert 30°N

[ polar and high-mountain ice Tropic of Cancer

[ chaparral equator

/77| temperate grassland Tropic of Capricomn
[ temperate deciduous forest 30°S
[ coniferous forest

[ tundra (arctic and alpine)

A Figure 4 Terrestrial biome distribution

@D Activity 18

ATL skills used: thinking, research

1. Copy and complete the table, giving an example of each biome type.

Biome ‘ Named example

tropical rainforest

hot desert

tundra

temperate forest

deep ocean

temperate grassland

Explain the terms: (a) latitude; and (b) altitude.
Explain why temperature decreases with increasing altitude.

Explain why there is more insolation at the equator.

onos @ N

Explain why there are seasons.
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@D Activity 19

ATL skills used: thinking, communication, research

Climate and biomes

1. Goto earthobservatory.nasa.gov/biome/graphindex.php

2. Click on Enter Mission For Advanced Users and try the Great Graph Match.
Use the information here and your knowledge of world geography.

3. Now research climate data for where you are living. Find data on average
precipitation and temperature throughout the year. On a spreadsheet or
graph paper, prepare a set of axes like the one below with scales suiting
your data. Use it with your climate data to produce a combined graph,
making precipitation a bar chart and temperature a line graph.

4. Inwhich biome are you living?

Climate graphfor...............
200 20
180 18
160 16
140 14
€ 2
£ 120 12 g
g 100 10 %
©
= =
g 80 8 9
o o
% 60 6§
>
©

N
(@)
N

N
o
N

(@]
(@]

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
month

Climate change and biome shift

With increasing mean global temperature and changes in precipitation, there is
evidence that biomes are moving. There is general agreement that the climate is
changing in these ways:

e global average temperature increase of 1.5°C to 4.5°C by 2100 (according
to the Intergovernmental Panel on Climate Change)

e greater warming at higher latitudes
* more warming in winter than summer
* some areas becoming drier, others wetter

* stronger storms.
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These changes are happening very fast, within decades, and organisms change
slowly, over many generations through evolutionary adaptation. All they can do
to adapt to fast change is to move and that is what they are doing.

These moves are:
e towards the poles where it is cooler

e higher up mountains where it is cooler—500 m of altitude decreases
temperature about 3°C

* towards the equator where it is wetter.

Examples of biomes shifting are:

e inAfricain the Sahel region, woodlands are becoming savannas
* inthe Arctic, tundra is becoming shrubland.

Plants migrate very slowly because seeds are dispersed by wind or animals.
Animals can migrate faster over longer distances (e.g. albatross, wildebeest,
whales). But there are obstacles to migration, which may be:

* natural (e.g. mountain ranges, seas)
* caused by human activities (e.g. roads, agricultural fields and cities).

Animals may not be able to cross these obstacles and species are becoming
extinct at fast rates (see topic 3).

Connections: This links to material Areas known as hotspots are predicted to have a high turnover of species due to
covered in subtopics 3.1and 3.2. climate change. Examples include:

* the Himalayas—sometimes called the third pole—as species can move no
higher than the land mass

e equatorial Eastern Africa—with a very drought-sensitive climate
* the Mediterranean region

*  Madagascar

e the North American Great Plains and Great Lakes.

Up to one billion people live in regions which are vulnerable to biome
changing. But these changes can also bring new opportunities for exploitation
of resources.

e Dirilling for oil under the Arctic Ocean is becoming possible with the
decrease in seaice.

*  The North-West passage for ships between the north pole and North
America could become a trade route without icing up.

e Under-sea mining of the Arctic regions is becoming possible.
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Climate and biomes

Biomes in detail

Tropical rainforest

. 30 m—emergent
trees

120—canopy

110—understorey

A Figure 5 Atropical rainforest in
Borneo A Figure 6 Tropical rainforest . \
structure showing layers 30m 20 10 0

10—shrub layer

What Hot and wet areas with broadleaved evergreen forest.

Where Within 5° north and south of the equator.
(distribution)

Climate and High rainfall (2,000-5,000 mm yr™'). High temperatures (26-28°C) and little seasonal variation.
limiting factors High insolation as near equator. Precipitation and evaporation are not limiting but rain washes
nutrients out of the soil (leaching) so availability of nutrients may limit plant growth.

What'’s there Amazingly high levels of biodiversity—many species and many individuals of each species. Plants

(structure) compete for light and so grow tall to absorb it so there is a multi-storey profile to the forests with
very tall emergent trees, a canopy of others, an understorey of smaller trees and a shrub layer
under. This is called stratification. Vines, climbers and orchids live on the larger trees and use them
for support (epiphytes). In primary forest (not logged by humans), so little light reaches the forest
floor that few plants can live here. Nearly all the sunlight has been intercepted before it can reach
the ground. Because there are so many plant species and a stratification of them, there are many
niches and habitats for animals and large mammals can get enough food. Plants have shallow
roots as most nutrients are near the surface so they have buttress roots to support them.

Net productivity Estimated to produce 40% of NPP of terrestrial ecosystems. Growing season all year round, fast
rate of decomposition and respiration and photosynthesis. Plants grow faster. But respiration is
also high, and for a large mature tree in the rainforest, all the glucose made in photosynthesis is
used in respiration, so there is no net gain. However, when rainforest plants are immature, their
growth rates are huge and biomass gain very high. Rapid recycling of nutrients.

Human activity The problem is that more than 50% of the world’s human population lives in the tropics and
subtropics and one in eight of us lives in or near a tropical rainforest. With fewer humans, the
forest could provide enough resources for the population but there are now too many exploiting
the forest and it does not have time to recover. This is not sustainable. In addition, commercial
logging of valuable timber (e.g. mahogany) and clear-felling to convert the land to grazing cattle
all destroy the forest.

Issues Logging, clear-felling, conversion to grazing. Tropical rainforests are mostly in low-income
countries and have been exploited for economic development.

Examples Amazon Rainforest, Congo Basin in Africa, Borneo Rainforest.

A Table 2 Features of a tropical rainforest biome
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Deserts

A Figure 7 Adesert in south-west North America

What Dry areas which are usually hot in the day and cold at night as skies are clear and there is little
vegetation to insulate the ground. There are tropical, temperate and cold deserts.

Where Cover 20-30% of the Earth’s surface about 30° north and south of the equator where dry air descends. Most
(distribution) are in the middle of continents. (Some deserts are cold deserts, e.g. the Gobi Desert.) The Atacama Desert in
Chile can have no rain for 20 years or more. It is one of the driest places on Earth.

Climate and Water is limiting. Precipitation (P) less than 250 mm per year. Usually evaporation (E) exceeds
[ltdlefEle el (388 precipitation: E > P.

What'’s there Few species and low biodiversity but what can survive in deserts is well-adapted to the conditions. Soils are

(structure) rich in nutrients as they are not washed away. Plants are drought-resistant and mostly cacti and succulents
with adaptations to store water and reduce transpiration (e.g. leaves reduced to spines, thick cuticles to
reduce transpiration). Animals too are adapted to drought conditions. Reptiles are dominant (e.g. snakes,
lizards). Small mammals (e.g. kangaroo rats) can survive by adapting to be nocturnal (i.e. coming out at
night and staying in a burrow in the heat of the day), or reducing water loss by having no sweat glands and
absorbing water from their food. There are few large mammals in deserts.

N[ de) e le [T il1a7A Both primary (plants) and secondary (animals) are low because water is limiting and plant biomass
cannot build up to large amounts. Food chains tend to be short because of this.

2 ETIETe 82 Traditionally, nomadic tribes herd animals such as camels and goats in deserts as agriculture has
not been possible except around oases or waterholes. Population density has been low as the
environment cannot support large numbers. Qil has been found under deserts in the Gulf States
and many deserts are rich in minerals including gold and silver. Irrigation is possible by tapping
underground water stores or aquifers so, in some deserts, crops are grown. But there is a high rate
of evaporation of this water and, as it evaporates, it leaves salts behind. Eventually these reach such
high concentrations that crops will not grow (salinization).

Issues Desertification—when an area becomes a desert through overgrazing, overcultivation or drought or all
of these (e.g. the Sahel).

Examples Sahara and Namib in Africa, Gobi in China.

A Table 3 Features of a desert biome
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Temperate grasslands

A Figure 8 Temperate grassland

What Fairly flat areas dominated by grasses and herbaceous (non-
woody) plants.

Where In centres of continents 40-60° north of equator.

(distribution)

Climate and P =E or P slightly >E. Temperature range high as not near the

limiting factors sea to moderate temperatures. Clear skies. Low rainfall, threat
of drought.

What'’s there Grasses, wide diversity. Probably not a climax community as

(structure) arrested by grazing animals. Grasses die back in winter but

roots survive. Decomposed vegetation forms a mat, which
contains high levels of nutrients. Burrowing animals (e.g.
rabbits, gophers), kangaroos, bison, antelopes. Carnivores—
wolves, coyotes. No trees.

N[ E el e le [T i)713%2 600 g m™2 yr' so not very high.

Human activity Used for cereal crops. Cereals are annual grasses. Black earth
soils of the steppes rich in organic matter and deep so ideal
for agriculture. Prairies in North America are less fertile soils
so have to add fertilizers. Called world’s bread baskets. Plus
livestock—cattle and sheep that feed on the grasses.

Issues The Dust Bowl in the 1930s in America—ecological disaster
occurred when overcropping and drought led to soil being
blown away on the Great.

Overgrazing reduces them to desert or semi-desert.

Examples North American prairies, Russian steppes in northern
hemisphere; pampas in Argentina, veld in South Africa
(30-40° south).

A Table 4 Features of a temperate grassland biome
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Temperate forests

subdominant

suppressed
oak
A Figure 9 Temperate forest

Key term

dog's moss-litter bare bracken,
mercury with herbs (leaves) bluebell

) in less dense
and stable community of plant shade

species at the end of a succession.

Climax vegetation is the dominant

A Figure 10 Temperate forest structure in Europe

What Mild climate, deciduous forest.

Where Between 40° and 60° north and south of the equator.
(distribution)

Climate and P > E. Rainfall is 500-1500 mm per year, colder in winter. Winters freezing in some (Eastern China and NE
[Tyl fiEletel i USA), milder in western Europe due to the Gulf Stream. Temp range -30°C to +30°C. Summers cool.

What's there Fewer species than tropical rainforests. For example, in Britain, oaks, which can reach heights of
(structure) 30-40 m, become the dominant species of the climax vegetation. Other trees, such as elm, beech,
sycamore, ash and chestnut, grow a little less high. Relatively few species and many woodlands are
dominated by one species (e.g. beech). In the USA, there can be over 30 species per km?. Trees have
a growing season of 6-8 months, may only grow by about 50 cm a year.

Woodlands show stratification. Beneath the canopy is a lower shrub layer varying between 5 m (e.g.
holly, hazel and hawthorn) and 20 m (e.g. ash and birch). The forest floor, if the shrub layer is not too
dense, is often covered in a thick undergrowth of brambles, grass, bracken and ferns. Many flowering
plants (e.g. bluebells) bloom early in the year before the taller trees have developed their full foliage.
Epiphytes (e.g. mistletoe, mosses, lichens and algae) grow on the branches. The forest floor has a
reasonably thick leaf litter that is readily broken down.

Rapid recycling of nutrients, although some are lost through leaching. The leaching of humus and
nutrients and the mixing by biota produce a brown-coloured soil. Well-developed food chains in these
forests with many autotrophs, herbivores (e.g. rabbits, deer and mice) and carnivores (e.g. foxes).
Deciduous trees give way to coniferous towards polar latitudes and where there is an increase in either
altitude or steepness of slope. P > E sufficiently to cause some leaching.

Net Second highest NPP after tropical rainforests but much lower because of leaf fall in winter, so reduced
productivity photosynthesis and transpiration and frozen soils when water is limiting. Temperatures and insolation
lower in winter too as further from the Sun.

S U EREE 28 Much temperate forest has been cleared for agriculture or urban developments. Large predators
(e.g. wolves, bears) virtually wiped out.

Issues Most of Europe's natural primary deciduous woodland has been cleared for farming, for use as fuel
and in building, and for urban development. Some that is left is under threat (e.g. US Pacific Northwest
old-growth temperate and coniferous forests). Often mineral wealth under forests is mined.

Examples US Pacific Northwest.

A Table 5 Features of a temperate forest biom
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Arctic tundra

‘Greenland

A Figure 12 Distribution of Arctic tundra (shown in yellow)

A Figure 11 Arctic tundra

Cold, low precipitation and long, dark winters. 10% of Earth’s land surface. Youngest of all the
biomes as it was formed after the retreat of the continental glaciers only 10,000 years ago.
Permafrost (frozen soil) present and no trees.

Where Just south of the Arctic ice cap and small amounts in the southern hemisphere. (Alpine tundra is
(distribution) found as isolated patches on high mountains from the poles to the tropics.)

Climate and Cold, high winds and little precipitation. Frozen ground (permafrost). Permafrost reaches to
limiting factors the surface in winter but in summer the top layers of soil defrost and plants can grow. Low
temperatures so rates of respiration, photosynthesis and decomposition are low. Slow growth and
slow recycling of nutrients. Water, temperature, insolation and nutrients can be limiting.

In the winter, the northern hemisphere, where the Arctic tundra is located, tilts away from the Sun.
After the spring equinox, the northern hemisphere is in constant sunlight. For nearly three months,
from late May to August, the Sun never sets. This is because the Arctic regions of the Earth are
tilted towards the Sun. With this continuous sunlight, the ice from the winter season begins to
melt quickly.

During spring and summer, animals are active, and plants begin to grow rapidly. Sometimes
temperatures reach 30°C. Much of this energy is absorbed as the latent heat of melting of ice
to water.

In Antarctica, where a small amount of tundra is also located, the seasons are reversed.

What'’s there No trees but thick mat of low-growing plants—grasses, mosses, small shrubs. Adapted to

(structure) withstand drying out with leathery leaves or underground storage organs. Growing season may
only be eight weeks in the summer. Animals also adapted with thick fur and small ears to reduce
heat loss. Mostly small mammals such as lemmings, hares and voles. Predators such as Arctic fox,
lynx, snowy owl. Most hibernate and make burrows. Simple ecosystems with few species.

Often bare areas of ground. Low biodiversity—900 species of plants compared with 40,000 or
more in the Amazon Rainforest.

Soil poor, low inorganic matter and minerals.

Net productivity Very low. Slow decomposition so many peat bogs where most of the carbon is stored.

@

A Table 6 Features of an Arctic tundra biome
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)

Human activity Few human activities but mining and oil. Nomadic groups herding reindeer.

Issues Fragile ecosystems that take a very long time to recover from disruption. May take decades to
recover if you even walk across it. Mining and oil extraction in Siberia and Canada destroy tundra.

Many scientists feel that global warming caused by greenhouse gases may eliminate Arctic
regions, including the tundra, forever. The global rise in temperature may damage the Arctic

and Antarctic more than any other biome because the Arctic tundra’s winter will be shortened,
melting snow cover and parts of the permafrost, leading to flooding of some coastal areas. Plants
will die, animal migrating patterns will change, and the tundra biome as we know it will be gone.
The effect is uncertain but we do know the tundra, being the most fragile biome, will be the first to
reflect any change in the Earth.

Very large amounts of methane are locked up in tundra ice in clathrates. If these are released into
the atmosphere then there will be a huge increase in greenhouse gases (clathrates contain 3,000
times as much methane as is in the atmosphere now and methane is more than 20 times as strong
a greenhouse gas as carbon dioxide).

Examples Siberia, Alaska.

A Table 6 Features of an Arctic tundra biome (cont.)

Deep ocean

neritic oceanic

>

epipelagic

200 m

bathyal
1,000 m

bathyal

4,000 m

abyssal

6,000 m
oceanic divisions

10,000 m

A Figure 13 Deep ocean animals—fangtooth fish, A Figure 14 Deep ocean divisions
tubeworms
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What
Where (distribution)

Climate and limiting
factors

The ocean and seafloor beyond continental shelves.

©65% of the Earth’s surface. Most is abyssal plain of the ocean floor—averaging 3.5 miles deep.

Pressure increases with depth, temperature variation decreases to a constant —2°C at depth.
Light limiting below 1,000 m—there is none.

Nutrients—low levels and low primary productivity but some dead organic matter falls to deep
ocean floors.

What's there
(structure)

Top 200 m—some light for photosynthesis so phytoplankton and cyanobacteria live here and
they and algae are the main producers. They are eaten by zooplankton, fish and invertebrates
(e.g. squid, jellyfish).

200-1,000 m deep—as pressure increases with depth, fish here are muscular and strong to
resist pressure. Very little light reaches here so large eyes, reflective sides and light-producing
organs on their bodies. Many are red which absorbs shorter wavelengths of light that
penetrate further.

1,000-4,000 m deep—higher diversity here, always dark. Fish are black with small eyes,
bristles and bioluminescence (i.e. creating their own light to hunt or avoid predators). Very little
muscle, large mouths.

4,000 m to bottom—huge pressures, constant cold. Mostly shrimps, some fish, jellyfish,
tubeworms on bottom.

Bottom surface—fine sediments made up of debris from above—plankton shells, dead
organisms, whale and fish skeletons. Also mud and volcanic rocks in mid-ocean ridges.
Where volcanoes erupt, there are hydrothermal vent communities high in sulfides where
chemosynthetic bacteria gain their energy from the sulfur. These producers support
communities of crabs, tubeworms, mussels, and even octopus and fish.

Net productivity Low.

Human activity Minimal but rocks rich in manganese and iron could be a resource.

Issues Pollution from run-off from rivers, sewage, ocean warming due to climate change.

Examples Arctic, Atlantic, Pacific Oceans.

A Table 7 Features of a deep ocean biome

Net primary

productivity
(gm=2yr)

Annual
precipitation
(mmyr™)

Plant
biomass
(10°T)

Mean
biomass
(kgm™)

Animal
biomass
(10°T)

Solar
radiation
(Wm=2yr™)

Tropical rainforest 2,200 2,000-5,000 17.0 765 45 330 175
Temperate forest 1,200 600-2,500 12.0 385 32.5 160 125
Boreal forest 800 300-500 12.0 240 20 57 100
Tropical grassland 900 500-1,300 15.0 60 4 220 225
(savannas)

Temperate grassland | 600 250-1,000 9.0 14 1.6 60 150
Tundra and alpine 140 <250 8.0 5 0.6 3.5 90
Desert 90 <250 24.0 0.5 0.02 0.02 75
(rock, sand, ice)

Deep ocean 20-300 Variable 352 1,000+ | Verylow | 800-2,000 | Variable

A Table 8 Comparison of biomes
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@ Activity 20

ATL skills used: thinking, communication &
S 2,500-
1. State what deciduous means. > 2,200
| | - S 2000
2. Define net primary productivity S
(NPP). B8 s 1,500
: : oL 1,200
Use data in Table 8 and Figure 15, and S o 10001 900  g00
information in the text, to answer the £ 700 500
following questions. g' 500 A
. . . . . 140 oo 40
3. Explain which biome has the highest 0. —
NPP per m? per year and why. .\OQ} N 00% N & o‘\’% N & &’S‘Q S @ %(75& eQ’Q o
. : . «OQ & \b\\" & OQ\ Qb "\\Q} & & FE & =~ & © 0’0
4. Explain which biome has the largest \.é\O 6@o O S %%\’booo <0 .,\@5 \Q/@ ,b%é o
N
NPP and why. @ «° @"’b S
5. Explain why NPP is low in tundra, A Figure 15 NPP of major biomes

deserts and deep oceans.

5, Bl ions s ne s decid s s er 9. State the main factors causing the distribution of biomes.

tundra in the southern hemisphere. 10. Explain which biome(s) is/are most threatened and

7. Explain why trees in temperate biomes are deciduous. VY

11. Explain which biome(s) has/have been most changed

8. Describe how the number of tree species and -
by human activity and why.

their distribution differs in temperate and tropical

rainforests. 12. Describe the effects climate change may have on
biome distribution.

Climate
Connections: This links to material The equator gets the most direct sunlight and energy because the Sun's
covered in subtopics 1.2, 4.1, 6.1 rays reach the equator at a higher angle, almost 90 degrees (Figure 16).
and 6.2. Much less solar energy reaches the poles because the angle is lower and

snow and ice reflect more. The difference in the amount of solar energy
between the poles and the equator drives atmospheric circulation in three
cell types called the Hadley cell, the Ferrel cell and the polar cell.

Circulation of the atmosphere and circulation of the oceans are how
heat is redistributed around the Earth (Figures 17 and 18). Energy

from the Sun drives this circulation due to uneven distribution of solar
energy—greatest at the equator, least at the poles. This is known as the

tricellular model (Figures 17 and 18). _ .
the rays hit the

Earth at a more acute
angle so are spread
over a greater surface
|area

P> Figure 16 Solar radiation hitting the Earth.
You can see this effect if you shine a torch
beam at a flat surface and an angled surface
Adapted from: Six Red Marbles and OUP -
solar radiation hits the
Earth at 90° angle so
| is most intense
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PFJS polar front jet stream
STJS sub-tropical jet stream
ITCZ inter-tropical convergence zone

warm air from tropics meets
cold air from polar areas:
instability; depression

/ﬂf—\
—

high pressure
at poles: divergence

convergence and
uplift create an area of
low pressure: depressions

horizontal movement
by warm, south-westerly
winds

descending air warms by
pression, giving
dless, stable conditions

upper air cools as it
oves northwards

divergence and
subsidence create an
area of high pressure

gy ¢

ir cool to's
- temperature of
- surrounding air:
tability;

vectional rain
/ !
q 7

convergence at [TCZ
of trade winds: uplift
creates area of low

pressure (doldrums)

S
{

A Figure 17 The tricellular model of atmospheric circulation

Ferrel cell

high low high low Pressure

easterlies warm south-westerlies  north-east trades Global winds

A Figure 18 Tricellular model showing latitudes, winds and sizes of cells
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You should know the following facts.
*  Water exists in three states—solid, liquid and gas (i.e. water vapour).

e Hotair holds more water vapour than cold air. It has more gaseous water
molecules in it (has a higher relative humidity).

*  When liquid water gains energy the molecules can escape from the liquid
and become a gas. This gas mixes with other gases in the air.

* Latent heat of condensation is energy released when water vapour
condenses to form liquid droplets.

e The Coriolis force is caused because the Earth rotates on its axis and
deflects air to the right in the northern hemisphere and to the left in
the southern hemisphere.

* Theintertropical convergence zone (ITCZ) is a band of low pressure,
clouds and usually thunderstorms near the equator. It is called the doldrums
by sailors because there is no wind.

Hadley cell

Hadley cells are convection cells, covering the area from O° latitude to 30° north
or south. (The same things happen either side of the equator, so there are two
Hadley cells.)

At the equator, air is warmed by the Sun and gains energy. Liquid water is also
warmed and some becomes water vapour in the air. The molecules of air then
move more quickly and move apart. This means the air is less dense—there is
more space between molecules—and so hot air rises.

As it rises, it cools and some water vapour in the air falls as rain, releasing its latent
heat. Below these areas, there is a low-pressure zone with less air.

The hot air is forced towards the poles (northwards and southwards) away from
the equator, so it cools as it receives less of the Sun’s energy. As it cools, the
molecules move more slowly and take up less space. The air becomes more
dense and so falls. This increases air pressure because there is more air where the
airis more dense and falling.

Air moves from higher to lower pressure areas (from areas where there is more to
areas where there is less) so moves back towards the equator, replacing the air
that rose as it got hotter.

Easterly trade winds are found below the Hadley cells.
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Climate and biomes

What does this mean for biomes and winds?

At the equator is a belt of high rainfall and high insolation. Temperature and
precipitation determine climate and the climate is hot and wet all year. Here are
tropical rainforests. In the oceans are strong winds which sailors call the trade
winds as they allowed sailing ships to cross oceans more easily. They blow from
the north-east in the northern hemisphere and the south-east in the southern
hemisphere (Figure 19).

North Pole
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Ferrel cell

Ferrel cells are convection cells, weaker than the Hadley and polar cells.

Not all air at 30° north or south flows back to the equator. Some flows away from
the equator, forming the Ferrel cells.

This air descends at 30° latitude and returns poleward at ground level.
It deviates towards the east as it does so, which is why westerly trade winds are
found beneath the Ferrel cells.

In the upper atmosphere of the Ferrel cell, air moves towards the equator,
deviating towards the west. Both deviations are driven by conservation of angular
momentum (as in Hadley cells and polar cells).

Polar cell

The polar cells are found between 60° and 90° north and south. They are similar
to Hadley and Ferrel cells—weaker than Hadley cells but stronger than Ferrel
cells.

Air at 60° north is still warm and moist enough to rise, flow northwards, cool and
fall again. This leads to a cold, dry, high-pressure area at the North Pole. Air then
flows back to complete the cell. The reverse is true at the South Pole.

Due to the Coriolis force, air moving towards the North Pole is deflected towards
the east, while air moving towards the South Pole is deflected towards the west.
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<« Figure 19 Wind names and directions in
northern and southern hemispheres

Adapted from: United States Geological
Survey (USGS)
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@ Activity 21

ATL skills used: thinking, communication, social,
research, self-management

Read the following instructions before you start.
Work in groups of two or three.

1.

Taking Figure 20 as a template, draw the
Earth and the cells of the tricellular model
(three in the northern hemisphere and three
in the southern hemisphere).

Accurately mark the latitude lines at O,
30° and 60° north and south.

Draw on your Earth the outline of the
continent where you are living. Add any
neighbouring continents that fit on your
Earth diagram.

Draw in and label the biomes on your land area.

Using Figures 17-20, adjust your biomes
to show the effects of the different wind

polar cell

Ferrel cell

30° N =y
Hadley cell

intertropical
convergence

zone ()° - S

lsouth-easterly trades
= !

Hadley cell

30°S
Ferrel cell
60° S

polar cell

A Figure 20 Idealized diagram of the six cells of the tricellular model of
atmospheric circulation
Kaidor / Wikimedia Commons, adapted from Jet Propulsion Labratory /

directions on biome distribution.

TOK

What is the role of imagination
and intuition in the creation of the

tricellular model?

NASA (CC BY-SA 3.0)

The tricellular model shows there are three general climate types—tropical,
temperate and polar—which correspond with the cells of the tricellular model

productivity.

(Table 9). As latitude increases, there is less energy, less heat, less rainfall and less

Cell

Climate type

| Biome

| Precipitation

Temperature

Vegetation

Hadley | tropical: equatorial | tropical rainforest | high high tropical rainforest
tropical: seasonal deciduous high but lower than | high deciduous seasonal
rainforest tropical rainforest forest
Ferrel temperate: maritime | temperate forest moderate cooler summer, various—conifer or
warmer winter as deciduous trees,
moderated by oceans | grasses, shrubs
temperate: temperate forest moderate warm summer, cold various—conifer or
continental winter deciduous trees,
grasses, shrubs
Polar polar: Arctic, tundraandicecap | low low lichen, mosses,
Antarctic grasses

A Table 9 Three climate types correspond with the cells of the tricellular model
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Human influence on biome distribution

The biome predicted by any given temperature and rainfall pattern may not
develop in an area because of secondary influences or human interventions.
Clearly humans have altered the vegetation types of biomes—clearing rainforests
for grasslands; clearing temperate forest for crops, livestock and human
habitation.

Ocean currents and energy distribution

Ocean currents are movements of water both vertically and horizontally. Currents
move in specific directions and some have names. There are both surface
currents and deep-water currents. These currents have an important role in the
global distribution of energy. Without an understanding of ocean currents, we
cannot understand global atmospheric energy exchanges.

Surface currents are found in the upper 400 m of ocean and are moved by the
wind. The Earth’s rotation deflects them and increases their circular movement.

Deep-water currents are also called thermohaline currents. They make up 90%
of ocean currents and cause the oceanic conveyor belt (Figure 21).

e They are due to differences in water density caused by (a) salt and
(b) temperature.

*  Warm water can hold less salt than cold water so it is less dense and rises.
e Cold water holds more salt so it is denser and sinks.

*  When warm water rises, cold water comes up from depth to replace it. These
are called upwellings.

*  When cold waterrises, it is replaced by warm water in downwellings.

* Inthis way, water circulates.

@ Activity 22

ATL skills used: thinking, social,
research

1. Research which biome you are
living in now.

2. Describe the climate type—
rainfall, temperature, latitude,
altitude, other factors.

3. Explainifyou live in a natural
biome or one with human
influences.

4. Give reasons for the human
influences in your biome.

5. Towhat extent has biodiversity
changed in your biome?

6. Discuss your findings in class.

Key terms

An upwelling occurs when cooler,
deeper water rises towards the
surface.

A downwelling occurs when surface
water is forced downwards, where it
may take oxygen to deeper water.

A Figure 21 The great oceanic conveyor belt moves water around the oceans in a constantly moving
system of deep-ocean circulation which is driven by temperature and salinity

This work must not be reproduced, stored, transmitted or circulated in any other form.

193




Provisioned to Campion Education (Aust) Pty Ltd on 28/11/2024 under licence.

Ecology

Cold ocean currents run from the poles to the equator, for example:

¢ the Humboldt Current (off the coast of Peru)

e the Benguela Current (off the coast of Namibia in western Africa).
Warm currents flow from the equator to the poles, for example:
e the Gulf Stream (in the North Atlantic Ocean)

e the Angola Current (off the coast of Angola).

Ocean currents and climate

The ocean plays a role in our climate by absorbing most of the incoming
radiation—mostly in equatorial regions. Land does absorb sunlight but not as
much as water. Water has a higher specific heat capacity than land. Specific
heat capacity is the amount of heat needed to raise the temperature of a unit
of matter by 1°C. Water masses heat up and cool down more slowly than land
masses. As a result, land close to seas and oceans has a milder climate with
moderate winters and cool summers.

Ocean currents (see Figure 22) also affect local climate.

*  The warm Gulf Stream/North Atlantic Drift moderates the climate of
north-western Europe, which otherwise would have a sub-Arctic climate.

* The cold Benguela Current comes under the influence of prevailing
south-west winds and moderates the climate of the Namibian Desert.

¢ The Humboldt Current affects the climate in Peru (see ENSO below).

—» warm currents
—» cold currents

A Figure 22 The ocean currents
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Climate and biomes

El Nifo Southern Oscillation

The EI Nifio Southern Oscillation (ENSO) is the fluctuation (variation) in wind
direction and sea surface temperature in the equatorial Pacific Ocean. It has
three stages:

* neutral
e EINino, the “warm phase”
* LaNina, the “cool phase”.

El Nifo and La Nina refer to the ocean temperature. During normal conditions
in the Pacific Ocean, the trade winds blow westwards along the equator. This
moves warm water from South America towards Asia and Australia. To replace
that warm water, cold water rises from the depths. This is upwelling.

El Nifio and La Nina are two opposing climate patterns that change the normal
conditions. This is the El Niflo Southern Oscillation (ENSO) cycle. El Nifio and La
Nifia can both have impact globally with wildfires, floods and droughts. Changes
between El Nifo and La Nina occur irregularly in 2—7 year cycles and each lasts
about 9-12 months. The changes are hard to predict. El Nino often arrives
around Christmas time (hence the name—E| Nifio means “little boy” in Spanish).

Walker circulation

As well as the north—south circulations of the tricellular model, there are weaker
east-west circulations. Across the equatorial Pacific, the east-west circulation is
called the Walker circulation or Walker cell (Figure 23).

Walker

warm circulation

wet
| cool
Oow pressure evaporation dry

solar heat

'

high pressure

| | I | | | | | | 1 LI | | | | | | | 1
120 130 140 150 160 170 180 170 160 150 140130 120 110 100 90 80 70 longitude

f oo f
Darwin, Australia WIE Tahiti Lima, Peru

A Figure 23 The Walker circulation
Adapted from: PAR / Wikimedia Commons
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Athermocline is a vertical temperature gradient in a body of water. As depth of
water increases, temperature decreases but in a thermocline the temperature
decreases rapidly with increasing depth.

In the neutral phase with no EI Nifo or La Nina:

* low-pressure areas form over the eastern Pacific (Australia, Asia)

* high-pressure areas form over the western Pacific (Peru, Central America)
* winds near the surface blow from east to west—the trade winds

* these winds blow warmer water towards the west and warm the air there
e that warm air rises and makes clouds, so rain falls

e thedryerairthen travels back towards the west, creating a loop

* the cooler, dry air then sinks along the Pacific coast.

As the winds blow east to west and warmer surface water is blown westwards,
colder water rises to fill the space (upwelling). This is blown westwards too and
then descends in downwellings to the sea floor, where it flows back towards the
east (see subtopic 4.1). The Pacific can be 60 cm higher in the west than the east
in the neutral phase.

In the EI Nino phase:
* trade winds weaken and reverse (Figures 24 and 25)

* warm water is pushed east to west, back to the coast of South and
Central America

* thejet stream (strong winds around 8-11 km above the Earth’s surface,
blowing from west to east) moves south causing major changes in rainfall
patterns globally.

In the La Niha phase:

e trade winds are even stronger than in the neutral phase, pushing more warm
water from east to west, towards Australia and Asia (Figure 26)

* upwelling increases on the coast of South America, bringing cold,
nutrient-rich water to the surface

* the cold waters in the Pacific push the jet stream northward

* results are the opposite to El Nino, for example drought in southern USA and
heavy rains and flooding in the Pacific Northwest and Canada

e there can be more severe cyclones.
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descending airwarms risjng air give§ heavy
to give dry conditions / high-altitude flow rainfall on Pacific coast

from Peru to California

late arrival or failure of monsoons; [} G -
drought in South-East Asia and G == equator
Australia; severe tropical storms
in South Pacific and Japan

EAST
A Figure 24 Atmospheric circulation during the El Nifio phase

trade winds fail or
= reverse direction

A Figure 25 A cross-section through the Pacific Ocean during the El Nifio phase

very low pressure

very high pressure

- B drier
conditions
heavier stronger than normal than usual
rainfall than trade winds (drought

average

. increasein
stronger equatorial upwelling of A

current cold water /#

A Figure 26 A cross-section through the Pacific Ocean during the La Nifia phase

The Walker circulation also drives other cells across the Indian Ocean and the
equatorial Atlantic.

Local and global effects of ENSO

ENSO impacts:

* oceantemperatures ¢ global weather patterns.
* the speed and strength of ocean currents
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El Nifio

Local

Without the upwelling which brings nutrients from depth to the surface
waters, there are fewer phytoplankton. Phytoplankton are the basis of marine
food chains. They are eaten by clams and small fish, which in turn are eaten
by larger fish or marine mammals. All have less food.

Fishing industries of Peru, Ecuador and Chile catch anchovy, sardine,
mackerel, shrimp, tuna and hake. All fish have less food if there is no
upwelling. Anchovy stocks collapse.

Sea birds starve due to lack of food; massive death of sea birds.
Storms and flooding in the coastal plain of Peru.

Rising convection currents bring increased precipitation (Figure 24) in
different places depending on the phase of ENSO. Higher rainfall in Ecuador
and Peru causes coastal flooding and erosion. Crops are destroyed. Lower
rainfall leads to droughts in Australia and Indonesia.

Global

The warm ocean water that moves east during El Nino events contains
tremendous amounts of energy. The amount of energy is large enough to
alter major air currents like the jet streams, so El Nifo affects global weather.

Droughts occur in the Pacific north-west of the USA, and British Columbia
(Canada). Forest fires are common in these areas.

Heavy winters in higher latitudes of North and South America.

Heavy storms often resulting in flooding in California and the Midwest of the
USA, Central Europe and eastern Asia.

Absence of the monsoon in India. The Indian population depends on the
monsoon rains for its food production.

Some benefits of the El Niflo phase

Connections: This links to material

Fewer hurricanes and other tropical cyclones in the north Atlantic.

covered in subtopics 6.2 and 6.3. *  Milder winters in southern Canada and northern continental USA.
* Replenishment of water supplies in south-western USA.
e lessdisease in some areas due to drier weather (e.g. malariain
south-eastern Africa).
La Niha

Higher occurrences of fog due to increased upwelling along the coast of
South America.

Increase in food supply from upwellings off the coast of South America.

Drought in southern USA, floods in north-west Pacific USA and Canada.
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Human impacts on ENSO

While ENSQO is a natural phenomenon, its effects are exacerbated by human

pressures on the environment. And with a bigger population living in regions
affected by ENSO, humans are facing greater impacts. Examples include:

fires leading to respiratory problems with smoke inhalation

drought leading to crop failure causing famine or malnutrition

flooding leading to loss of cropland, housing and life

economic changes such as increases in the price of energy and food

political and social unrest

crash of fisheries

insect population explosion leading to disease and plagues such as hanta
virus, cholera, dengue fever and malaria.

The 1982-3 and 1997-8 El Nifo events were particularly strong. They led to:

severe drought in Australia, Indonesia and the Philippines

typhoons in Tahiti

flooding in central Chile

drops in fish catches.

Case study 5

Anchovy fishery

The anchovy fishery off the coast of Peru is extremely rich because of the occurrence of an upwelling when cold
nutrient-rich waters come up from the ocean depths. The majority of the Peruvian anchoveta catch is processed
in large plants that reduce the fish to fishmeal or oil to be used as animal feed, fertilizer, and other industrial
products. The fishery has yielded greater catches than any other single wild fish species in the world, with annual
harvests between 3.14 and 8.32 million tonnes throughout the 2010s. But catch size fluctuates with ENSO
phases and is reducing annually.

Normally, productivity in the oceans is quite low because of one of two limiting factors: light level and nutrient
concentration.

* Inthe upperwater levels, light intensity is high but nutrient levels are low and limit productivity. The available
nutrients are taken in by phytoplankton. Organisms that are not eaten by some other organism, die and sink.

e The nutrients stored in these sinking organisms end up on the ocean bottom. The lower water layers are
therefore nutrient rich. But the absence of light makes photosynthesis impossible.

A Tigure 27 One anchovy—about 8 cm long

West of the Peruvian coast, the prevailing eastern trade winds push the surface water westward. This water is
replaced by cold, nutrient-rich water from the deep Humboldt Current, which originates in the Antarctic region
and follows the South American coast to the north. The appearance of nutrient-rich water at the surface allows
for high productivity, hence the high numbers of fish and their predators, the sea birds.
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>

During EI' Nifio events, the upwelling disappears and the fish and sea birds starve. At the same time, the Peruvian coastal
plain is subject to severe storms, accompanied by excessive rainfall. This is caused by the warm, extremely moist air

being forced upward by the Andes Mountains.

Questions

1. Research fishing rights offshore in Peruvian waters.

2. Determine ifthere is a legal limit to the amount of anchoveta caught each year.

3. Explainifitis more energy efficient to produce fishmeal or to eat whole anchovy.

4. Discuss if the fishery industry should be compensated in years that the catch falls.

Tropical cyclones

A Figure 28 Hurricane Florence in 2018
seen from the international space station

Cyclones are:

one of the most dangerous natural hazards to humans

rapidly circulating storm systems with a low-pressure centre that originate in
the tropics

characterized by strong winds with wind speeds over 119 km/h

called different things depending on where they originate: hurricanes if
they occur in the Atlantic and north-east Pacific; typhoons in the north-west
Pacific; or cyclones if formed over the south Pacific and Indian Oceans
(Figure 29)

given a name so they can be identified—the first storm of the year starts with
an Aand so on.

hurricanes

hurricanes Fet's ¢ X typhoons

equator

A Figure 29 Tropical cyclone distribution

How are cyclones formed?

In the equatorial zone over the sea, air is heated by very warm seawater

in the Hadley cell and rises quickly. This air cools as it rises and is pushed
aside by more warm air rising. This causes convection currents and daily
thunderstorms (Figure 30).
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* Incyclones, thunderstorms group together leading to very low pressure at
the surface, causing a depression. The depression strengthens and deep
thunderclouds form around a central area known as the eye of the storm.

*  Energy is released as warm water vapour condenses (latent heat) causing clouds
and rain. This release of energy warms air around it, decreasing air pressure.

*  Moreairrises to fill the low pressure area, so more moist warm air evaporates
from the sea. This creates a self-sustaining heat engine.

¢ Winds circulate anti-clockwise in the northern hemisphere and clockwise in
the southern hemisphere.

e Cyclones may be 10 km high and 600 km wide and move at 25-100 km/h.

cloud forms as

air cools and at 15 to 20km

condenses above sea level
winds spiral
outwards

central vortex created as

air rises and starts to spin
|

warm ocean (26°C™)

warm moist air

drawn in at -/

the base

<« Figure 30 Cyclone formation

Intensity and frequency of tropical cyclones

Increases in ocean temperatures resulting from global warming are increasing
the intensity and frequency of cyclones because warmer water and air have
more energy.

* Typhoons have long been recorded in the north-west Pacific. In 1957, one
struck land near Hong Kong, killing 10,000 people.

*  The most deadly tropical cyclone ever recorded (Great Bhola cyclone) hit
Bangladesh and east Bengal in 1970, killing approximately 300,000 people
as a result of a storm surge in the Ganges delta.

e Katrina (2005) was the most costly hurricane recorded. It caused 1,500 deaths
and an estimated USD 108 billion of damage in Louisiana and Mississippi.

* In 2008, cyclone Nargis hit Myanmar causing a storm surge in the Irrawaddy
delta and 138,000 people died.

*  Sandy (2012) was the second most costly hurricane on record causing
USD 71 billion of damage on the eastern coast of the USA.

e Typhoon Haiyan (2013) was the most powerful ever recorded and hit
Southeast Asia, particularly the Philippines, causing loss of life.
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Tropical cyclones are increasing in intensity and frequency but the evidence for
this is complex and mixed. Here is what is known.

e  Sealevels are rising which will cause more coastal flooding when cyclones

hit land.
TOK e Cyclone rainfall rates will increase as anthropogenic warming increases
evaporation and moisture content of the atmosphere.
How might the beliefs and * Inthe north-west Pacific there seems to be a shift of cyclones to
interests of a person influence their higher latitudes.

conclusions about human impacts

on natural ecosystems? * Inthe Atlantic there appear to be more tropical storms but this may be a

result of better reporting.

What is clear is that, with rising human population numbers, more of the
population live in or near areas where cyclones hit land. This increases the risk
of loss of life and damage to property.

Check your understanding

In this subtopic, you have covered: How does climate determine the distribution of

) natural systems?
® climate and weather

How are changes in Earth systems affecting the

*  biome distribution distribution of biomes?

AHL

*  atmospheric circulation 1. Discuss what are the major factors influencing climate.
* ocean circulation 2. Explain why biomes are where they are.
*  biome shifting 3. Explain the effect of latitude and altitude on biome
e more detail on biomes i distribution.
e ENSO < 4. Describe how humans are influencing this distribution.
«  cyclones 5. Explain the ENSO and Walker circulation.
«  anthropogenic activity causing 6. Describe the impacts on ecosystems of El Nino
changes in weather patterns. and La Nina phases of the ENSO.
7. Evaluate the evidence for human activity
increasing cyclone intensity and frequency.
)) Takingit further
* Explore the effect of climate change on your local * Raise awareness and fundraise for communities
or regional biome and produce a presentation impacted by severe hurricanes, earthquakes or
which explains the cause and effect of any shift. typhoons.
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pRN /onation, succession
and change in ecosystems

Guiding question

® How do ecological systems change over time and over space?

Understandings

1. Zonation refers to changes in community along an 9.
environmental gradient.

2. Transects can be used to measure biotic and abiotic
factors along an environmental gradient in order to
determine the variables that affect the distribution
of species.

3. Succession is the replacement of one community by
another in an area over time due to changes in biotic
and abiotic variables.

4. Each seral community (sere) in a succession causes 11.

changes in environmental conditions that allow the next
community to replace it through competition until a
stable climax community is reached.

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.

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.

7. Energy flow, productivity, species diversity, soil
depth and nutrient cycling change over time
during succession.

8. An ecosystem’s capacity to tolerate disturbances and
maintain equilibrium depends on its diversity
and resilience.
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10.

12.

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.

Patterns of net productivity (NP) and gross productivity
(GP) change over time in a community undergoing
succession.

r-and K-strategist species have reproductive strategies
that are better adapted to pioneer and climax
communities, respectively.

The concept of a climax community has been
challenged, and there is uncertainty over what
ecosystems would develop naturally were there no
human influences.

=
I

. Human activity can divert and change the progression

of succession leading to a plagioclimax.
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Key terms

Succession is the process of
change over time in an ecosystem
involving pioneer, intermediate and
climax communities.

Zonation is the change in
community along an environmental
gradient due to factors such as
changes in altitude, latitude,

tidal level or distance from shore,
coverage by water.

Connections: This links to material
covered in subtopic 2.1.

Succession and zonation

Do not confuse succession with zonation.
e Succession is how an ecosystem changes over time.

e Zonation is how an ecosystem changes along an environmental gradient
(e.g. a gradient in altitude, latitude, tidal level, soil, or distance from water
source).

Zonation ‘ Succession

A sequence of vegetation and Dynamic and temporal (takes place over
organisms in space showing a long periods of time).
gradual change in distribution.

Caused by an abiotic gradient such
as changes in elevation, latitude,
tidal level, soil horizons or distance
from a water source.

Caused by progressive changes
through time (e.g. as vegetation
colonizes bare rock).

For example, temperature decreases | One community changes the

with increasing altitude, altering the | environmental conditions so another
abiotic factors and so changing the | community can colonize the area and
species composition. replace the first through competition.

A Table 1 Differences between zonation and succession

Zonation

For each species, there is an ecological niche. Each niche has boundary
limits and outside these, the species cannot live. Many abiotic and biotic
factors influence these limits. Here are the most important ones on mountains
(Figure 1).

* Temperature—which decreases with increasing altitude and latitude.

*  Precipitation—on mountains, most rainfall is at middle altitudes so deciduous
forest grows. Higher up, the air is too dry and cold for trees.

e Solarinsolation—more intense at higher altitudes so plants have to adapt,
often with red pigment in their leaves to protect themselves against too
much insolation.

*  Soil type—in warmer zones, decomposition is faster so soils are deeper and
more fertile. Higher up, decomposition is slow and soils tend to be acidic.

* Interactions between species—competition may crowd out some species
and grazing may alter plant composition. Mycorrhizal fungi may be very
important in allowing trees to grow in some zones.

Human activities alter zonation. For example, road building on mountains may
allow tourism into previously inaccessible areas. Deforestation and agriculture
change previously undisturbed areas.
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Zonation, succession and change in ecosystems

temperate

deciduous
forest

vertical zonation: increasing altitude from sea level

coniferous temperate
forest

ice and
SNOW
forest

tropical

tropical
deciduous rainforest

splash zone
lichens and periwinkles

high-tide zone|

mussels
pink paint
r1ed seaweeds

mid-tide zone
brown
seaweeds (kelp)

rock pool

low-tide zone

latitudinal zonation: increasing latitude from the equator

A Figure 1 Zonation with increasing altitude on a mountain,
and with increasing latitude from the equator

A Figure 2 Zonation of species on a rocky shore due to increasing
exposure to air higher up the shore

Graphical representation of zonation is often by a kite diagram where the width of
the “kites” corresponds to the number of that species (Figure 3).
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A Figure 3 Kite diagram showing zonation of species on a rocky shore
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Succession

Succession is the replacement of one community by another in an area over
time due to changes in biotic and abiotic variables. The process can take
hundreds of years.

*  Primary succession occurs on bare ground, where soil formation starts the
process. Secondary succession occurs where soil is already formed but the
vegetation has been removed (e.g. by a forest fire).

e FEarlyin succession, in pioneer communities, gross primary productivity
Key terms (GPP) is high and respiration is low, so net primary productivity (NPP) is high

as biomass accumulates.
A pioneer community is the first

community that grows on bare * Inlater stages, while GPP may remain high, respiration increases so NPP may
ground. approach zero and the productivity:respiration ratio (P:R) approaches 1.

A climax community is one that * Aclimax community is reached at the end of a succession when species
has reached a stable stage of a composition stops changing. There may be several states of a climax

limited number of species. community depending on abiotic factors.

Seral communities are stages in *  The more complex the ecosystem (higher biodiversity, increasing age), the
succession. more stable it tends to be.

Primary succession is the In agricultural systems, humans often deliberately stop succession when NPP is
colonization of bare ground orrock ~high and crops are harvested.

with no existing living things. . . : . . .
9 9 g *  Humans also interrupt succession by deforestation, grazing with animals or

controlled burning.

*  Sometimes the ecosystem recovers from this interruption and succession
continues; sometimes the interruption is too great and the system is less
resilient and so succession is stopped.

*  Species biodiversity increases as succession continues, falling a little in a climax
community. The higher the diversity, the higher the resilience.

*  Mineral cycling also changes over the succession, increasing with time.
* The pollenrecord in peat bogs gives a record of succession of plant species.

e Each seral community changes the environmental conditions and this
allows the next seral stage to replace it through competition.

Primary succession

Bare land occurs due to volcanic activity, moraines left by glacier retreat or when
wind or water leave silt or sand on a surface. However, this land does not stay
bare for long.

Plants very quickly start to colonize the bare land and, over time, an entire plant
community develops. The change is directional as one community is replaced by
another. This process is primary succession.
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Primary succession:

* occurs on a bare inorganic surface

* involves the colonization of newly created land by organisms

* occurs as new land is either created or uncovered (e.g. river deltas, after
volcanic eruptions, on sand dunes).

Table 2 and Figure 4 show the stages of primary succession.

Bare, inorganic surface

v

A lifeless abiotic environment becomes available for colonization by pioneer plant and animal
species. Soil is little more than mineral particles, nutrient-poor and with an erratic water supply.

Stage 1: Colonization

v

First species to colonize an area—called pioneers—are adapted to extreme conditions.
Pioneers are typically r-selected species showing small size, short life cycles, rapid growth and
production of many offspring or seeds.

Simple soil starts from windblown dust and mineral particles.

Stage 2: Establishment

¥

Species diversity increases. Invertebrate species begin to visit and live in the soil, increasing
humus (organic material) content and water-holding capacity. Weathering enriches soil with
nutrients.

Stage 3: Competition

v

Microclimate continues to change as new species colonize. Larger plants increase cover and
provide shelter, enabling K-selected species to become established. Temperatures, sunlight
and wind are less extreme. Earlier pioneer r-species are unable to compete with K-species for
space, nutrients or light, and are lost from the community.

Stage 4: Stabilization

¥

Fewer new species colonize as late colonizers become established, shading out early
colonizers. Complex food webs develop.

K-selected species are specialists with narrower niches. They are generally larger and less
productive (slower growing) with longer life cycles and delayed reproduction.

Climax community

The final stage or climax community is stable and self-perpetuating. It exists in a steady-state
dynamic equilibrium. The climax represents the maximum possible development that a community

can reach under the prevailing environmental conditions of temperature, light and rainfall.

A Table 2 Stages of primary succession. Stages 2, 3 and 4 are intermediate

A

bare
rock

EN

abundance

maosses-
grasses

grasses-
perennials

woody climax

pioneers

fast-growing
trees

-

time

.14

A Figure 4 Primary succession leading to a forest community

Adapted from: The Open University
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(<] Surtsey Island—an example of Order of observation of living things:
> : 5
-g primary succession e insectsin 1964
1] Surtsey is an island about 1 km? in area off the southern
) . e avascular plant
3 coast of Iceland. It was formed by a volcanic eruption
8 starting in 1963 and continuing until 1967. Its size *  mossesand lichens
is reducing due to wave erosion. It was declared a o
nature reserve and is studied as an example of primary * sealsbreedingin 1987
succession on bare rock. e 20 species of vascular plant by 1987
e  birds nesting—fulmar and guillemot first
* earthwormsin 1993
e slugs, spiders, beetles in 1998
e awillowshrubin 1999
* 69 species by 2008 (compared with 460 species
on mainland Iceland)
e agolden plover nesting in 2009
A Figure 5 Surtsey Island
* about 2-5 new species each year.
There are now around 89 bird species and about
335 species of invertebrate. The flora of Surtsey now
includes moss, lichens and 60 species of vascular plant.
Secondary succession
Key term
Where an already established community is suddenly destroyed—for example, by
Secondary succession is a fire or flood or by human activity such as ploughing or deforestation—a shortened
succession started by an event such version of succession occurs.

as forest fire or flood when seeds

I - This secondary succession occurs on soils that are already developed and

ready to accept seeds carried in by the wind. There may also be dormant seeds
left in the soil from the previous community. This shortens the number of stages
the community goes through (Figure 6).

time

agricultural land keptin  after being abandoned  with time, small shrubs  eventually trees establish

an artificial seral stage;  wild grasses from wind-  start to colonize the leading to the development
crops such as wheat blown and dormant grassland of a climax community on
actasagrassland seeds in the ground mature soils

take over

A Figure 6 Stages of secondary succession in abandoned agricultural land
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Examples of secondary succession have been studied in abandoned farmland in
North Carolina in the USA. The farmland had become infertile because farmers
did not return enough nutrients to the soil after crops had been taken, and
through wind erosion. As the land became unproductive and uneconomical to
farm, farmers simply abandoned the land. This process created a patchwork of
former farmland that was of various ages following abandonment.

@ Activity 23

ATL skills used: thinking, communication, social, research, self-management
Work as a class.

1. Find a local example of an area that has been cleared of vegetation.
Clearance could be by fire, flooding or human activity removing
vegetation—leaving either bare soil (primary succession) or an area that
has been harvested, cut or thinned (secondary succession). You could
clear an area yourself, with permission.

2. Map the area using an online mapping tool of your choice. Consider
scale, a key to mark types of vegetation, slope, aspect and other factors.

3. Trytofind satellite data (using Google Earth or an alternative mapping
site), or historical data to investigate how the area has changed over time.
Record the changes.

4. Return every few weeks and record what is growing. Use a suitable
sampling technique. What changes do you observe? Record these
changes on your mapping tool to show how succession occurs.

Species diversity in successions

In the early stages of succession, there are only a few species within the
community. As the community passes through subsequent stages, the number of
species increases. Very few pioneer species are ever totally replaced as succession
continues. The result is increasing diversity (i.e. more species). This increase tends
to continue until a balance is reached between possibilities for new species to
establish and existing species to expand their range, and local extinction.

-

species diversity

Evidence following the eruption of the Mt St Helens volcano in 1980 has
provided ecologists with a natural laboratory to study succession. In the first 10
years after the eruption, species diversity increased dramatically but after 20 years
very little additional increase in diversity occurred (Figure 7).

years since eruption

A Figure 7 Generalilzed graph of species
diversity over time, following Mt St Helens
Disturbance eruption
Early ideas about succession suggested that the climax community of any area

was almost self-perpetuating. This is unrealistic as all communities are affected

by periods of disturbance to a greater or lesser extent. Even in large forests, trees

eventually age, die and fall over, leaving gaps. Other communities are affected

by flood, fire, landslides, earthquakes, hurricanes and other natural hazards. All

of these events create gaps that can be colonized by pioneer species within the

surrounding community. This adds to both the productivity and diversity of the

community (Figure 8).

! Carey, Susan, John Harte & Roger del Moral. 2006. Effect of community
assembly and primary succession on the species-area relationship in disturbed
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disturbance disturbance disturbance
primary O O ()
succession  pioneer |ntermed|ate climax
bare roCk se——
commumty community commumty

secondary
succession
generated

disturbance can send any seral stage back to an earlier seral stage or create gapsin a
later community that then regenerate, increasing both productivity and diversity of
the whole community

A Figure 8 Effects of disturbance in a succession

Changes in a succession

>
I
=

During a succession the following changes occur:

e Thesize of organisms increases with trees creating a more hospitable
| : — environment.
\

~ GPP — NPP --- biodiversity

e Energy flow becomes more complex as simple food chains become
semm——_ 4 complex food webs.

S o e Soil depth, humus, water-holding capacity, mineral content and cycling
o all increase.

Y
°

years Biodiversity increases as more niches (lifestyle opportunities) appear and

then falls as the climax community is reached (Figure 9).
A Figure 9 Changes in GPP, NPP and

biodiversity in a succession *  NPPand GPP rise and then fall.

e Productivity:respiration ratio falls.

Factor Pioneer ‘ Climax

NPP high low

GPP low high
Complexity low | high
Biodiversity low high

Soil depth shallow deep
Organism strategy r-strategist K-strategist
Energy flow simple more complex

A Table 3 Table of changes during succession

Primary productivity varies with time (Figure 10). When plants first colonize
bare ground, it is low as there are not many plants and they are starting from a
seed. It rises quickly as more plants germinate and the biomass accumulates.
When a climax community is reached (stable community of plant and animal
species), productivity levels off. This is because the rate at which energy is fixed
by the producers is approximately equal to the rate at which energy is used in
respiration and emitted as heat.
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In early stages, gross primary productivity is low due to the initial conditions
and low density of producers. The proportion of energy lost through community
respiration is relatively low too, so net productivity is high (i.e. the system is
growing and biomass is accumulating).

In later stages, with an increased producer, consumer and decomposer
community, gross productivity continues to rise to a maximum in the climax
community. However, this is balanced by equally high rates of respiration,
particularly by decomposers. So net productivity approaches O and the
Productivity:respiration (P:R) ratio approaches 1.

During succession, GPP tends to increase through the pioneer and early stages
and then decreases as the climax community reaches maturity. This increase in
productivity is linked to growth and biomass.

Early stages are usually marked by rapid growth and biomass accumulation—
grasses, herbs and small shrubs. GPP is low but NPP tends to be a large
proportion of GPP as, with little biomass in the early stages, respiration is low.

As the community develops towards woodland and biomass increases, so does
productivity. But NPP as a percentage of GPP can fall as respiration rates increase
with more biomass.

net productivity per year

time

Studies have shown that standing crop (biomass) in succession to deciduous
woodland reaches a peak within the first few centuries. Following the
establishment of mature climax forest, biomass tends to fall as trees age, growth
slows and an extended canopy crowds out ground cover. Also, older trees A Figure 10 Productivity changesin a
become less photosynthetically efficient and more NPP is allocated to non- succession

photosynthetic structural biomass such as root systems (Table 4).

pioneer climax
community community

Early stage Middle stage | Late stage

low GPP but high GPP high trees reach their

percentage NPP maximum size
increased

little increase in biomass | photosynthesis ratio of NPP to R is
i o roughly equal
increases in biomass
as plant forms become
bigger

A Table 4 Biomass accumulation and successional stage in deciduous woodland

r- and K-strategists
Reread the section on r- and K-strategies (in subtopic 2.1).

In pioneer communities, r-strategist species dominate. They produce large
numbers of offspring so they can colonize new habitats quickly and make use of
short-lived resources. Later in succession, K-strategist species produce a small
number of offspring, which increases their survival rate and enables them to
survive in long-term climax communities. For example, in a temperate woodland,
birch trees, brambles and alder are pioneers, and oak or beech trees are
long-lived climax species.
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Influences on development of a community

Exactly what community develops in a succession depends on many variables:

e climatic factors

e properties of the local bedrock and soil—parent rock may lead to very acidic
or alkaline soils

TOK e geomorphology—steep slopes restrict soil development; lack of drainage
leads to waterlogging

What kinds of explanations do e fireand weather-related events
natural scientists offer?
e presence of primary consumers or top carnivores.

Grey Wolves in Yellowstone

Yellowstone National Park in western USA was created in 1872 but wildlife
was not protected. By 1926, the wolves were locally extinct. In 1995, they
were reintroduced. Wolves are a keystone species and apex predator
(see subtopic 2.1).

Case study 7

Once the wolves were gone, their prey species, elk, increased greatly.
There were so many elk that they overgrazed the trees. The park service
started trapping and moving the elk and eventually killing them. In the late
1960s, elk-killing stopped and populations rose again.

With no wolves, coyote populations also increased and they prey on

ronghorn antelope.
prong P A Figure 11 Grey wolf

Much debate raged around reintroducing the grey wolf. Finally in 1995, 21 wolves were captured in Alberta,
Canada and taken to Yellowstone. In 2020 there were 123 wolves in the park. As expected, since 1995 elk
numbers have declined.

Wolves kill 22 elk per wolf per year. Elk have changed their behaviour and moved to less hospitable areas of the
park, with less food. They have produced fewer offspring.

Wolves prey on coyotes too and outcompete them for other foods. Coyote numbers have declined and they have
moved to steeper slopes where wolves cannot run as fast. Both wolves and coyotes eat each other’s pups.

Coyotes prey on foxes. With fewer coyotes, fox numbers have increased. Foxes prey on deer and hares, rodents
and ground-nesting birds. With more foxes, there are fewer hares and young deer. Decreased populations of fox
prey animals have led to changes in numbers of their food plants and insects.

Increased wolf populations have led to increased beaver populations, as elk have moved away from eating the
willows which beavers rely on for winter food. More beavers build more dams, reducing run-off and erosion
and creating ponds for fish habitat. Wolf carcasses provide food for scavengers such as ravens, wolverines, bald
eagles and grizzly bears.

Wolves also claim kills made by cougars so the cougars have moved back up the mountains.

This is a trophic cascade—a series of powerful indirect interactions that can control entire ecosystems. Trophic
cascades occur when predators limit the density and/or behaviour of their prey and thereby enhance survival of the
next lower trophic level.

Yellowstone offered a unique opportunity to observe the effect of reintroducing a key species. It is often the loss
of a key species that changes an ecosystem.
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>

Questions
1. Draw two food webs for Yellowstone:
a. with wolves
b. without wolves.
2. Research the role of sea otters in kelp forest (see subtopic 2.1 and many online sources) and make short notes.

3. a. Research the role of elephants in the savanna of Africa, referring to the Global Conservation website and other
sites.

b. Research numbers of elephants on the savanna now and the change over time. There is some relevant data in
Table 5.

c. Draw a graph of your results. Think carefully about what type of scale will be appropriate.

d. Stateifthese elephants are on the IUCN Red List and explain why.

Year 1800 1976 1987 1989 2003 2021
Estimated population 26 million” | 1.34 million” | 760k" 608k’ 200k-430k ~350k

A Table 5 Global population size of the Savanna elephant over time
*These historical numbers are forest and savanna elephants combined, as they were not recognized as separate species until 2021

Climax community debate

Features of climax communities:

* high tolerance of disturbances * specialist niches
* moderate conditions *  NPP low, biomass and organic
matter high

* high species diversity, complex
food webs * |ow cycling of minerals and

) . nutrient exchange.
* large size of organisms

All climax communities have these features but, in practice, a steady-state climax
community is very rare. Some ecologists think it cannot exist and that there are
many different possibilities for any climax community depending on the path of
succession and factors influencing it.

Hypotheses

e Climate is the control—climate determines the climax community: same
climate, same climax.

*  Several environmental factors may dominate (e.g. slope, soil type, human
interference) leading to different stable communities. Random events
determine the climax community.

e All environmental factors are equally important—environmental gradients
determine the community and a series of climax communities develop in
parallel to each other.
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Vera wood-pasture hypothesis

Historically, Europe after the last ice age was thought to be all primary forest. But
the Dutch scientist Frans Vera hypothesized that the predominant ecosystem was
actually semi-open wood and pasture kept open by grazing of tree seedlings by
large herbivores.

This was a highly controversial hypothesis as it had been assumed that humans
gradually cleared prevalent forests to grow crops and livestock.

Rewilding

Rewilding is restoring ecosystems by allowing the natural world to restore degraded
landscapes. This is not merely leaving things alone. It is providing the conditions for
natural forest regeneration and reintroducing species that have been lost.

Connections: This links to material
covered in subtopic 3.3.

In many areas, rewilding involves large herbivores ranging fairly freely in large
stretches of land, grazing among forest trees as well as in open pastures. In
Europe in particular, large keystone species and top predators have been lost and
rewilding involves reintroducing some of these. This is controversial as beavers,
bison and wolves are being reintroduced in various sites.

Rewilding example

Knepp, southern England is a 1,000-hectare estate with
farms that were not very profitable. Its owners decided to
regenerate the land by taking out all but perimeter fences
and having free-roaming pigs, deer, cattle and ponies.
Since this started over 20 years ago, rare species have
arrived and are breeding. Examples include nightingales,
white stork, turtle doves, peregrine falcons and purple
emperor butterflies. The estate faced local opposition at
first because it appeared the land was overrun by weed
species. However, the ecosystem established a balance of
broadleaved woodland, wood pasture, rivers and streams,
grassland and meadow. [t still produces meat for sale and
is now an educational and tourist site.

Case study 8

A Figure 12 Longhorn cattle grazing in wood pasture

Question
Visit the website of Rewilding Europe and read about some of their projects.

Choose one of these projects, or a rewilding project local to you, and write a short
paragraph about its aims, challenges and successes.
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Plagioclimax

Plagioclimax is an altered or reduced climax of a plant ecosystem caused by

human activity. The plagioclimax may be caused by a variety of disturbances,

such as:

*  burning—forest clearance

* felling existing vegetation

e planting crops or trees

e grazing and trampling by livestock

e harvesting crops.

Most farmland is a plagioclimax. So are grouse moors, paths through woods and
fields, coppiced woodland and anywhere humans stop a climax community forming.
A particular example is sand dunes where humans trample across the dunes.

Case study 9

Sand dunes at Studland Bay

Studland Bay is on the southern coast of England in —
Dorset. Sand dunes have continued to be formed there — IS
since the 16th century.

Succession begins with a bare surface of sand.
Vegetation colonizes the sand. The pioneer plants tend
to be low growing—why? They have fat fleshy leaves
with a waxy coating and can survive being temporarily
submerged.

Later, the predominant plant species is marram grass
on the seaward side due to its ability to cope with the A Figure 13 Sand dunes at Studland Bay, Dorset, UK
environmental conditions. Like the other grasses, it has

leaves which are able to fold to reduce their surface area. The leaves are waxy to reduce transpiration and can
be aligned to the wind direction. It incorporates silica into its cell structure to give the leaves extra strength and
flexibility.

As a result of the humus from the previous stages, a sandy soil develops. This is able to support “pasture” grasses
and bushes. Species such as hawthorn, elder, brambles and sea buckthorn (which has nitrogen-fixing root
nodules so can thrive in nutrient-poor soil) are present. As the scrub develops, shorter species are shaded out.

The oldest dunes have forest. First pines and finally oak and ash woodland grow. This is the climax vegetation
for the area. Henceforward, species diversity declines due to competition.

In every case, vegetation colonizes in a series of stages. The final stage is in dynamic equilibrium with its climatic
environment and is known as climax vegetation for that climate. In the British Isles, this is temperate deciduous
forest. As succession develops, there are increases in vegetation cover, soil depth and humus content, soil acidity,
moisture content and sand stability (Figure 14).
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9

on the lee side

sandy beach,
tidal litter

N\

marsh plants

foredunes: imobile dunes ; semi-fixeddunes: ;  dune slack: once a hollow is scrub, heath & woodland:
an object such | thedunescouldbe ! formed, perhaps by blowout, climax vegetation |n‘the absence
asa plant or lants begin | 20m high here 1 sand is removed by the wind until of management or interference
rock causes pran 9 ; the damp sand near the water
; to bind sand !
sand to build up 1 table cannot be transported
together 1
1
1
1
1

distance from the sea (m) 0-20 20-80 80-150 150-300 | 300-500 | 500-700 | (400)variable | 700-2,500| 2,500+
approximate age (years) - 0-50 50-100 100-125 125-150 | 150-250 - 250-400 >400
soil colour = yellow yellow/grey grey brown
soil surface pH 8.5 8.0 7.5 7.0 6.5 6.0 [ 4.5
% calcium carbonate 10 8 8 5 1 <0.1
% humus <1 2.5 5 10 20 >40
dominant plant species sea sand marram, marram, harebell, | creeping birch, heather, pines,
rocket, couch, grass, sand sedge willow willow, brambles gorse oaks
saltwort | lyme grass | sea holly common
sallow

A Figure 14 Diagram of natural sand dune succession
Questions
1. State where the calcium carbonate is from and why it decreases.

2. Inthe climax vegetation of oak and pine, there are fewer species due to competition.
Explain what these species are competing for.

3. Explain why the percentage of humus increases.

4. Explain what happens to the succession if these sand dunes are in a popular tourist area
and many people walk across the dunes to get to the sea.

@ Activity 24

ATL skills used: thinking, communication, research
1. Find alocal example of a plagioclimax, such as:
e farmland with either crops or livestock

* anecosystem where the top carnivore or keystone species has
disappeared

* amanaged woodland

* agarden or park

e afootpath through natural vegetation.
a. Describe the community there.

b. Describe the community that would develop if the human
activity stopped.
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Check your understanding TOK

Feeding relationships can be

represented by different models.

¢ zonation and succession How can we decide when one
model is better than another?

In this subtopic, you have covered:

*  primary and secondary succession
What role does indigenous
knowledge play in passing on

* netand gross productivity scientific knowledge?

e changes during succession

*  how succession is disrupted When is quantitative data superior
to qualitative data in giving us

*  how succession is influenced knowledge about the world?

AHL

*  primary productivity Controlled laboratory experiments

are often seen as the hallmark

of the scientific method. To

* concept of a climax community what extent is the knowledge
obtained by observational natural
experiment less scientific than that
How do ecological systems change over time and over space? from a manipulated laboratory
experiment?

» different reproductive strategies

* plagioclimaxes.

1. Describe the difference between succession and zonation.
Why do we use internationally

2. Explain why zonation occurs. standardized methods of
3. Explain why succession occurs. ecological study when making
comparisons across international
4. Describe what influences the type of climax community. - boundaries?
T /
5. Describe what biotic factors change during succession and why <
they change.
©. Explain how pioneer and climax community species differ.

7. To what extent do humans affect succession?

)) Takingitfurther

Research what was on your school site before the school was built
(or what was there before a new block was built).

*  Map how the school grounds have changed over time and how much
green space remains.

* Produce an infographic or poster for the school to inform others about
the fieldwork in which you have participated.

* Encourage your school to improve green spaces by tree planting,
leaving grass to grow or creating wetland areas.

AV




Why practical work?

The ESS guide recommends time to be spent in various areas of the course.

Practical activities (PA) 30

Collaborative sciences project (CSP) 10

Individual investigation (Il) 10
A Table

This is the same for SL and for HL.

The practical work is an important aspect of the ESS course. It may be lab-based,
classroom-based, or out in the field. Many parts of ESS can only be covered
effectively by doing things, rather than reading about them. Such practical work
is an opportunity for you to gain and develop skills and techniques.

The guide has sections called “Application of skills”; these are practical activities
designed to cover the skills and techniques you need to know. They help you to
understand the topics covered and should be fully integrated in

the course.

Elsewhere in the book, these skills and activities are sometimes within topics.
Here in subtopic 2.6, however, most of the ecology activities are together in
one place. We suggest that you carry them out when the relevant content is
covered in class.

There are also other activities here which will add to your understanding of ESS

and be of use in your individual investigation (Il).

Ecology skills list
To carry out your individual investigation (Il), you will need ecology skills.
Table 2 shows the skills you need in laboratory work and field work.

They are covered in several subtopics and the table shows where in the
course they arise.
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Skill Subtopics
Laboratory | For carrying out laboratory 2.1 Use models that demonstrate feeding relationships, such as
work experiments, students should be | predator—prey.

ableto: 2.2 Work out the efficiency of transfer between trophic levels.

*  make appropriate quantitative ' ] '
measurements (e.g. counts, 2.2 Follow experlmgntal procedures on hon to find biomass and
time. mass, volume, energy from biological samples (plant material only).
temperature, length, pHand | 5 5 jse laboratory and field techniques for measuring primary and
concentration) secondary productivity and work out GP and NP from data.

* select.and Justify appropriate 2.2 Consider protocols for determining primary productivity in
techniques, sampling ecosystems. Estimates can be based on photosynthesizing samples
Stfategiesf apparatus and within a laboratory or, in the field, measuring change in biomass of
materials samples (such as grassland) over time.

*  carryout procedures for 2.2 Create pyramids of numbers, biomass and energy from
estimating biomass (dry given data.
weight) of plant matter only

5.1 Sample two soils from the subsoil (B horizon): one from a local

* camyout procedures for garden or field, and one from a natural ecosystem. Investigate texture,
measuring grossand net, organic matter content, nitrogen, phosphorus, and potassium (NPK)
primary and secondary concentrations, aeration, drainage and water retention.
productivity and biological
oxygen demand (HL only) 5.1 Determine the amount of carbon in a dry soil sample by burning off

the organic matter and calculating the change in mass.

* setup and utilize appropriate
laboratory equipment and
materials with safety and
accuracy.

Field work | For carrying out fieldwork, 2.1 Investigate a local ecosystem.

students should understand
how to:

measure a range of abiotic
factors (climatic, edaphic and
aquatic)

identify flora and fauna
using dichotomous keys,
online databases and apps,
and correctly use binomial
nomenclature

use appropriate quadrat
sampling for the estimation
of abundance, population
density, percentage cover,
and percentage frequency of
non-motile organisms

use capture-mark-release—
recapture with the Lincoln
index to estimate population
size of motile organisms

2.1 Use methods for measuring at least three abiotic factors in an
aquatic or terrestrial ecosystem, including the use of data logging.

2.1 Know how to use dichotomous keys, applications and databases
for the identification of species.

2.1 Use quadrat sampling to estimate abundance, population
density, percentage cover and percentage frequency for non-mobile
organisms and measure change along a transect.

2.1 Use the Lincoln index to estimate population size. Understand the
assumptions made when using this method.

2.5 Investigate zonation along an environmental gradient using
a transect sampling technique and a range of relevant abiotic
measurements. Create kite diagrams to show distribution.

2.5 Use secondary data and a mapping database to recreate or map
the changes through succession in a given area.
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* use transects to measure 3.1 Collect data in order to work out Simpson'’s reciprocal index for
changes along an abiotic diversity.
gradient
3.2 Investigate the impact of human activity on biodiversity in an
e carry outsampling to collect | ecosystem by studying changes in species diversity along a transect
data for calculating species laid perpendicular to a site of human interference or by randomly
diversity sampling within transects before and after the human activity.
e carryoutsampling to collect | 4.4 Apply protocols for assessing biological oxygen demand and a
data for calculating biotic named biotic index.
index (HL only).
4.4 Use methods for measuring key abiotic factors in aquatic
systems—dissolved systems, for example, dissolved oxygen, pH,
temperature, turbidity, and concentrations of nitrates, phosphates
and total suspended solids. Possible methods may include the use of
oxygen and pH probes, a thermometer, a Secchi disc, and nitrate/
phosphate tests.
A Table2 This subtopic also includes practical work on the following skills, in addition to

those in Table 2:

6.1 Investigate the impact of albedo or different greenhouse gases on the
temperature of a closed system.

8.3 Plan an experiment to use an indicator species as a correlate for pollution in
the local environment.

Guidelines

Take into account the following considerations when you do this work.
Use named examples to illustrate concepts or your arguments.

e Always give the full name of the animal or plant (e.g. not “fish” but “Atlantic
salmon”, not “tree” but “common oak tree”).

¢ When you use a habitat or local ecosystem as an example, give as much
detail as possible about it (e.g. not “beach” but “Tai Tam mangroves SSSI, in
Tai Tam Harbour, Hong Kong Island, south-facing”).

e All ecosystem investigations should follow the guidelines in the IB sciences
experimentation policy and ESS guide. They may be more stringent than
your local or national standards so check these guidelines carefully before
designing an experiment.

The IB states the following:

*  No experiments involving other people will be undertaken without their
written consent and their understanding of the nature of the experiment.

*  No experiment will be undertaken that inflicts pain on, or causes distress to,
humans or live animals.
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Practical work

Topic 1 Concepts

1. Investigating systems: Set up an aquatic or terrestrial ecosystem in
a bottle

There are links to this practical in subtopic 1.2 and throughout the course.
This could be used to practise the following IA skills:

e Research question (A)

e Method (C)

(Remember: no animals should be harmed)

A terrarium is a mini indoor garden that models a closed system.

To start this investigation, create a systems diagram to show the inputs and
outputs of the terrarium.

The inputs will allow you to make a list of equipment you will need.
Materials
1. Plants:

e Choose small plants that will not outgrow the terrarium and that grow
well together—you may need to do some research. The plants selected
will depend largely on where you live—mosses and ferns are good.

e Terrariums tend to have low light levels because the plants are close
together so make sure you choose plants that can tolerate such
conditions.

*  Closed terrariums have high humidity because once the garden is set
up it is sealed, so make sure the plants are tolerant of high humidity.

*  Aterrarium community is hard to balance so choose plants that are
easy to grow and inexpensive.

2. Container: there is a wide range of containers that you can use. The most
usual is a glass jar with a tight-fitting lid. Make sure it is big enough for the
plants and that there is plenty of room for root development. Or use a
discarded plastic bottle or any suitable container. Be inventive.

3. Location: decide where you will put the terrarium—once it is up and
running there should be no maintenance (if it works).

*  Make sure there is plenty of indirect light—direct light is too harsh and
may cause extreme variations in temperature.

A Figure 1 Recycling an old bottle for
a terrarium

* Keep the terrarium in a warm indoor environment where there are no
significant variations in temperature.

4. Soil: use light potting compost that drains easily. Do some research to find
out which soil is best for your plants and a terrarium.
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5. Pebbles or gravel: these go at the bottom of the terrarium to provide
drainage or for decoration on the top of the soil.

6. Activated charcoal: this keeps the soil fresh.

7. Sheet moss tends to soak up excess water so it is useful to have in the
bottom of the terrarium.

Method
1. Clean the container.

2. Line the bottom with layers of sheet moss, pebbles or gravel, and soil and
activated charcoal.

3. Addthe plants.

4. Leave the container open for a while to settle and establish the right
amount of water.

5. Seal the container.

You have now made a terrarium (a terrestrial ecosystem). Observe what
happens over time (once a week perhaps, at the start of a lesson) and record
the visible changes.

Do your own research and consider setting up an aquatic ecosystem as a whole

class (an aguarium). Remember: no animals must be harmed in any experiment so

you will need to think carefully about how to do this.
2. Investigating systems: Investigation of feedback

Research models that demonstrate feeding relationships, for example,
predator—prey.

1. TEDEd has a short feedback video which may help you to review the
concept: search for “Feedback loops: How nature gets its rhythms” by
Anje-Margriet Neutel.

2. Look for predator—prey feedback simulations on the web.

Run your chosen simulation with different combinations of organisms and
investigate questions such as:

a.  Which food web set-ups lead to a stable ecosystem?
b. What happens if you remove one trophic level or one species?

3. Ifyousetup aterrarium, can you work out the feedback loops there?
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Topic 2 Ecology

In section 2.1.5 of the ESS guide, the application of skills statement is “to
investigate a local ecosystem”.

Carefully selecting an ecosystem that you can return to easily has many
advantages:

*  You getto know one ecosystem in some depth and can observe how it
changes.

*  You can cover many of the skills required by carrying out field work in
this ecosystem.

e [fitis not far from your classroom, you can visit often for short practical
activities.

* |t could be useful to visualize your ecosystem as an example when answering
exam questions.

When studying ecosystems, there are simple questions to ask (Table 3).

Question Example of technique to use

What is there? sampling techniques, quadrats, basic
taxonomy, classification and use of
identification keys

Where are they? quadrats, transects
How many are there? quadrats, transects, Lincoln index, species
diversity index
Why are they where they are? measure abiotic factors
A Table3

To create a food chain for a local ecosystem, you need to find out what is there by
sampling, identify the sampled organisms, then draw the food chain.

If you then want to draw a food web, you need to investigate what the organisms
eat and in which trophic level(s) they are found.

To work out pyramids of numbers, biomass or energy, you need to investigate
and calculate productivity at each trophic level.

Biodiversity is hard to measure but a simple method is to find out the number
of species and abundance of each species in an ecosystem. This can then be
compared with other ecosystems.

Working out why organisms are where they are involves measuring abiotic and
biotic factors in the ecosystem. These include ecological niches, competition,
stages of succession, human activity and many other factors.

The techniques here show some of the ways in which ecosystems are studied.
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Capturing small motile (mobile) animals

This could be used to practise the following IA skills:
*  Method (C)

¢ Treatment of data (D)

You should select an area very close to where you live or go to school, because
you will need to catch small motile animals, identify them and put them back.

It is difficult to count small animals because they move around. The first step
is to catch the organisms. You will also need a key to help you to identify the
organisms you are likely to catch.

Warning:

e Under no circumstances should any animal be stressed or killed during any
investigation—there are humane ways to catch and count small animals.

*  Make sure there are no venomous organisms in your local area.

* Do not handle any insects directly—move them with tweezers or a pooter.
Terrestrial ecosystems

There is a range of safe harmless techniques that can be used to catch insects.
1. Pitfall traps

A pitfall trap is ideal for catching insects and other small crawling animals that
cannot fly away (see Figure 2). Insects can be attracted by decaying meat or
sweet sugar solution (this must be covered so the insects do not fall in it and
drown) and will fall into the trap.

Several of these traps can be placed around the study area. They should be
checked at regular intervals (every 6 hours) and the species and number of each
species recorded.

cover over the trap to protect from rainfall

A Figure 2 Diagram of a pitfall trap
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2. Sweep net

Use a sweep net to capture many insects from vegetation by sweeping it slowly
though the vegetation (Figure 3).

3. Tree beating

This method can find insects in tree branches or resting on leaves. Simply place a
catching tray beneath a tree branch and gently tap the branch. The tray will catch
anything that falls from the tree and you can log the species and their numbers.

4. Sheettrap

Hang a white sheet behind a light. Night-flying moths attracted to the light will
settle on the sheet for you to observe.

5. Pooters

You can catch small insects and invertebrates using a pooter—a small jar with two
tubes attached (Figure 4). You suck gently on one tube and the animal is pulled
into the jar through the other. You cannot swallow the animal as there is gauze at
the end of the mouthpiece tube!

Aquatic ecosystems

The organisms of most interest will be stream invertebrates and the most efficient
way to catch them is through kick samples. Turning over stones is also effective.

Kick sampling is simple technique to loosen invertebrates, which then drift into a
net (Figure 5).

1. Place a sweep net downstream from you.
2. Shuffle your feet into the streambed for 30 seconds.
3. Empty the contents of the net into a tray filled with stream water.

4. Use a pipette to sort the various insects into small plastic cups and record
your results.

5. Repeat three times to ensure good results.

In aquatic systems, you can use nets of various sizes, and with various mesh
sizes, to catch plankton, small invertebrates or larger fish. The nets can be towed
behind boats or held in running water. Simple plastic sieves are also effective.

Warning:

*  Some of these methods can be destructive so use them carefully.
e  Alwaysreturnall organisms to their habitats.

Identify organisms

Design your own dichotomous key for six or more organisms in your local
ecosystem

Collect, draw or photograph six or more organisms from your local environment.
Then create a dichotomous key to allow someone else to identify them.

This work must not be reproduced, stored, transmitted or circulated in any other form.
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A Figure 3 Using a sweep net

suck here

rubber tubing

gauze
tied onto
prevent animal
entering

animal
in here

specimen
tube

A Figure 4 A pooter

T
current >
carries material _<=
i -
into net

A Figure 5 Kick sampling for aquatic
invertebrates

A Figure 6 Six organisms
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An easy way to create keys is using a mind map.
Figure 7 shows a dichotomous key to identify the organisms in Figure 6.
Does the organism
have 8 legs?
I
yes no
¥ Y
B risn e Does the organism
9 have spots?
I
yes no
A4 2
sl Does the organism
" have wings?
I
no yes
2 A 2
, Does the organism have
organism E barbs on the hind legs?

yes i no

Y

‘ organism C ’

Is the organism dorso
ventrally flattened?

yes

Y

‘ organism B ’

A Figure 7 Dichotomous key created using a mind map tool
Identify organisms A-F in Figure 6. Can you name them?

Identification databases

no

Y

‘ organism D ’

There are many online and paper field guides for all groups of organisms—
insects, birds, mammals, beetles, flowering plants, fungi and many, many others.

Search for one relating to the ecosystem you are studying and attempt to identify

the organisms you have found.

Collate all information:

e |dentify producers: Sample the vegetation in the study area—this does not
need to be detailed, you merely need to establish a list of all the primary
producers in the area.

*  While sampling the vegetation look for evidence of secondary consumers—
such as faeces, burrows, footprints, scratch marks, nests, eggs.

e |dentify consumers: Set pitfall traps, use a sweep net, do tree beating,
observe and briefly capture the organisms.
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* ldentify the organisms (e.g. by using keys) and research the identified
organisms’ feeding habits.

e Draw simple food chains. If you have enough information on feeding habits,
attempt to draw a food web.

Measuring biotic components of a system

1. Plant biomass

Measuring plant biomass is simple but destructive. It is usually best to measure
above-ground biomass because it can be very difficult to collect the parts below
the ground.

For low vegetation or grasses:

1. Place a suitably sized quadrat (see Figure 9).

2. Harvestall the above-ground vegetation in that area.
3. Wash it to remove any insects.
4

Dry it at about 60-70°C until it reaches a constant weight. Water content
can vary enormously so all water should be removed. The mass given is
dry weight.

5. Foraccurate results, repeat three to five times to obtain a mean per unit area.

6. Extrapolate the result to give the total biomass of that species in the
ecosystem.

For trees and bushes:

1. Select the tree or bush you wish to test.

2. Harvest the leaves from three to five branches.
3. Repeat steps 3-6 in the above method.

2. Primary productivity

In aquatic ecosystems (both marine and freshwater) the light and dark bottle
technique can be used to measure the gross and net productivity of aquatic
plants (including phytoplankton). This is simple but has given us a good idea of
the productivity of the oceans and of many lakes.

The productivity is usually calculated from the oxygen concentrations in the
bottles. The procedure is as follows.

1. Take two bottles filled with water from the ecosystem—one made of clear
glass; the other made of dark glass or covered to exclude light.

2. Measure the oxygen concentration of the water by chemical titration (Winkler

method) or an oxygen probe, and record as mg oxygen per litre of water.

3. Place equal amounts of plants of the same species into each bottle.
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Completely fill both bottles with water and seal with a cap. (No air
should be present.)

Allow to stand and incubate for several hours. This incubation can take place
in the laboratory or outdoors in the ecosystem under investigation.

Measure the oxygen level in each bottle and compare with the original
oxygen level of the water.

In the light bottle, photosynthesis and respiration have been occurring. In the
dark, only respiration occurs.

In terrestrial ecosystems, you can do a similar experiment with square “patches”.

1.
2.

Select three equally sized patches with similar vegetation (e.g. grass).
Harvest the first patch (A) immediately and measure the biomass (see above).

Cover the second patch (B) with black plastic (so there is no photosynthesis,
just respiration).

Leave the third patch (C) as it is.

After a suitable time period (depending on the season), harvest patches B
and C and measure the biomass (as above).

Calculate GPP, NPP and R. Units of productivity are expressed as energy
used, e.g. joules m? day™.

Measuring abundance

Having established what organisms are present, you need to find out how many
there are.

Investigating the Lincoln index

You can use the capture-mark-release-recapture technique and the Lincoln
index to estimate a population of mobile organisms.

Thisis a class activity.

1.

Take 500 large beans, preferably light in colour—for example, large white
lima beans or chickpeas.

Place the beans in a suitable container with a lid.

Each student takes a small handful of beans, counts them and marks them in
some way (nw). This number is recorded in a group data table (see Table 4).

Replace all the beans in the container. Shake the container vigorously to try to
remove some of the marks.

Each student takes a second handful of beans and records in the table the
total number of beans in this sample (nz) and the number of beans that are
marked (m,).
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Note: If this process is used with a population of living

Apply the Lincoln index formula to each row of data:

Practical work

NE n xn, Student n, n, m, N
m, 1
n, = number of animals or beans first marked and 2
released 3
n, = number captured in second sample 4
5
m,, = number of marked beans in second sample 6
N = total population /

A Table4

organisms (e.g. woodlice or snails), the following assumptions are made:

Mixing is complete—the marked individuals have
spread throughout the population.

Marks do not disappear.

Marks are not harmful and do not increase predation by making the
individual more easily seen.

Itis equally easy to catch every individual.

There is no immigration, emigration, births or deaths in the population
between the times of sampling.

Trapping the organisms does not affect their chances of being trapped a
second time.

Investigating the abundance of plants

There are various ways of assessing plant species abundance. Note that
percentage frequency and percentage cover give an estimate of abundance but
not actual population size.

Density: mean number of plants per m?.

Percentage frequency: 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: because plants spread out and grow, percentage cover
is often measured instead of individual numbers. Percentage cover is an
estimate of the area in a given frame size (quadrat) covered by the plant

in question; it may help to divide the quadrat into smaller sections for

this. Species may overlap or lie in different storeys in a forest, so the total
percentage cover of all species within a quadrat may be well over 100% or
much less if there is bare ground. You can estimate percentage cover either
by comparing the sample area with Figure 8 and then grading the coverage
on ascale from Oto 5, or by using the ACFOR scale (Table 5).
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Percentagecover (%) | ACFORscale | seore |
= 50 Abundant 5
25-50 Common 4
> 12-25 Frequent 3
2 . 6-12 Occasional 2
] <, or single individual Rare 1
absent 0
A Figure 8 A Table 5 ACFOR percentage cover scale

Quadrats and transects
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