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Foundation

International Baccalaureate - IB Diploma - Environmental Systems
and Societies - SL

Scope and prerequisites

This handout teaches Topic 1, Foundation (1.1 Perspectives, 1.2 Systems and 1.3 Sus-
tainability), for the course first assessed in 2026. It is written for both SL and HL
students. HL students also apply the three HL lenses (environmental law, environ-
mental and ecological economics, and environmental ethics, units 9 to 11) to these
ideas.

Prerequisites: none beyond school science and geography. Topic 1 gives the language
that every later topic uses: perspectives, systems, stores and flows, feedback, and
sustainability.

Perspectives

B Leave the oil in the ground?

Under the Yasuni National Park in Ecuador’s Amazon rainforest lies one of the coun-
try’s largest oil fields. The forest is among the most biodiverse places on Earth and
home to Indigenous peoples, some living in voluntary isolation. Oil brings govern-
ment income that can pay for schools and hospitals. In 2023 Ecuadorians voted in a
national referendum, and 58.95% voted Yes to the Yasuni consultation, according to
the final electoral result. This is a statement about the 2023 vote, not a claim that
all oil activity had already ended. The same facts about oil, forest and money led
different people to opposite answers. To understand environmental issues you need to
understand why.

B Perspectives, values and worldviews
o A perspective I is how a person or group sees an issue. It is shaped by their
values and worldview.

o Values #{HW are the qualities a person thinks are important, such as freedom,
equality, wealth or the welfare of nature.

o A worldview ] is a person’s whole set of beliefs about how the world works
and their place in it.

B Environmental value systems

An environmental value system #$EMEHKZR (EVS) is a worldview or paradigm
that shapes how a person or society sees and responds to environmental issues. It can
be modelled as a system:
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e Inputs: education, culture, religion, family, media, economic and political situa-
tion.

o Processes: the person interprets these inputs through their values.

e Outputs: decisions, actions and the way they live, such as what they buy, how
they vote, or whether they protest.

EVSs lie on a spectrum.

nature-centred technology-centred
ecocentric anthropocentric technocentric
deep and soft environmental cornucopians
ecologists managers
nature has value manage nature strong confidence in
in itself; live with laws, taxes technology and
simply, locally and planning market responses

Environmental value systems form a spectrum from nature-centred to
technology-centred

EVS Central belief Typical response to a problem
ecocentric 3%  nature has value in reduce consumption, live simply
SN N=d itself, not only for its and locally, protect wild areas; deep
use to people; humans  ecology challenges treating
are part of nature non-human life merely as a resource

anthropocentric people should manage  environmental managers use laws,

AL EX the environment for taxes, quotas, planning and
human benefit, international agreements
sustainably

technocentric 3 human technology and  invest in new technology such as

ARt markets can solve renewable energy, carbon capture or
environmental new Crops; cornucopians see
problems resources as almost unlimited

Most people and societies are not at one extreme. A government might fund solar
power (technocentric) while taxing pollution (anthropocentric) and protecting a na-
tional park (ecocentric).
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B How perspectives have changed

Events and books have shifted public perspectives over time.

Minamata
disease Stockholm Rio Earth school climate
recognised Conference Summit strikes
Silent Spring Chernobyl Fukushima

A A R 1

1960 1970 1980 1990 2000 2010 T 2020

Brundtland Report, Paris Agreement,
Montreal Protocol SDGs

Kyoto
Protocol

red: disasters blue: books, agreements, movements

Disasters and agreements that changed how people see the environment

« Minamata, Japan (1956): mercury waste from a chemical factory poisoned fish
and the people who ate them, showing that pollution travels through food chains.

+ Silent Spring (1962): Rachel Carson showed how the pesticide DDT harmed
birds and other wildlife. It helped start the modern environmental movement.

o The UN Stockholm Conference (1972): the first major international meeting
on the environment; it set up the UN Environment Programme.

« Bhopal (1984), Chernobyl (1986), Fukushima (2011): industrial and nuclear
disasters that made people question the safety of technology.

o The Brundtland Report (1987) defined sustainable development; the Mon-
treal Protocol (1987) phased out ozone-destroying chemicals.

o The Rio Earth Summit (1992), the Kyoto Protocol (1997) and the Paris
Agreement (2015) brought countries together on biodiversity and climate.

« School climate strikes (2018 onwards): young people demanding faster action
on climate change.

B Indigenous perspectives

Many Indigenous cultures see people as part of nature, with responsibilities to the
land and to future generations. Their knowledge of local ecosystems, built up over
generations, is increasingly used in conservation. In New Zealand, section 14 of the
Te Awa Tupua (Whanganui River Claims Settlement) Act 2017 gives Te Awa Tupua
legal personhood, within a particular settlement and representation framework. This
example reflects Whanganui iwi relationships with the river; it is not a claim that all
Indigenous communities share one worldview. Perspectives like these challenge the
idea that nature is only a resource.
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B Investigating perspectives fairly

Separate a factual claim (“the wetland stores floodwater”) from a value judgement
(“protecting habitat should outweigh new parking”). Evidence can test storage ca-
pacity and flood risk, but does not by itself choose whose interests count most. A
perspective combines interpreted evidence and values; neither a job title nor one pur-
chase establishes a person’s entire EVS. Campaigns, education, experience and new
technologies can change beliefs and behaviour.

value judgement (debated)
“habitat should outweigh new
parking”

factual claim (testable)
“the wetland stores floodwater”

test: storage capacity, flood records . .
weigh: whose interests count most

\ .

a perspective combines
interpreted evidence and values

Separate testable claims from value judgements: a perspective combines both

For a values survey, define the population and use neutral questions with balanced
options and a chance to explain a choice. Sample beyond one friendship group, seek
voluntary informed participation, and protect privacy. Compare stated attitudes with
a defined behaviour over time; changing respondents, question wording or access to
services can imitate a change in values. A correlation between survey answers and
behaviour does not establish causation.

Systems

B The systems approach

A system Z 4 is a set of parts that interact to form a whole. The systems approach
looks at how the parts are connected, rather than studying each part separately. En-
vironmental issues involve natural and human parts, so this approach helps to see the
whole picture.
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A systems diagram: storages as boxes, flows as arrows, inside a stated boundary
Every system has:
« Storages fifff (stocks): amounts of matter or energy held at a stated time, such

as water in a lake or carbon in a forest’s trees.

o Flows jfi3}j: movements into, out of and within the system, measured as an amount
per unit time, such as rainfall in mm per year.

o Boundaries i1 ¥: the edges of the system, chosen by the person studying it.

A stock is an amount at one time; a flow is a rate. Mixing them up is a common
mistake.

B Transfers and transformations

Flows are of two kinds:

o Transfers #F% move matter or energy from one place to another without changing
its form or state: water flowing down a river, ingested biomass moving from prey
to predator (subsequent digestion and respiration include transformations), heat
conducted through soil.

o Transformations %4k change the form or state of matter or energy: water evap-
orating, light energy becoming chemical energy in photosynthesis, organic matter
decomposing into carbon dioxide.

B Open, closed and isolated systems
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energy crosses;
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isolated

an ideal model
neither energy
nor matter crosses

cross the boundary

——> energy —> matter () system boundary

What crosses the boundary decides the type of system

System Exchanges Exchanges Example
energy”? matter?
open yes yes a forest, a lake, a city
closed yes no the Earth (almost: a little gas escapes
and meteorites arrive); a sealed terrarium
isolated no no an ideal perfectly insulated, sealed model,

real local examples only approximate it

Biosphere 2, a huge sealed greenhouse built in Arizona in the 1990s, tried to keep eight
people alive in a closed system. Oxygen levels fell so low that extra oxygen had to be
pumped in, a sign of how hard it is to copy the Earth’s natural systems.

B Models
A model ##Y is a simplified version of reality, such as a diagram, an equation or a

computer simulation.

« Strengths: makes complex systems easier to understand; allows predictions (for
example, climate models); can be changed to test “what if?” questions.

o Limitations: leaves things out, so it may be inaccurate; depends on its assump-
tions and data; different models can give different predictions; results may be
presented as more certain than they are.

B Energy in systems

Energy flows through ecosystems following the laws of thermodynamics.
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dispersed as heat (respiration): 90

light energy
absorbed: 100

producer

stored in new
biomass: 10

first law: 100 — 90 = 10 change in store
second law: heat is less available for work
efficiency = 10/100 x 100% = 10%

In minus out equals the change in store; most energy leaves as heat, which is less
available for further work

o The first law: energy cannot be created or destroyed, only changed from one form
to another. Over a stated interval, energy entering minus energy leaving equals the
change in energy stored, not the total pre-existing store.

e The second law: total entropy 4 does not decrease in an isolated system, and
irreversible processes increase it. In ecosystems, respiration and other processes dis-
perse energy as thermal energy, reducing its availability for further biological work.
This does not mean energy is destroyed or that every possible energy conversion
must have a useful-output efficiency below 100%.

Food chains have limited energy available at higher trophic levels: not all biomass is
eaten or assimilated, and respiration disperses energy as heat. Uneaten matter and
wastes also support decomposer pathways. There is no universal four- or five-level
maximum or fixed transfer efficiency for every ecosystem.

useful energy out

efficiency = x 100 %

energy in

B Equilibrium and feedback

o A steady-state equilibrium £ 3~Ffff is typical of open systems: inputs and
outputs balance, so the storages stay roughly constant, although there are small
changes around an average. A forest can approximate this over a chosen interval,
but real forests also develop and undergo disturbance.

« A static equilibrium has no change at all; it does not occur in living systems.
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o A stable equilibrium returns to its original state after a disturbance; an unstable
equilibrium amplifies small departures rather than restoring the previous state.

Feedback /5t happens when the output of a process affects its own input. In the
signed causal diagram, a + link means increasing one variable tends to increase the
next; a — link means it tends to decrease the next, other conditions held equal.

prey
abundance

negative
feedback

predation
rate

opposes the change;
delays can cause cycles

—

+

predator
abundance

warmer
climate

positive
feedback

more sunlight less ice
absorbed and snow
e

reinforces the change;
not a value judgement

Negative feedback opposes a departure; positive feedback reinforces it. Delays and
other processes affect the actual trajectory

o Negative feedback 11 2 counteracts an initial change and can promote sta-
bility. Delays can produce oscillations rather than an immediate return. Example:
when prey increase, predators have more food and increase; they eat more prey, so
the prey population falls back.

« Positive feedback IF [z it amplifies a change and moves the system away from its
equilibrium. Examples: warming melts ice, exposing darker surfaces that absorb
more sunlight and cause more warming; warming thaws permafrost, which can
release carbon dioxide and methane, increasing warming. Feedback can amplify a
decrease as well as an increase; “positive” is not a judgement that the outcome is
beneficial.

B Tipping points and resilience
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small disturbance:
rolls back (resilient)

tipping point

~

stable state A

(generic model) stable state B
(generic model)

Past the tipping point, positive feedback carries the system to a new state

o A tipping point I[fi L4 is a critical threshold. When it is passed, positive feedback
carries the system into a new state, which is often hard or impossible to reverse.
Rainforest loss and drying illustrate a possible interacting-feedback risk, not one
known universal clearing percentage or a guaranteed uniform switch of the whole
Amazon. The pictured landscape is a generic model of alternative states, not
measured Amazon topography.

« Resilience iK% 17 is the ability of a system to stay in, or return to, its equilibrium
after a disturbance. Possible contributing factors include:

— high diversity (many species and connections, so the loss of one has less effect);

— large storages (a large forest or a deep lake);

— recovery traits, seed banks and connectivity appropriate to the disturbance.
Fast reproduction alone does not establish resilience to every disturbance.

o Humans often reduce resilience: monocultures, overfishing and habitat loss remove
diversity and shrink storages.

The Gaia hypothesis, proposed by James Lovelock in the 1970s, models the whole
Earth as a self-regulating system in which living things and their surroundings interact,
through negative feedback, to influence atmospheric composition and temperature.
Lynn Margulis also developed these ideas. It does not imply conscious planetary
planning or guaranteed protection against every disturbance.

In Daisyworld, Watson and Lovelock used an imaginary planet with dark and light
daisies. Dark daisies absorb more sunlight and warm their local environment; light
daisies reflect more and cool it. Growth depends on temperature, so changes in cov-
erage can oppose changes in solar input over a limited range. At extreme conditions
daisies cannot grow and regulation fails. The model demonstrates possible biologi-
cal regulation through feedback, not proof that the real Earth must always remain

habitable.

Earth-system interactions connect the biosphere (life), hydrosphere (water),
cryosphere (ice), geosphere (rocks and soils), atmosphere (air) and anthroposphere
(human systems). A city’s imported food links its local consumption to water, land
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and energy flows elsewhere. Choose a spatial boundary and time interval before
judging whether a budget is complete.

Sustainability

B What sustainability means

Sustainability RJ#52E4 concerns long-term viability of linked human and environ-
mental systems, including the conditions available to future generations. Renewable-
resource use must respect regeneration and ecosystem recovery; a non-renewable min-
eral is not naturally replaced on a human timescale. Pollution, biodiversity and fair
access matter as well as resource totals. It has three connected parts:

Wind turbines on farmland: sustainable resource use meets present needs without
locking out future generations

environmental social economic
ecosystems keep working; needs, health and livelihoods; the
use within renewal rights met fairly economy can continue

Brundtland (1987): meet present needs without compromising
the ability of future generations to meet their own

Three connected parts of sustainability

« environmental: ecosystems keep working and resources are not used faster than
they renew;

» social: people’s needs, health and rights are met fairly;

e economic: people can earn a living and the economy can continue.
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Sustainable development 1] £34 % i was defined by the Brundtland Report (1987)
as “development that meets the needs of the present without compromising the ability
of future generations to meet their own needs”.

B Natural capital and natural income
o Natural capital H K% is the stock of natural resources, such as forests, soil,
fish stocks, groundwater and minerals.

o Natural income HZRIL A is the yield from that capital, the amount produced
each year, such as the new growth of a forest or the young fish added to a stock.

forest stock

regeneration start 1000 units harvest
natural growth end 980 units timber removed
+80 units —100 units

wee | AARAAL

1000 + 80 — 100 = 980 units

harvest exceeds regeneration by 20
if these flows continue, the stock falls by 20 each period
the yield is sustainable only if harvest < regeneration

One-period model: 1000 + 80 — 100 = 980 wunits; use exceeds regeneration by 20. A
sustained-yield calculation also needs uncertainty and protection of other ecosystem
functions.

For renewable resources, keeping harvest within a defensible net regeneration budget
helps maintain natural capital. Growth is not always constant, and reproduction alone
is not net growth if mortality and other losses are omitted. A volume balance also
cannot guarantee that habitat, species diversity and soil remain intact.

Example: a forest holds 500 000 m?® of timber and grows by 2 % a year. Its natural
income is 10 000 m?® a year. Cutting 15 000 m?® a year uses up the capital and is
unsustainable.

B Ecosystem services

Natural capital provides ecosystem services R G AR S, the benefits people get
from ecosystems:
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Type Examples

provisioning  food, fresh water, timber, medicines

regulating climate regulation by carbon storage, flood control by wetlands,
pollination, water purification

supporting soil formation, nutrient cycling, photosynthesis

cultural recreation, tourism, spiritual and educational value

Many of these services have no market price, so they are easily ignored when decisions
are made.

B The Sustainable Development Goals

In 2015 the United Nations agreed 17 Sustainable Development Goals (SDGs)
for 2030, such as no poverty, zero hunger, clean water, affordable and clean energy,
climate action, life below water and life on land. They link environmental, social
and economic aims. Critics point out that some goals conflict (economic growth can
increase resource use) and that progress is hard to measure and uneven.

B Measuring sustainability

Environmental indicators show the state of the environment, for example biodi-
versity, pollution levels, forest cover or atmospheric carbon dioxide.

goods

housing

one person's energy (carbon
footprint A )

footprint > biocapacity:
more than one Earth needed

what the Earth

: biocapacity
supplies per person

I T T T T

0 1 2 3 4
global hectares per person (illustrative)

An ecological footprint larger than the Earth’s biocapacity per person

The ecological footprint 4 75 /£ i (EF) estimates biologically productive area
needed for consumption and waste assimilation within its accounting scope, measured
in global hectares (gha). The Global Footprint Network method includes cropland,
grazing land, fishing grounds, forest products, built-up land and carbon demand; it
does not measure every pollutant or all ecological harm.
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o Biocapacity A4 ¥ 3k /1 expresses the capacity of biologically productive land
and water to regenerate resources and absorb wastes under the accounting method,
normalised to global hectares rather than simply counting physical hectares.

o If footprint exceeds a region’s biocapacity, there is an ecological deficit. The
region may rely on imports, depletion or net carbon accumulation; the ratio alone
does not identify which. Global overshoot cannot be solved by importing bioca-
pacity from another planet.

o The 2024 estimate placed Earth Overshoot Day on 1 August: annual demand
about 1.7 times regeneration under that accounting method. This dated estimate
is not a literal day when every resource ran out; revisions affect comparisons.

Related footprints measure one part of this: a carbon footprint (greenhouse gases
emitted, in tonnes of CO, equivalent) and a water footprint (direct and supply-chain
freshwater use, with scope and period stated). Different methods distinguish consumed
surface/groundwater, rainwater and a pollution-related dilution-volume indicator; not
every component means water physically withdrawn.

Example: a country of 50 million people has a total ecological footprint of 2.0 x 10® gha
and a biocapacity of 1.2 x 108 gha. The footprint per person is 4.0 gha, the biocapacity
per person is 2.4 gha, so the deficit is 1.6 gha per person: its demand-to-biocapacity
ratio is 4.0/2.4 = 1.67. This is a normalised accounting ratio, not a direct statement
that precisely that many copies of its physical land area would solve all impacts.

B Planetary boundaries

The planetary boundaries #iBki1 L model (Rockstrom and others, 2009) identifies
nine Earth processes, including climate change, biodiversity loss (biosphere integrity),
land-use change, freshwater use, nitrogen and phosphorus flows, ocean acidification
and new pollutants. Each has a boundary beyond which the risk of sudden, irre-
versible change rises. The remaining categories are stratospheric ozone depletion and
atmospheric aerosol loading. The 2023 assessment reported six crossed boundaries;
the 2025 update reported seven. Date the assessment: definitions, indicators and ev-
idence can change. A boundary is a risk-management limit with uncertainty, not an
exact countdown to a single tipping event or a ready-made local pollution permit.

B Doughnut economics

Doughnut economics il B 4 %2, developed by Kate Raworth, combines plan-
etary boundaries with human needs. Everyone should have enough to meet a social
foundation (food, water, health, education, housing, energy, a political voice), without
the whole of humanity overshooting the ecological ceiling. The aim is to live between
these limits. Regenerative design restores ecological functions; distributive design
shares opportunities and benefits fairly. The diagram helps compare aims but does
not select a unique policy or measure progress without defined indicators.
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safe and

just space . .
ecological ceiling

overshoot beyond it: climate change,
biodiversity loss, pollution

shortfall:
people lack

essentials ) .
social foundation

food, water, health, education,
housing, energy, a voice

The safe and just space lies between the social foundation and the ecological ceiling

B The circular economy

e In a linear economy, resources are taken, made into products, used and thrown
away.

e In a circular economy ¥4 3%, products are designed to last and to be re-
paired, reused, shared and recycled, so materials stay in use and waste is designed
out. Suitable uncontaminated biological materials can be returned through bio-
logical cycles. Collection losses, contamination, material degradation and energy
use prevent perfect indefinite recycling; repair and reuse can avoid more resource
demand than recycling alone. Lower impact per product also need not lower total
impact if consumption grows.

B Environmental impact assessments

An environmental impact assessment 3% 5 0 P4 (EIA) is a report made
before a major development, such as a dam, road or mine, to predict its effects on the
environment and people. Many countries require one by law.

public comment possible before the decision

redict impacts N . -
baseline study N cljn environI:nent _| mitigation: avoid, _| decision, then

of the site "1 reduce, offset “ monitoring
and people

compare monitoring with the baseline

The steps of an environmental impact assessment
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o Steps: a baseline study of the area before development; prediction of impacts;
ways to avoid, reduce or make up for them (mitigation); monitoring afterwards.

o Strengths: environmental effects are considered before a decision is made; the
public can comment; it can lead to a better design.

o Limitations: predictions are uncertain; baseline studies may be short; the devel-
oper may pay for the report; the decision may still go ahead despite the findings;
indirect and long-term effects are hard to measure.

B Testing sustainability claims

Strong sustainability treats critical natural functions as limits that money or ma-
chinery cannot always replace: draw the economy inside society and both inside the
environment. Weak sustainability allows more substitution between types of capital.
A wetland’s loss may not be compensated by a higher bank balance if flood storage
or an irreplaceable habitat disappears. These are assumptions to debate, not labels
proving a policy is sustainable.

weak sustainability strong sustainability

g

environment

society

types of capital can critical natural functions
largely substitute set limits

Weak sustainability allows substitution; strong sustainability nests the economy inside
environmental limits

GDP records production over a period, not a complete account of well-being or ecosys-
tem condition. Spending on pollution cleanup can increase measured output while en-
vironmental harm persists. A green-GDP adjustment estimates environmental costs,
but valuation and missing information remain limitations. Add ecological and social
indicators; report distribution as well as averages.

Environmental justice asks who receives benefits, who bears harm, who has access to
resources and whose voice counts. A landfill can impose local pollution and traffic
costs on households with little influence. Across borders, exported waste can shift
health risks away from consumers. Income, gender, cultural identity and unequal legal
protection can affect access to clean water, food and energy. A lower city-average
pollution value does not establish equal protection for every neighbourhood.

Citizen science can extend monitoring through repeated community observations, such
as birds counted with a common protocol. Record effort, season, site and identifica-
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tion confidence; volunteer locations may be biased toward accessible places. Shared
methods and expert checks make data more comparable, but a growing number of
submissions alone does not prove a species is increasing.

For a reservoir, initial storage is 800 m?; mean input and output rates are 120 and
90 m?/day for three days. Final storage is 800 + (120 — 90) x 3 = 890 m?. If final
measured storage is instead 875 m?, the 15 m?® discrepancy may represent an omitted
net loss, measurement error or changing flow rates; it does not uniquely prove a leak.

Practice

1.

(a) Distinguish between a value and a worldview, and define an environmental
value system. (b) Describe the inputs and outputs of an environmental value
system as a system.

2. Outline how an ecocentric person and a technocentric person might each respond
to a shortage of fresh water.

3. Explain how one historical event changed environmental perspectives.

4. (a) Distinguish between a storage and a flow, and give one example of each in a
lake. (b) Classify each as a transfer or a transformation: (a) rain falling into a
river; (b) photosynthesis; (c) a rabbit eaten by a fox; (d) water evaporating from
a lake.

5. Distinguish between open, closed and isolated systems, with an example of each
where possible.

6. Evaluate the use of models in environmental science.

7. Explain why less energy is generally available to higher trophic levels, distinguish-
ing respiration from uneaten or unassimilated biomass. Does this fix one universal
maximum food-chain length?

8. Distinguish between negative and positive feedback, giving an environmental ex-
ample of each.

9. Explain what is meant by a tipping point, and outline two factors that increase
the resilience of an ecosystem.

10. A forest holds 800 000 m? of timber and grows by 1.5 % a year. Calculate its
natural income, and state whether harvesting 15 000 m? a year is sustainable.

11. A country of 20 million people has a total ecological footprint of 9.0 x 107 gha and
a biocapacity of 5.0 x 10 gha. Calculate the footprint and biocapacity per person
and the ecological deficit per person.

12. State one example of each type of ecosystem service.

13. Outline the doughnut economics model, and explain how it differs from aiming for
economic growth.

14. Evaluate the use of environmental impact assessments.

Answers.

1. (a) A value identifies what matters; a worldview connects beliefs about the world
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10.

and our place in it. An EVS models how such influences shape environmental
judgements and actions. (b) Inputs: education, culture, religion, family, media,
economic and political situation. Outputs: decisions and actions, such as what
they buy, how they vote and how they live.

Ecocentric: use less water, protect wetlands and rivers, accept limits on growth.
Technocentric: build desalination plants, recycle waste water, develop drought-
resistant crops.

For example, Silent Spring (1962) showed that the pesticide DDT harmed wildlife,
raising awareness that human chemicals move through food chains; it led to bans
on DDT and helped start the environmental movement.

(a) A storage is an amount held at one time; a flow is a movement per unit time.
Storage: water in the lake, or fish biomass. Flow: a river flowing in, evaporation,
or fish being caught. (b) (a) Transfer. (b) Transformation of light energy into
chemical energy, with chemical changes. (c¢) The movement of ingested biomass
is a transfer; digestion and respiration also involve transformations. (d) Transfor-
mation through a change of state.

Open systems exchange energy and matter, such as a forest. Closed systems
exchange energy but not matter; Earth is an approximation because small material
exchanges occur. Isolated systems exchange neither; a perfectly sealed, insulated
model is an idealisation for practical environmental work.

Models simplify complex systems, make them easier to understand and allow pre-
dictions to be tested. But they leave things out, depend on assumptions and data,
can give different results, and may seem more certain than they are.

Not all lower-level biomass is consumed or assimilated, and respiration disperses
energy as heat, reducing energy available in higher-level biomass. Uneaten material
and wastes can enter decomposer pathways. Total energy is conserved; chain length
and transfer efficiency vary, so this is not an exact four- or five-level law.

Negative feedback counteracts a change; increased prey can support more preda-
tors, whose feeding reduces prey, with delays potentially causing oscillations. Pos-
itive feedback reinforces a change; warming reduces reflective ice, increasing ab-
sorbed sunlight and further warming. Neither feedback sign is a judgement of
social benefit.

A tipping point is a critical transition threshold, not necessarily an exactly known
number. Functional diversity and suitable recovery traits/connectivity can help
resilience, depending on the disturbance. Large stores or fast reproduction alone
do not guarantee recovery.

0.015 x 800000 = 12000 m? a year. Harvest exceeds this net growth by 3000 m?3,
reducing the stock. Harvest within this modelled income would still require checks
on growth assumptions and habitat impacts.
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11.

12.

13.

14.

9.0 x 107

2.0 x 107
Deficit: 2.0 gha per person. The ratio is 1.8; this is a regional accounting deficit,

which needs trade, depletion and carbon-emission evidence for interpretation.

Footprint: = 4.5 gha per person. Biocapacity: 2.5 gha per person.

Provisioning: food or timber. Regulating: carbon storage or flood control. Sup-
porting: soil formation or nutrient cycling. Cultural: recreation or spiritual value.
The inner limit is the social foundation; the outer limit is the ecological ceiling.
Success means meeting needs within these limits, not maximising production alone.
ETAs assess impacts before decisions and support public participation. Weak base-
lines, uncertain predictions and conflicts of interest limit reliability; approval and
effective mitigation are not guaranteed.

Exam tips

Show working and units; trace feedback; separate evidence, assumptions and values;
justify a balanced conclusion at a stated scale.
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Ecology

International Baccalaureate - IB Diploma - Environmental Systems
and Societies - SL

Scope and prerequisites

This handout teaches Topic 2, Ecology (2.1 Individuals, populations, communities
and ecosystems; 2.2 Energy and biomass in ecosystems; 2.3 Biogeochemical cycles;
2.4 Climate and biomes; 2.5 Zonation, succession and change in ecosystems), for the
course first assessed in 2026. This copy teaches the common SL understandings. The
separate HL. extensions are omitted from this copy.

Prerequisites: Topic 1 (systems, storages and flows, feedback, the laws of thermody-
namics). Simple biology helps: photosynthesis, respiration and food chains.

Individuals, populations and communities

B Fourteen wolves

In 1995, 14 grey wolves were reintroduced to Yellowstone; more followed. Predator
recovery created opportunities to investigate links among wolves, elk, vegetation and
other species. Some vegetation changes are consistent with a trophic cascade, but the
size and causes of particular effects require evidence about other predators, hunting,
water, climate and site selection. The National Park Service describes this continuing
research. A before-and-after association is not by itself proof that wolves alone changed
every river. The central question is how direct and indirect interactions connect a
community.

B Levels of organisation

o Under the biological species concept, a species ¥Jf comprises populations capable
of interbreeding to produce viable fertile offspring and reproductively isolated from
others. This concept has limits for fossils, asexual organisms and some hybridising
groups; identification can use several kinds of evidence.

o A population Fpf¥ is a group of organisms of the same species living in the same
area at the same time.

e A community #£7% is all the populations of different species living and interacting
in an area.

o An ecosystem 4 FA S is a community together with its physical (non-living)
environment.

o A habitat 51 is the place where a species normally lives.

o A niche #3517 is the role of a species in its ecosystem: where it lives, what it
eats, when it is active and how it interacts with other species.
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( )
ecosystem: community + physical environment
I ) ™
community: all populations
4 ] ] \ - |
population: one species _ )
sunlight, water, soil,
A temperature (abiotic)
A
O "
individual A A
\_ ) other species
.
. J

Individual, population, community, ecosystem: each level contains the one before.

Record scientific names as genus followed by specific epithet, for example Canis lupus;
a shared genus alone does not identify the species. To help identify the species you

sample, use a dichotomous key ;2 FR: a series of paired questions (“leaves
opposite or alternate?”) that leads to one name.

B Abiotic and biotic factors

o Abiotic factors JF4Y K are the non-living parts of the environment: temper-
ature, light, water, pH, salinity, soil type, wind and oxygen.

« Biotic factors E¥J[H & are the living parts: food, predators, competitors, para-
sites and disease.

Each species can survive only within a range of each abiotic factor, its range of
tolerance [ 52 JE[E.

absent stress optimum range stress absent

lower limit

upper limit
of tolerance

of tolerance

number of
individuals

abiotic factor, e.g. temperature -

A tolerance curve: a species does best in its optimum range and is absent beyond its
limits

You can measure abiotic factors in the field: a thermometer or temperature probe, a
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light meter, a pH meter or indicator, a soil moisture probe, an anemometer for wind
speed, and a dissolved oxygen meter for water. Measure at the same time of day,

repeat the readings, and record the weather, because many factors change through
the day.

® How populations grow

With plenty of food and space and no predators, a population grows faster and faster:
each new generation has more parents than the last. This exponential growth
FaE K gives a J-curve. The exponential model does not itself contain a crash.
Resource depletion, a changed environment or delayed regulation can end that phase;
a boom-and-bust model needs an additional assumption.

More often, growth slows as the population gets bigger, giving an S-curve (a sigmoid

curve ZHEHTHIZR):
« lag phase: few individuals, so few births;
o exponential phase: resources are plentiful and numbers grow quickly;

o transitional phase: limiting factors fR#i|[X 2 such as food, space, predators
and disease slow the growth;

o plateau: in the simple closed model births equal deaths, and the population stays

near its carrying capacity 457K # /7 (K), the largest population the environ-
ment can support for a long time.

exponential phase

+ assumed crash S-curve

assumed —

‘ carrying capacity K
resource failure

\

transitional
(slowing)

plateau

exponential
growth

population size
population size

<= rapid growth

time time
Growth models: a crash requires changed conditions; logistic growth slows under
density dependence

The plateau is kept steady by negative feedback /1 Jz /5t (Topic 1). Above K, food
runs short, so deaths rise and numbers fall; below K, there is more food per individual,
so numbers rise. Density-dependent factors % & | ZJ[H Z (food supply, disease,
predation) act more strongly in a crowded population. Density-independent fac-
tors RSB HIZHE (a flood, a frost, a fire) act without their intensity being deter-
mined primarily by population density. Exposure and vulnerability can still vary; the
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label does not guarantee an identical fraction dies in every population.

B Interactions between species

Interaction

What happens

Example

Competition 34+

Predation #i&

Herbivory {8

Parasitism 274

Mutualism H fl| A=

Disease ¥

Both need the
same limited
resource; both lose

A predator kills
and eats its prey

An animal eats
plants

A parasite lives on
or in a host and
harms it

Both species gain

A pathogen harms
the host

Lions and hyenas for prey (between
species); two oak seedlings for light
(within a species)

Wolf and elk; lynx and snowshoe
hare

Elk browsing on willows

Tapeworm in a pig; mistletoe on a
tree

Bees pollinate flowers and get
nectar; nitrogen-fixing bacteria in
bean roots

Chytrid fungus killing frogs
worldwide

Clownfish shelter among sea-anemone tentacles while the anemone gains food scraps
and defence: a mutualism

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL e 2 Ecology

@® exercises.lol exercises.com.cn



== prey (hares) == predator (lynx)

lag

100 +

(0]
o
1

population size
(thousands)
[e)]
o
1

IN
o
1

20

time / years

The predator population peaks a little after the prey population, because predators
need time to breed

Predator and prey numbers often rise and fall in linked cycles: more prey feeds more
predators; more predators eat more prey, so prey numbers fall; then predators starve
and fall, and the cycle repeats. This is negative feedback.

A keystone species FEE¥H)ff has a much larger effect on its ecosystem than its
numbers suggest. Remove it and the community changes greatly. Wolves in Yellow-
stone, sea otters (which eat sea urchins that would otherwise destroy kelp forests) and
beavers are examples.

B Sampling populations

A complete census may be impractical, so representative sampling can estimate abun-
dance with uncertainty. A random [t design gives eligible locations a known se-
lection chance. A systematic 2%t design samples at fixed intervals, preferably with
a random start; periodic habitat structure can still bias it. Stratify a patchy habitat
and sample each stratum with appropriate area weighting rather than choosing the
richest patches.
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Locations chosen before looking for plants
g 41
-
2
£ 3]
©
—
8
S 21
S
Q
iC ]
0 T T T T 1
0 2 4 6 8 10

Field coordinate / m
Quadrat positions chosen before looking at the plants avoid sampling bias

o A quadrat ££J7 is a square frame of known area, such as 0.25 m? (50 cm x 50
cm). Place quadrats at random coordinates using random numbers on a grid.

o A transect Ffif7 is a line across a habitat where you sample at regular intervals.
Use it where conditions change, such as from a path into a wood or up a beach.
Record an abiotic factor at each point too.

o In a quadrat you can record population density Ffi#f% & (number per m?),
percentage cover 7 5% (how much of the quadrat a species covers, for plants
hard to count) or frequency #iJE (the percentage of quadrats in which a species
appears).

Worked example: estimating a plant population. In a 2000 m? field, ten
random 0.25 m? quadrats contain 46 daisy plants in total.

o Mean per quadrat = 46 =+ 10 = 4.6 plants.
e Density = 4.6 +~ 0.25 = 18.4 plants per m?.
o Estimated population = 18.4 x 2000 = 36 800 plants.

Quadrats can suit sessile or sufficiently slow-moving animals as well as plants. For

suitable mobile animals, use capture—mark-release-recapture ;& EHj¥E and
the Lincoln index #5544

_M><C
R

where M is the number caught and marked the first time, C' the total caught the
second time, and R the number in the second catch that were already marked.

N

Worked example. 40 beetles are caught, marked with a dot of paint and released.
Two days later 50 are caught, and 8 of them have marks. N = (40 x 50) + 8 = 250
beetles.

The method assumes that marked animals mix fully into the population, that marks
are retained and marking does not affect survival or capture probability, and that no
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animals are born, die, arrive or leave between the two samples. Violations can bias the
estimate, with the size and direction depending on the mechanism; sampling variation
remains even when assumptions are reasonable. For example, if marks wear off, R is
too small and N is too large.

B Comparing communities

Species richness ¥ & & is the number of species. Species diversity #jfh £
P also takes into account how evenly the individuals are shared among the species.
Simpson’s reciprocal index 3 ZRFIZF5 4L measures diversity:

site A site B
20 A 20 A 18
o 15 same richness (3 species),
E 10 same N = 20;
g 1w 10 A is more even, so more diverse
° 6
£
5 4 5
1 1
0 = 0 [ 1L 1 5
D =29 D=12

Same richness, different evenness: the more even site has the higher diversity index
N(N —1)
>on(n—1)
where N is the total number of individuals and n the number of each species. A higher
D indicates greater richness/evenness under this specified index. It is undefined for

fewer than two individuals or a zero denominator, so do not divide by zero. Do not
mix this reciprocal formula with another index also called Simpson’s index.

D:

Worked example. Site A has three species with 10, 6 and 4 individuals; site B
has the same three species with 18, 1 and 1.

e Both: N =20,s0 N(N —1) =20 x 19 = 380.

e Site A: Y n(n—1)=90+30+ 12 =132, so D = 380 + 132 = 2.9.

e Site B: Y n(n—1) =306+ 04 0= 306, so D = 380 + 306 = 1.2.

The richness is the same, but site A is more diverse because its individuals are shared

more evenly. A low or falling index can be a sign of pollution or disturbance. Only
compare indices for similar habitats sampled in the same way.

Energy and biomass in ecosystems

B Producers, consumers and decomposers

o Producers 4773 (autotrophs) make their own food. Most use sunlight in pho-
tosynthesis Y& 1Ef:
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6CO, + 6H,0 &% CyH1,04 + 60,

o Consumers j#%# (heterotrophs) get their energy by eating other organisms.
Herbivores are primary consumers; carnivores that eat them are secondary con-
sumers, and so on.

« Decomposers 43t (bacteria and fungi) break down dead matter and wastes
and release nutrients back to the soil.

o Aecrobic respiration FEIZA/ER] of glucose uses oxygen:

CﬁHlQOG + 602 — 6002 + 6HQO + energy

Photosynthesis transforms light energy into chemical energy and stores it in biomass.
Respiration transforms that chemical energy into energy the organism can use, and
finally into heat, which leaves the ecosystem.

B Food chains, food webs and trophic levels

A food chain 4% shows one route of energy from a producer through consumers:
grass — rabbit — fox. The arrow means “is eaten by”, so it shows the direction energy
moves. Each step is a trophic level & 3:4. Real feeding links form a food web &
P¥, where most animals eat, and are eaten by, several species.

B Why food chains are short

Energy enters as sunlight and leaves as heat: it flows through the ecosystem in one
direction and is not recycled. At each trophic level, most of the energy taken in is not
passed on, because:

10 at each step about 90% does not pass on:
= heat from respiration

= parts not eaten

= faeces not absorbed

= deaths not eaten (to decomposers)

100

1000

producers 10 000

illustrative energy units with 10% transfer; widths to scale

Each trophic level passes on only about a tenth, so chains stay short

« most is released as heat in respiration (the second law of thermodynamics);
 some parts are not eaten (roots, bones, fur);

e some is not absorbed and leaves as faeces;

o some organisms die and are not eaten, so their energy goes to decomposers.
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Transfer efficiency varies greatly with organisms and conditions. The illustrated 10%
steps are an assigned model, not a universal fixed value or a reliable cross-ecosystem
average. Limited production constrains higher trophic levels but does not set an exact
four- or five-level maximum.

B Ecological pyramids

o A pyramid of numbers %[ &4 5% shows how many organisms are at each level.
It can be inverted: one oak tree supports thousands of caterpillars.

o A pyramid of biomass ¥ 4 F 15 shows the mass of living material at each
level, in g m™2 (dry mass). It is usually a pyramid, but can be inverted in the sea,
where tiny algae reproduce so fast that a small mass at one moment feeds a larger
mass of zooplankton.

o A pyramid of productivity 4= ;471 (pyramid of energy) shows the flow
of energy through each level over time, in kJ m~=2 y~!. It is never inverted, because
each level can only pass on part of the energy it receives.

10 tertiary consumers
assigned 10 % transfer
100 secondary consumers
assigned 10 % transfer
1000 primary consumers
assigned 10 % transfer
10 000 producers

energy in k] m=2 y~=* (not to scale)

Assigned productivity values illustrate 10% transfers; actual efficiencies vary

B Biomagnification

Bioaccumulation is an increasing body burden over time when uptake exceeds elim-
ination. Biomagnification A ¥ K is increasing concentration across trophic levels
in a food web. Persistence, uptake, elimination and diet all matter; an organism does
not retain every molecule from every prey item forever. Some DDT-related compounds
are fat-associated, but methylmercury binds strongly to proteins in fish muscle, as de-
scribed in EPA’s fish-contaminant guidance. “All mercury is stored in fat” is incorrect.
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DDT concentration

()

fish-eating bird .‘:',!". 4 25 ppm

Se ..‘

°® °. % o
large fish e s 2 ppm
s ° o
[}
[ ]
Il fish .
small fis ~ . A - 0.5 ppm
[ J
zooplankton ° . 0.04 ppm
o

water 0.000003 ppm

Biomagnification: DDT concentration rises at each trophic level

Concentration example: water 0.00005 ppm, plankton 0.04 ppm, small fish 1 ppm
and a fish-eating bird 25 ppm, on stated comparable analytical bases. The bird-to-
water ratio is 25/0.00005 = 500000. These are not claimed measurements from a
named marsh study. A ratio alone does not establish the mechanism; distinguish tis-
sue type, wet/dry mass, chemical form and exposure. DDT-related DDE can cause
eggshell thinning in susceptible birds, but that effect is not a property of every persis-
tent pollutant.

Microplastics can be ingested and can carry sorbed contaminants or additives. Their
importance as a chemical-exposure route depends on the material, chemical, environ-
ment and other exposure routes; ingestion alone does not establish biomagnification
or identical harm in every species.

Biogeochemical cycles

B Matter cycles, energy flows

The Earth is almost a closed system for matter, so the same atoms are used again and
again. A biogeochemical cycle 4 ¥ Bk{b2#1EFF moves an element such as carbon
or nitrogen between living things (bio), rocks (geo) and the air and water (chemical).
A store is an amount; a sink j[. takes up more than it releases over a stated interval,
while a source JJii releases more than it takes up. A large store can change from sink
to source, so size alone does not determine its net role.
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Carbon dioxide measured at Mauna Loa since 1958: a yearly ripple on a steady rise

B The carbon cycle

atmosphere (CO5)

5 s
< .Q
5 3 5 g
i I b

photosynthesis 2z 3 S 3
& S 2 §

N S Q Q = )

Q 4] o 0

O < ) T

L = <

ing 3 L

~ ” ®

I T~~~ — . ————
/ death,
waste
- oceans
soil and dead
organic matter
o shells and

sediments

fossilisation

very slow
(a7 ) fossil fuels extracted CI. ]
imestone

storages in boxes, flows on arrows; not to scale

The carbon cycle: storages (boxes) and flows (arrows)

Rounded carbon-store scales are approximate teaching estimates, not one contempo-
raneous measured inventory. Use Gt C for carbon mass; Gt CO, differs by a factor
44/12.
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Storage Carbon (approximate, Gt C)

Atmosphere 900

Living plants and animals 450 to 650
Soil and dead organic matter 1500 to 2400
Oceans (mainly dissolved) 38 000

Fossil fuels 1000 or more

Sedimentary rock (limestone) more than 60 000 000

Carbon moves between storages by flows at very different rates. Large opposing nat-
ural fluxes occur through photosynthesis and respiration; distinguish plant respiration
from total land respiration and use a dated dataset for numerical budgets. Even large
fluxes can nearly cancel, so a smaller imbalance can drive atmospheric change; carbon
can stay in limestone for millions of years. The time a carbon atom typically stays in
a storage is its residence time {585 I} [A].

B People and the carbon cycle

Burning fossil fuels and making cement add about 10 Gt C a year to the atmosphere.
Clearing and burning forests adds about 1 Gt C more.

About half of this extra carbon is taken up by the oceans and by land plants; the
rest stays in the air. The carbon dioxide concentration in the atmosphere has risen
from about 280 ppm before the Industrial Revolution to a NOAA global annual
mean of 422.8 ppm in 2024. This strengthens the greenhouse effect (Topic 6).

Carbon dioxide dissolving in the oceans makes them more acidic. Average surface
pH has fallen from about 8.2 to 8.1, which gives a hydrogen-ion activity ratio 10%! =
1.259, about 26% higher for these rounded values. This is ocean acidification
W EERR 4. The ocean remains alkaline overall, but reduced carbonate availability
can make it harder for corals, shellfish and some plankton to build their calcium
carbonate shells.

People can increase carbon sinks by planting forests, protecting wetlands and peat,
and storing carbon underground (carbon capture and storage).

about half taken up
by oceans and land;
the rest stays in the air

atmosphere: COy about 280 ppm —
422.8 ppm (NOAA, 2024)

~10 Gt C/yr

~1

fossil fuels forest clearing ocean uptake
and cement and burning pH 8.2 — 8.1

land plants

Human carbon additions and where they go
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Climate and biomes

B Weather and climate

Weather K75 is the state of the atmosphere at a place and time: today’s temperature,
rain and wind. Climate S f& describes weather statistics, including averages, vari-
ability and extremes, over an appropriate long period; 30-year normals are commonly
used.

A tropical rainforest: warm and wet all year, with dense, layered vegetation
competing for light

A desert: very low precipitation, so only sparse, drought-adapted life survives

The equator receives more sunlight per square metre than the poles. There the Sun
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is high in the sky and its rays pass through less atmosphere. Near the poles the same
energy is spread over a larger area. The atmosphere and oceans move heat from the
equator towards the poles.

B The tricellular model

The tricellular model =& i explains the main pattern of winds and rain in
each hemisphere with three cells of circulating air.

rising air: sinking air: rising air: sinking air:
cloud, heavy rain dry, clear skies cloud, rain cold, dry

I

I

PP |
/ \
| [
Hadley cell Y Ferrel cell * | I
I (eddy-driven) | DO GIECE
\\____*____.4/
| | | |
0° 30° 60° 90°
L trade winds H terli L polar H
(easterlies) westerlies easterlies
equator: low high pressure: low pressure: pole: high
pressure, ITCZ hot deserts mid-latitude storms pressure

one hemisphere, idealised zonal mean; heights not to scale

The tricellular model of atmospheric circulation (one hemisphere)

o At the equator, strong heating makes air rise. Rising air cools, and its water
vapour condenses to form clouds and heavy rain. This belt of low pressure is the
inter-tropical convergence zone #iifE G (ITCZ).

e The air flows towards the poles high up, cools and sinks at about 30° north and
south. Sinking air warms and becomes dry, giving high pressure and clear skies.
Most hot deserts, such as the Sahara, lie here.

o Air rises again at about 60°, giving rain in places such as north-west Europe, and
sinks at the poles, which are cold and dry.

The ITCZ moves north and south with the seasons, which is why many tropical places
have a wet season and a dry season. Ocean currents also carry heat; for example, the
North Atlantic Drift keeps western Europe mild.
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B Biomes

A biome AYHE AR is a group of ecosystems with similar climate and similar types
of plants and animals, such as tropical rainforest or desert. Temperature and precip-
itation strongly influence biome distributions through water availability and growth,
alongside seasonality, soil, disturbance, topography and human land use.

4000 -+

3500 A

3000 +

2500 +

2000 A

1500 ~

precipitation / mm

1000 -+

500 ~

simplified: real biomes overlap

tropical
rainforest

taiga

temperate
forest

savanna

tundra

grassland

hot desert

T
-10

0

10

20 30

mean annual temperature / °C

A simplified climatic envelope helps interpret biomes; annual means do not uniquely
determine every local community

Biome

Climate

Productivity and features

Tropical rainforest

Desert

Temperate grassland
Temperate forest
Taiga (boreal forest)

Tundra

Hot all year, more
than 2000 mm rain

Less than 250 mm rain

Mild, 250 to 750 mm
rain

Mild, wet, four seasons

Long cold winters,
short summers

Very cold, short
growing season;
permafrost common

Often high NPP /diversity; rapid
cycling and leaching; soil

depth /fertility vary

Low NPP; plants store water,

animals active at night

Grasses; deep fertile soil, much
used for farming

Deciduous or evergreen forests,
depending on climate

Conifers; slow decomposition,
acid soils; large carbon store

Low NPP; mosses, lichens, small
plants; huge carbon store in
frozen soil
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Climate change is moving biome boundaries towards the poles and up mountains.
Species that cannot move fast enough, or that are already on mountain tops, may die
out. Thawing permafrost releases carbon dioxide and methane, a positive feedback
that adds to warming.

Zonation and succession

B Zonation

Zonation 73 P4 is the change in communities across space along an environmental
gradient. Examples are bands of vegetation up a mountain, as temperature falls with
height, and bands of seaweeds and animals up a rocky shore, as the time out of the
water increases. Zonation is a pattern in space; succession is a change over time.

B Succession

Succession j## is directional community change over time through colonisation,
interactions, environmental change and disturbance. Different pathways can occur,
rather than one inevitable march to forest. A seral stage j##: [ B is one community
in the sequence; a sere is the whole succession sequence.

Lichens growing straight on bare rock. As pioneer species they slowly break the rock
down and build the first thin soil

o Primary succession Jii/E ¥ starts on bare ground with no soil, such as new
volcanic rock, sand dunes or ground left by a retreating glacier.

« Secondary succession {K4:j# % starts where soil already exists but the commu-
nity has been removed, as after a fire, a flood or an abandoned field. Recovery is
often faster when soil, roots or seed banks remain, but disturbance intensity and
subsequent conditions matter.
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A typical primary succession on bare rock:

1. Pioneer species 44 fh such as lichens and mosses arrive first. They tolerate
extreme conditions. They slowly break up the rock, and when they die they add
organic matter, so a thin soil begins to form.

2. Grasses and small plants grow in the thin soil. Their roots and dead remains make
the soil deeper and better at holding water and nutrients.

3. Shrubs, then fast-growing trees, shade out the smaller plants.

4. A relatively persistent climax community TifEEE7% is a useful classical model
for the prevailing conditions. It need not be oak forest, and disturbances can
maintain a shifting mosaic rather than one permanent endpoint.

- bhiomass - species diversity
= = 50il depth net ecosystem production

relative index
(curves scaled separately)

bare lichens, grasses shrubs trees climax
rock mosses forest

relative succession time (illustrative) —»

How an ecosystem changes during succession

During succession:

e soil becomes deeper and richer in organic matter and nutrients;

e biomass, food-web complexity and gross productivity increase;

o life-history traits can change as establishment conditions and competition change;
there is no obligatory binary replacement rule;

» species diversity usually rises, and may fall a little at the climax when a few dom-
inant species out-compete others;

« net ecosystem production, NEP = GPP — Rcosystem, can approach zero when
total ecosystem carbon uptake and respiration balance. NPP subtracts producer
respiration only and can remain substantial in a mature ecosystem, supporting
consumers and decomposers. Near-constant biomass is not evidence that photo-
synthesis or NPP has stopped.

Rapid maturity and many offspring (r-associated tendencies) can favour colonisation;

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL e 2 Ecology

® exercises.lol exercises.com.cn



longer life and greater competitive persistence (K-associated tendencies) can suit es-
tablished communities. These traits overlap. A classical climax is a dynamic model,
not an inevitable endpoint: the Vera wood-pasture hypothesis proposes that large
herbivores can help maintain mosaics of open and wooded habitat. Grazing, fire and
other disturbances can sustain alternative states.

B Plagioclimax

Human activities can stop succession before the climax. The community held at that
stage is a plagioclimax ffi& 74%. Examples are grazed grassland and moorland
managed by burning. If grazing or burning stops, succession may change direction
again, depending on climate, soils, seed sources and disturbance; woodland is not the
inevitable outcome everywhere.

Exam tips

o Show units and assumptions; distinguish stocks from rates, zonation from succes-
sion, and producer NPP from ecosystem balance.

Practice

1. Distinguish a habitat from a niche, with examples.

2. (a) Describe the phases of an S-shaped population growth curve, and explain why
the population levels off. (b) Distinguish between density-dependent and density-
independent factors, with an example of each.

3. Explain what is meant by a keystone species, with an example.

4. Twelve 0.5 m? quadrats contain a total of 30 thistles in a 600 m? field. Estimate
the thistle population.

5. 60 snails are marked and released. Later, 45 snails are caught, of which 9 are
marked. Use the Lincoln index to estimate the population, and state two assump-
tions of the method.

6. A pond has three species with 12, 5 and 3 individuals. Calculate Simpson’s recip-
rocal index.

7. (a) Explain why a pyramid of productivity can never be inverted, but a pyramid of
numbers can. (b) Outline three reasons why energy is lost between trophic levels.

8. Explain biomagnification, using DDT as an example.

9. Outline how human activities change the carbon cycle, and describe one effect of
this.

10. Use the tricellular model to explain why tropical rainforests are found at the equa-
tor and hot deserts at about 30° north and south.

11. Distinguish primary and secondary succession, explain changes in soil, biomass and
diversity, and explain a plagioclimax. Why does steady ecosystem carbon storage
not imply that producer NPP is zero?
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Answers.

1.

10.

11.

A habitat is where an organism lives; a niche concerns its conditions, resources
and interactions. A lake can contain species with different feeding, timing and
habitat-use niches.

. (a) An S-curve has slow initial absolute increase, rapid growth, slowing and an

approximate density-regulated plateau. Births balance deaths in the closed model,
open populations also exchange migrants. Conditions and carrying capacity can
change. (b) Density-dependent effects (food competition, disease) strengthen with
crowding; density-independent events (frost, flood) need not.

A species whose effect on the ecosystem is much larger than its numbers suggest;
removing it changes the community greatly. Sea otters eat sea urchins; without
otters, urchins destroy kelp forests.

Mean = 30 + 12 = 2.5 per quadrat; density = 2.5 = 0.5 = 5 per m?; population
=5 x 600 = 3000 thistles.

N = (60 x 45) =9 = 300 snails. Assumptions (any two): marked snails mix fully
with the population; marks are not lost; marking does not change survival; no
births, deaths or migration between samples.

N =20, N(N—-1)=380; > n(n—1)=1324+20+6 = 158; D = 380+ 158 = 2.4.
(a) Productivity is energy flow over time, and each level receives only part of the
energy of the level below, so each bar must be smaller. Numbers can be inverted
because one large producer (a tree) can feed many small consumers. (b) Any
three: energy released as heat in respiration; parts not eaten (roots, bones); food
not absorbed and lost in faeces; organisms that die and are not eaten pass their
energy to decomposers.

Persistent DDT-related compounds can accumulate when uptake exceeds elimina-
tion and rise in concentration along feeding levels. DDE can thin susceptible birds’
eggshells.

Combustion, cement production and land-use change increase net atmospheric
carbon despite partial natural uptake. Added CO, enhances greenhouse warming

and lowers ocean pH and carbonate availability; seawater need not fall below pH
7.

In the idealised circulation model, warm moist air rises near the equator, cools and
can produce rain. Descending subtropical air warms, lowering relative humidity
and favouring dry regions. Seasonal convergence-zone shifts and local conditions
mean neither uniform year-round equatorial rain nor a desert at every 30-degree
location is guaranteed.

Primary succession starts without developed soil; secondary succession retains soil
or other legacies. Colonists can build soil, enabling later plants; biomass and
diversity depend on conditions and disturbance. NEP subtracts total respiration
from GPP, whereas NPP subtracts producer respiration and can remain positive.
Repeated grazing or burning can hold a plagioclimax.
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Biodiversity and conservation

International Baccalaureate - IB Diploma - Environmental Systems
and Societies - SL

Scope and prerequisites

This handout teaches Topic 3, Biodiversity and conservation (3.1 Biodiversity and
evolution, 3.2 Human impact on biodiversity, 3.3 Conservation and regeneration), for
the course first assessed in 2026. This SL copy omits the separate HL extensions.

Prerequisites: Topic 1 (perspectives, systems and sustainability) and common Topic
2 ideas about populations, habitats and representative sampling.

Biodiversity and evolution

B The goddess of the Yangtze

The baiji (Lipotes vexillifer) is a Yangtze river dolphin listed as Critically Endangered
(Possibly Extinct) in the cited ITUCN assessment. Failure to find it in a major survey is
grave evidence, but 'possibly extinct’” and a confirmed extinction category are different
claims. Its neighbour, the Yangtze finless porpoise, faces fishing, traffic and habitat
pressures too. A 2022 survey reported 1249 porpoises; a dated estimate is not an
exact census or proof that recovery is permanent. Conservation starts by naming the
organism, evidence and uncertainty accurately.

B What biodiversity means

Biodiversity ) Z #: is the variety of life on Earth. It has three levels:

A coral reef is one of the most biodiverse habitats on Farth: many species of coral,
fish and invertebrates share it
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o Genetic diversity j5{& 2 -4 inherited variation within a species. Variation
can provide different responses to disease or environmental change; more variants
do not guarantee survival in every circumstance.

o Species diversity ¥ fhZ 5 1E: the variety of species in an area. It depends on
species richness ¥ F & & (the number of species) and evenness -] (how
equally the individuals are shared among them).

o Habitat diversity E3i 2 the variety of habitats or ecosystems in an area,
such as forest, river, marsh and grassland.

Il Site A
Im Site B

Individuals

Species 1 Species 2 Species 3

Same richness, different evenness: site B is more even

Worked example. Both sites have 3 species and 10 individuals, so N(N — 1) =
10 x 9 = 90. Using Simpson’s reciprocal index (Topic 2):

e Site A: Y nin—1)=8x74+0+0=56,s0 D =90-+56=1.6.
e SiteB: S n(n—1)=4x3+3x2+3x2=24, 50D =90+ 24 =38,

Under this formula, site B is more diverse. The finite-sample expression can exceed the
observed richness; do not force it into a 0-1 range or mix it with another Simpson con-
vention. Dominance alone does not prove impending community collapse: functions,
interactions and the disturbance matter.

B How many species?

A species catalogue counts described taxa; an estimate of total richness also includes
organisms not yet described. Mora and colleagues’ 2011 model estimated about 8.7
million eukaryotic species, including groups beyond animals, plants and fungi. This is
a model estimate, not an exact current inventory or a total for bacteria and archaea.
Identification effort and taxonomic revision change recorded counts. Local citizens,
trained parabiologists, museums and agencies can help document biodiversity when
records have locations, dates, identification evidence and suitable permissions.
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B Evolution by natural selection

Evolution #{ is change in inherited characteristics across generations; not every
evolutionary change creates a new species. Natural selection H#X1%E$¢ acts through
differences in reproductive success:

1.

Speciation ¥ E il is the formation of a new species.

Individuals in a population vary, and much of this variation is inherited. New
variation comes from mutation and sexual reproduction.

Populations produce more offspring than the environment can support, so there is
a struggle to survive.

Individuals differ in survival and reproductive success under the stated conditions.
Fitness concerns contribution to later generations, not simply strength or lifespan.

They pass these characteristics to their offspring, so the characteristics become
more common over generations.

It often happens when

populations are separated by a barrier.

1 one 2 a barrier 3 populations 4 reproductive
population divides it may diverge isolation
¢ @ .0 .0 .0 .l .0 .l
[ J () () [ J [ ] [} [ ]
® 9 L) L) L) L %o L
o ° o o o o e o | n ° o B© (]

one possible
outcome

Speciation by geographical isolation

A barrier can reduce gene flow: geographical isolation HiF [ % allows separated
populations to diverge through selection, mutation and drift. Reproductive isolation
may eventually develop, but a barrier does not guarantee it. Habitat or mating differ-
ences can also restrict interbreeding without a complete physical barrier. Use evidence
about inherited differences and reproduction, not appearance alone.

Human impact on biodiversity

B The scale of the loss

The Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Ser-
vices (IPBES) estimated in 2019 that about 1 million species are threatened with
extinction.

The 2024 Living Planet Report reported a 73% decline in its index of monitored
vertebrate populations between 1970 and 2020. This concerns proportional popu-

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL e 3 Biodiversity and conservation

® exercises.lol exercises.com.cn



lation trends, not 73% of species becoming extinct or a census showing 73% of all
individual animals lost.

« The planetary boundary for biosphere integrity (Topic 1) has been crossed.

Clearing forest destroys habitats and reduces biodiversity.

B Causes of biodiversity loss

The main causes of loss are often remembered as HIPPO, plus climate change:

The invasive vine kudzu smothering a stand of trees. With no natural predators in its
new home, it blankets and kills what it covers
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soil washed away
(no roots)

less biodiversity
& extinction

deforestation (cutting down forests)

more flooding [more CO: in the air]

Deforestation lowers biodiversity and causes erosion, flooding, and higher CO2

Cause How it harms biodiversity Example
Habitat loss Clearing land for farms, towns and  Rainforest cleared
i E #3224k and roads destroys habitats and cuts for cattle, soya and
fragmentation the rest into small, isolated patches oil palm
A SR
Invasive species Some introduced species establish Cane toads in
A=Y Fh and spread, competing with, Australia; water
consuming or infecting native hyacinth in Chinese
species lakes
Pollution 54t Pesticides, fertiliser runoff, plastics ~ Eutrophication
and noise harm organisms killing fish (Topic 4)
Population growth  More people using more resources Growing demand for
and consumption increases every other pressure food, land and water
Overharvesting Hunting, fishing and collecting Overfishing of cod;
o 5 faster than populations can recover  poaching of rhinos
for horn
Climate change Species cannot move or adapt fast Coral bleaching;
etk enough as conditions change mountain species
with nowhere higher
to go

The dominant pressures differ among ecosystems. Land/sea-use change and direct
exploitation are major drivers; climate, pollution and invasive species interact with
them. An introduced species is not automatically invasive, and a native outbreak is
not automatically an alien invasion.

Fragmentation makes small patches with a lot of edge. At an edge the conditions
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change: more light, more wind, drier air, and more predators and invasive species.
These edge effects 1 2%V mean a small patch has little true interior habitat.
Small isolated populations face drift and inbreeding; restricted gene flow can increase
vulnerability. Edge conditions depend on the boundary and species: an edge can
favour some organisms while harming interior specialists.

B Shared resources and interacting pressures

An open-access resource can be overused when each user gains privately from an extra
harvest but shares the resulting depletion with everyone. This is a tragedy-of-the-
commons mechanism, not proof that all shared ownership fails. Communities can set
enforceable rules, access rights, seasonal closures and monitoring. Overfishing and
plastic inputs to shared seas illustrate different problems: one removes organisms, the
other adds persistent material. Prevention needs attention to incentives, enforcement
and alternatives, not simply a request that individual users care more.

a shared each user adds the cost of overgrazing:
resource: > one more cow: |& overuse is shared |» the resource
pasture, fishery private gain by everyone collapses

solutions: regulation, quotas, fees, private or community ownership

The tragedy of the commons: private gain, shared cost

For a fishery, annual stock growth is 120 tonnes and combined catches are 150 tonnes;
ignoring other flows, the stock falls by 30 tonnes. Dividing a 120-tonne allowance
among boats does not establish that it is safe under changing recruitment or ecolog-
ical needs. Warming, fragmented nursery habitat and pollution can lower recovery
simultaneously. Compare threatened populations before and after management using
suitable controls rather than attributing every improvement to the most visible action.

B Why some species are more at risk

A species is more likely to become extinct if it has:

o a small population or a small geographical range;
 anarrow niche, such as one food source (the giant panda eats almost only bamboo);

a low reproductive rate (K-strategists, such as elephants and great apes);

a large body and a high trophic level, needing a large area;

low genetic diversity;
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« commercial value, so it is hunted or collected;

« a migration route that crosses many countries, so it depends on habitat in all of
them.

B The ITUCN Red List

The International Union for Conservation of Nature (IUCN) publishes the Red List
2] {0, 4, 53¢, which assesses the risk of extinction of species. It uses criteria such as
population size, rate of decline, geographical range, degree of fragmentation, and the
number of mature individuals.

Threatened categories: VU, EN, CR

m Extinct: no individuals left

Extinct in the Wild: only captive, cultivated or naturalised outside past range

CR | Critically Endangered: extremely high risk

EN | Endangered: very high risk

threatened

VU | Vulnerable: high risk in the wild

NT | Near Threatened: close to being threatened

LC | Least Concern: does not qualify as threatened or near threatened

DD: insufficient data; NE: not evaluated. Neither means low risk.

IUCN Red List categories

The list raises awareness, guides where conservation money is spent, and supports
laws. Its limits are that most species have never been assessed, data are often poor
(the category Data Deficient (#ift = is used for these), and listing a species does
not by itself protect it.

B Three case histories

o Extinct: the passenger pigeon. In the 1800s it was probably the most common
bird in North America, with flocks of billions. It was hunted on a huge scale and
its forests were cleared. Colonial breeding and typically single-egg clutches could
constrain recovery; a clutch count must not be turned into an unsupported fixed
number per year. The last one, Martha, died in Cincinnati Zoo in 1914.

e Critically endangered: the Yangtze finless porpoise. It is threatened by
fishing nets, boat strikes, dams, sand dredging and pollution. The 2021 fishing
ban, protected reserves along the river and moving some porpoises to safe oxbow
lakes have helped. The 2022 count was higher than in 2017.

 Recovering: the giant panda. Its habitat was cut into small fragments by
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farming and roads. China banned logging in its forests and created more than 60
panda reserves linked by corridors. The wild population rose to about 1860 in a
national survey published in 2015, and in 2016 the IUCN moved the panda from
Endangered to Vulnerable.

passenger pigeon Yangtze finless porpoise giant panda

extinct (last died 1914) critically endangered Endangered — Vulnerable
pressures: huge-scale pressures: nets, boat strikes, (2016)

hunting, dams, sand dredging pressure: habitat fragmented
forest clearance response: 2021 fishing ban, by farming and roads

colonial breeding, small reserves, oxbow-lake refuges response: logging ban, 60+
clutches b g reserves linked by corridors
limited recovery b g

Three case histories: the pressures behind each conservation status

Conservation and regeneration

B Why conserve biodiversity?

Arguments depend on values (Topic 1):

o Intrinsic value WNYZEHE: every species has a right to exist, whatever its use to
people. This is an ecocentric view.

o Instrumental value T E#}{H: biodiversity is useful to people. It provides food,
timber and medicines; for example, the malaria drug artemisinin comes from sweet
wormwood & &, work that won Tu Youyou a Nobel Prize in 2015. It also provides
ecosystem services such as pollination, clean water and flood control, and cultural,

aesthetic and scientific value.

» Functional diversity can support resilience (Topic 1), especially when species re-
spond differently to disturbance; richness alone does not guarantee a particular
recovery rate.
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B Who does conservation?

Governmental organisations Non-governmental
organisations
Examples  United Nations Environment WWEF (World Wide Fund for
Programme (UNEP); national Nature); Greenpeace; local
forestry and parks agencies community groups
Funding Taxes and governments Donations and members
Approach  Laws, international agreements, Campaigns, media, fieldwork,
protected areas direct action
Strengths  Some agencies enforce law; Campaigns and fieldwork;
resources vary independence varies
Limits Mandate and political constraints No legislative power; funding
constraints

two ways to conserve a species

' ™ s ™

in-situ (in the wild) ex-situ (away from the wild)
national parks, zoos, botanic gardens,
marine reserves seed banks, frozen zoos

In-situ and ex-situ conservation protect species

International agreements include the Convention on International Trade in En-
dangered Species Wi f& B 2E s AH Y Fh [E br 5 55 25 2 (CITES, 1973), which bans
or controls trade in threatened species, and the Convention on Biological Diversity.
In 2022 its members adopted the Kunming-Montreal Global Biodiversity Framework,
whose Target 3 aims for at least 30% of terrestrial/inland-water areas and 30% of
marine/coastal areas to be effectively conserved by 2030. Representation, connectiv-
ity, equitable governance and Indigenous/local rights matter as well as area. CITES
regulates international trade in listed species; it does not itself ban every domestic
hunt. The CBD also addresses sustainable use and fair sharing of benefits from ge-
netic resources, including through the Nagoya Protocol. Species protection can be in
situ (in natural habitat) or ex situ (outside it); a trade agreement is a legal measure,
not a place where an animal lives.
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B Species-based conservation

These approaches protect a particular species:

The Svalbard Global Seed Vault stores seeds of crop varieties deep in Arctic rock: ex
situ conservation of genetic diversity

o Captive breeding [&7: %% and reintroduction 5| A: breeding animals
in zoos and releasing them into the wild. Przewalski’s horse, extinct in the wild
by the 1960s, has been bred in zoos and returned to Mongolia and to Xinjiang and
Gansu in China.

e Seed banks ffJ# and botanical gardens store seeds and plants. The Svalbard
Global Seed Vault in Norway holds more than a million seed samples of crops from
around the world.

» Legal protection: hunting bans, trade bans (CITES) and fishing bans.

Conservation often uses a flagship species JEIHF, a large, appealing animal such
as the panda or the tiger, to raise money and public support. Protecting its habitat
can benefit other species, but a flagship’s needs do not automatically represent every
organism.

Species-based conservation can save a species on the edge, but it is expensive, pro-
tects few species, and captive animals may lose genetic diversity or wild behaviour.
Reintroduction can fail if suitable habitat is absent or the original threat remains
unaddressed.
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B Habitat-based conservation

These approaches protect habitats and ecological processes, benefiting many species
without guaranteeing that every population is safe:

o Protected areas f#4/'[X: national parks and nature reserves where development,
hunting or logging is limited.

« Ecological restoration 43545 returning damaged land to a healthy ecosys-
tem, such as replanting native forest or blocking drains to rewet peatland.

o Rewilding F¥{k: restoring natural processes on a large scale and then letting
nature manage itself, sometimes by reintroducing missing keystone species, as with
the wolves of Yellowstone (Topic 2).

The design of a protected area affects how well it works. The ideas come from studies
of islands: larger islands, and islands close to the mainland, hold more species.

several small long and thin separate
@ @
single large compact connected

@ ©@ e

Size/shape pairs have equal total area; corridor adds area.
Dark green: interior under an assigned edge-depth model; trade-offs vary.

Interior habitat under an assigned edge-depth model; no boundary is guaranteed free
of every external influence

o Size: larger areas support larger populations and species with large ranges. But
several smaller reserves spread risk: one disease or fire cannot destroy them all.
This is the SLOSS debate (“single large or several small”).

o Shape: a round shape has less edge for its area than a long thin one, so less edge
effect and more core habitat.

o Corridors 4 FSJERiE: strips of habitat linking reserves let animals move and pop-
ulations mix genes. They can also spread disease or fire.

o Buffer zones ZZ#'[X: land around the core where some human use is allowed,
which reduces disturbance at the core.
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e Local people: reserves work better when local communities benefit, through jobs
in ecotourism or a share in decisions, than when people are simply excluded.

B Comparing the approaches

Habitat-based conservation can protect many interacting organisms and their func-
tions; comparative value depends on the conservation goal, threats, feasibility and
costs. Species-based conservation is needed when a species is so rare that its habitat
alone cannot save it. Most real projects combine both. The panda programme uses
reserves and corridors (habitat) and captive breeding (species).

B Turn protection into a monitored project

An invasive-species plan needs identification, introduction pathways, a realistic control
method and follow-up. At Zealandia in Wellington, a mammalian predator-exclusion
fence is combined with pest removal and continued management. A fence needs in-
spection and responses to reinvasion; exclusion of selected mammals is not exclusion
of every organism or permanent protection without effort.

identify the species _|  control: fence,
and its pathway | removal, biosecurity
X .
respond to protection needs
breaches continuing effort '
monitor: reinvasion, | restore habitat
native recovery | and natives

An invasive-species plan is a monitored cycle, not a one-off fence

Habitat restoration can require active intervention: restore drainage patterns, control
damaging introduced herbivores or regenerate native vegetation before reducing inter-
vention. Rewilding seeks functioning ecological processes, not simply an unmanaged
vacant site. In a UNESCO biosphere-reserve model, a protected core is supported
by a buffer and a transition zone with compatible livelihoods; zoning alone is not
evidence of effective enforcement. Wuyishan provides a named subtropical-forest ex-
ample. Evaluate recreation, roads, surrounding farming, local access and fire or water
movement across the boundary.

Monitor survival, breeding, native regeneration, habitat quality and local acceptance,
not just money spent or hectares announced. Citizen observations need comparable
effort, seasonal coverage, identification checks and protection of sensitive location in-
formation. Threatened status, local abundance and global extinction are different
quantities: a species may recover locally while remaining at risk elsewhere.
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Exam tips

Define the measure, show index working, and judge conservation against ecological
outcomes, feasibility and community rights.

Practice

1.

NS Ot

10.
11.

(a) Define biodiversity and outline its three levels. (b) Distinguish between species
richness and evenness.

Site X has species with 12, 4 and 4 individuals; site Y has 7, 7 and 6. Calculate
Simpson’s reciprocal index for each and state which is more diverse.

(a) Outline how natural selection leads to evolution. (b) Explain how geographical
isolation can lead to the formation of a new species.

Outline four human causes of biodiversity loss, with an example of each.

Explain how habitat fragmentation reduces biodiversity, including edge effects.
State five characteristics that make a species vulnerable to extinction.

Outline the IUCN Red List categories and evaluate the usefulness of the Red List.

Distinguish between the intrinsic and instrumental value of biodiversity, with an
example.

Compare the roles of governmental and non-governmental organisations in conser-
vation.

Evaluate captive breeding and reintroduction as a conservation strategy.
Explain four principles of protected-area design.

Answers.

1.

(a) Biodiversity is the variety of life on Earth. Genetic diversity is inherited varia-
tion within a species; species diversity is the variety of species in an area; habitat
diversity is the variety of habitats or ecosystems. (b) Richness is the number of
species. Evenness is how equally individuals are shared among those species.

Both N =20, N(N —1) =380. X: > n(n—1) =132+ 12+ 12 = 156, D = 2.4.
Y: Y n(n—1) =42+ 42430 = 114, D = 3.3. Y is more diverse because it is

more everll.

(a) Some variation is heritable. Overproduction and limited resources create com-
petition; individuals differ in reproductive success. Inherited advantageous vari-
ants can become more common across generations under the stated conditions.
(b) A barrier can reduce gene flow; selection, mutation and drift may produce
inherited differences. Reproductive isolation can develop, but a barrier alone does
not guarantee speciation. Assess reproductive compatibility.

Any four, for example: habitat loss (rainforest cleared for oil palm); invasive species
(cane toads in Australia); pollution (fertiliser runoff causing eutrophication); over-
harvesting (overfishing of cod); climate change (coral bleaching).
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10.

11.

Fragmentation can increase edge exposure and restrict movement and gene flow.
Interior specialists can lose suitable habitat; small populations face drift, inbreed-
ing and shared hazards. Effects depend on species and surroundings.

Any five: small population, small range, narrow niche or specialised diet, low re-
productive rate, large body or high trophic level, low genetic diversity, commercial
value, migratory.

LC, NT, VU, EN, CR, EW and EX, plus DD and Not Evaluated. VU/EN/CR
are threatened categories; DD is insufficient evidence, not low risk. Assessments
guide priorities but do not themselves enforce protection.

Intrinsic value is the value of a species in itself, whatever its use (a right to exist).
Instrumental value is its usefulness to people, such as medicines (artemisinin from
sweet wormwood) or pollination.

National agencies can fund and enforce rules; international bodies coordinate agree-
ments. NGOs fund fieldwork, campaign and pursue legal challenges. Powers, re-
sources, speed and accountability vary; UNEP does not enforce all national wildlife
law.

Strengths: can prevent loss and provide reintroduction stock (Przewalski’s horse).
Limits: costs, few species supported, and loss of genetic variation or wild be-
haviour. Success requires suitable habitat and control of original threats; combine
with habitat protection.

Match area, shape, connectivity and buffers to species and threats. Compact
shapes reduce relative edge; corridors aid movement but can transmit hazards.
Several sites spread risk. Include local rights and monitoring; no layout is univer-
sally best.
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Water

International Baccalaureate - IB Diploma - Environmental Systems
and Societies - SL

Scope and prerequisites

This handout teaches Topic 4, Water (4.1 Water systems, 4.2 Water access, use and
security, 4.3 Aquatic food production systems, 4.4 Water pollution), for the course
first assessed in 2026. This SL copy omits the separate HL extensions.

Prerequisites: Topic 1 (storages and flows, sustainability, natural income), Topic 2
(productivity, maximum sustainable yield, the nitrogen cycle, eutrophication) and
Topic 3 (causes of biodiversity loss).

Water systems

B Day Zero

In February 2018, Cape Town limited municipal water use to 50 litres per person per
day during a severe drought. The city’s 14 February notice reported dams at 24.7%
and warned that stockpiling could bring the planned Day Zero supply restrictions
closer. Day Zero was avoided through demand reductions and subsequent rainfall.
A restriction is not the same as every tap actually running dry. Reservoir levels,
household behaviour and governance interacted: water security is a social as well as a
physical problem.

B The hydrological cycle

The hydrological cycle /K {i¥f is the movement of water between storages, driven
by energy from the Sun and by gravity. It is a closed system for matter (the amount
of water on Earth stays almost the same) but an open system for energy.
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A waterfall in a river basin: a watershed is the land that drains into a stream or lake

atmosphere
(water vapour, clouds)

snowfall
[e]
o / / / / transpiration
precipitation
plants )
evaporation
—— ~ ———~ ————

ice and
snow

infiltration

runoff,
river flow

lakes and J A A \
rivers \
percolation soil water
uptake
groundwater flow
groundwater >

Selected water storages (bold) and flows (italic); the diagram is not a complete
numerical water budget.

Flows are of two kinds (Topic 1):

o Transfers move water without changing its state: runoff, river flow, infiltration
T (water soaking into the soil), percolation % (water moving through soil
or porous rock), groundwater flow, and advection (horizontal transport of water
vapour and cloud droplets).

« Transformations change its state: evaporation %% (liquid to gas), transpi-
ration ZZEV/ER (evaporation from plant leaves), condensation %% (gas to lig-
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uid, forming clouds), freezing, melting, sublimation (ice to vapour) and deposition
(vapour to ice). Evaporation and transpiration together are called evapotranspi-
ration ZXH{.

B Where the water is

Storage Share of all water on Earth
Oceans about 96.5 %

Ice caps, glaciers and permanent snow about 1.7 %

Groundwater (about half of it fresh) about 1.7 %

Lakes, rivers, soil, atmosphere and living things about 0.02 %

all water oceans (salt) about 96.5%

fresh water

(about 2.5%) ice caps, glaciers, snow fresh groundwater

lakes, rivers, soil, air, living things: under 1% of fresh water

Almost all water is salt; most fresh water is frozen or underground

Only about 2.5 % of the Earth’s water is fresh, and most of that is frozen or deep
underground. Less than 1% of fresh water is in lakes and rivers. These approxi-
mate rounded shares are not an exact inventory; accessible surface water still needs
assessment and sometimes treatment before use.

The residence time {58 ][] of water is how long it stays in a storage on average.
It varies greatly among rivers, lakes and aquifers: “a large lake” has no universal
residence time. For an approximately steady storage with representative throughflow,
use the following estimate. It is an average, not a claim that every molecule leaves on
the same day; mixing and slow groundwater pathways matter.

size of storage

residence time = -
rate of flow in or out

Worked example. A lake holds 2.0 x 10° m?3 of water, and 4.0 x 10% m? flows out

; ; _ 2.0x10% _
each year. Residence time = 37555 = 5 years.
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B How people change the cycle

o Withdrawing water from rivers, lakes and aquifers & 7K JZ (rocks that store
groundwater) for farms, industry and homes. If water is taken from an aquifer
faster than it is recharged, the water table falls.

o Urbanisation: impermeable roofs and roads reduce infiltration and speed runoff.
Drainage design, vegetation and storm intensity affect flood risk.

o Deforestation reduces transpiration; associated soil compaction and vegetation
loss can reduce infiltration and increase erosion. Effects depend on soil, rainfall
and subsequent land use.

o Dams store water and change river flow downstream.

o Climate change changes evaporation and precipitation patterns; drought and
heavy-rainfall risks vary by region. Glacier loss can initially increase meltwater but
eventually reduce this stored source of dry-season flow.

concrete and asphalt permeable pavement, rain garden

runoff 55% runoff 10%

l soaks in 10% 1soaks in 50%

illustrative shares of rainfall; the rest evaporates
Impervious surfaces send rain into drains; permeable surfaces let it soak in

B Balance a catchment budget

For a stated boundary and time period, change in storage = total inputs — total
outputs. Rain is an input to a catchment; river discharge, evapotranspiration and
water transferred out are outputs. A flow between two stores inside the boundary
must not be counted as an external input twice.
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evaporation 20

———————————————————————

withdrawals 120

inflow 180 storage

I
I
|
|
|
X > change = +10
i
I
(

boundary: reservoir, one year environmental flow 30

______________________

180 — 120 — 20 — 30 = +10 million m? per year (invented); arrow widths scale with flow

A reservoir budget: change in storage equals inputs minus outputs

Worked example, invented. A reservoir receives 180 million m? per year. Exist-
ing withdrawals are 120, evaporation 20 and a required downstream environmental
flow 30 million m? per year. Storage change is 180 — 120 — 20 — 30 = 10 million
m? per year. An additional 10 would balance this simplified annual budget, not
establish a safe drought-year allocation. Seasonal timing, water quality, ecological
needs and recharge uncertainty still constrain use. Sustainable abstraction protects
the stock and the services it supports, rather than merely matching one unusually
wet year.

Water access, use and security

B How we use water

FAQO’s SDG water-stress indicator reports 2023 global freshwater withdrawals as 72%
agriculture, 15% industry and 13% services. These categories sum to 100%; “services”
must not silently be relabelled as only household drinking water. Withdrawal is water
removed from a source; consumption is the part not returned to the same system in
the relevant period. Recycled water may reduce new withdrawals without eliminating
all consumption.

B Water security

Water security 7K %4 means that people have reliable access to enough safe water
at an affordable cost for health, livelihoods and the environment. In 2022 about 2.2
billion people still lacked safely managed drinking water, and about 3.5 billion lacked
safely managed sanitation.
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energy pumps and cleans water; energy makes fertiliser and
water cools power stations runs tractors; crops such as
and drives hydroelectricity maize become biofuels

irrigation uses about 70% of
the fresh water people withdraw

There are two kinds of water scarcity:

o Physical water scarcity ¥J¥{EHL/K: there is not enough water, as in deserts
and dry regions such as the Middle East.

« Economic water scarcity 23571 7K: water is available but people lack the
money, pipes or treatment to reach it, as in many parts of sub-Saharan Africa.

B (Case study: the Aral Sea

The Aral Sea in Central Asia was once the fourth-largest lake in the world. From
the 1960s the two rivers that fed it were diverted to irrigate cotton fields. Its area
and volume declined sharply, but percentages depend on the date, basin and quantity
measured. Its water became much saltier, the fishing industry collapsed, and winds
now blow salt and pesticide dust from the dry seabed, harming people’s health. Since
a dam was built in 2005, the small northern part has partly recovered, but most of the
sea is gone. It shows how diversion changes a water budget and salinity. The partial
northern recovery means this must not be presented as proof that every part crossed
an irreversible tipping point.

water much saltier:
fishery collapses

rivers diverted inflow falls:
to irrigate cotton area and volume shrink

dry seabed: salt and harm to
pesticide dust people’s health

The Aral Sea: one diversion, a chain of consequences

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL o 4 Water

@® exercises.lol exercises.com.cn



B Increasing water supply and reducing demand

Increase supply Reduce demand

Reservoirs and dams Drip irrigation, which delivers
water to the roots

Desalination 7Kkt (removing salt from  Water pricing and metering
sea water; uses much energy)

Rainwater harvesting Recycling greywater H17K (from
washing) for toilets and gardens

Pumping groundwater, if it is recharged Fixing leaking pipes

Transferring water between regions, such as Growing crops that need less

China’s South-North Water Transfer Project ~ water; eating less meat

rainwater harvesting, recharged groundwater,

gapI raise supply: reservoirs, desalination,
inter-regional transfer

cut demand: drip irrigation, pricing and
metering, greywater reuse, fixing leaks

supply demand

A water gap closes from either side: raise supply or cut demand

Supply measures often have environmental costs: dams flood land and block fish,
desalination uses energy and produces salty waste, and transfers change two river sys-
tems. Compare lifetime costs, reliability, energy, ecological damage and affordability
rather than assuming one measure is always cheapest. Reverse osmosis pushes water
through a membrane under pressure; concentrated brine needs careful disposal. Grey-
water needs treatment appropriate to its reuse, not a direct connection to drinking
water.

B A named supply strategy: Singapore

Singapore’s Four National Taps combine local catchment water, imported water,
NEWater (high-grade reclaimed water) and desalination. Diversification reduces
reliance on a single source, but treatment, energy, pipelines and maintenance cost
money. Metering, leak reduction, low-flow fittings and suitable reuse complement
supply. Emergency rationing needs arrangements for people unable to queue or store
water; a high price alone can exclude low-income households.
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local catchment imported NEWater L
. desalination
water water (reclaimed)
diversified

water supply

plus demand side: metering, leak reduction, low-flow fittings

Singapore’s Four National Taps diversify supply

In farming, compare drip irrigation and drought-suited crops with their costs and pos-
sible rebound: saved water may enable expansion rather than lower total abstraction.
Greenhouses can reduce exposure and improve control; aquaponics links recirculating
fish water with plant production, but needs energy, nutrient balancing and hygiene. In-
dustrial closed-loop cooling and process-water recycling need monitoring because salts
and pollutants can accumulate. Choose a strategy using local rainfall, infrastructure,
maintenance skills and environmental flows, not a universal technology ranking.

Aquatic food production

B Fisheries under pressure

Fish and other aquatic foods supply a large share of the animal protein people eat,
especially in coastal and island countries. Wild fish are a renewable resource when
harvest and other losses do not exceed replacement over the relevant timescale (max-
imum sustainable yield, Topic 2). Stock percentages describe assessed stocks, not the
same percentage of all individual fish or of global catch. State the assessment year
and whether a figure is stock-counted or catch-weighted.

A common resource /I ZE is shared and subtractable: one vessel’s catch leaves
fewer fish for others. The tragedy of the commons A\ #i3E ] is a possible outcome
when users gain individually while depletion costs are shared and effective rules are
absent. It is not inevitable: community rights, monitoring and enforceable agreements
can support sustainable use. Much fishing occurs under national or international
regulation, not in an ocean that is everywhere ownerless and unregulated.
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resource: one more cow: || overuse is shared |» the resource

a shared each user adds the cost of overgrazing:
>
pasture, fishery private gain by everyone collapses

solutions: regulation, quotas, fees, private or community ownership

The tragedy of the commons: a possible outcome when private gain meets shared cost
and effective rules are absent

Phytoplankton form the base of many aquatic food webs; rooted aquatic plants and
larger algae also support consumers. People eat aquatic plants as well as animals:
lotus rhizomes and carp are examples in Chinese food systems; kelp, mussels and
marine fish enter wider markets. Demand reflects population, income, culture and
trade. Harvesting high trophic levels can require substantial supporting production;
no fixed 10% rule predicts every fishery’s yield.

Sonar and large fleets can increase fishing pressure. Bycatch Ffffj is catch additional
to the intended target; it may be retained or discarded. Bottom trawling can dam-
age seabed habitats; lost nets keep catching organisms. Explosives and poisons also
harm non-target organisms and habitat. Warming changes ranges and thermal stress:
heat-driven mass bleaching on the Great Barrier Reef illustrates climate damage to
reef habitat. Ocean acidification is a distinct carbon-dioxide pathway that affects
calcification, not another name for bleaching.

B Maximum sustainable yield

Maximum sustainable yield (MSY) is the largest long-term harvest the modelled stock
can replace under specified conditions. Replacement includes growth and recruitment,
less natural mortality. At low effort, increasing effort can raise long-term yield; exces-
sive effort reduces the breeding stock and can lower sustainable yield. A high catch in
one year does not prove sustainability.
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Modelled maximum
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Long-run yield /
assigned index
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o
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0 5 10
Fishing effort / assigned index

Equilibrium model: indices have no calibrated catch or vessel units. Real stocks have
changing recruitment and uncertain estimates.

B Case study: the Newfoundland cod

1000 A
Northern cod (2J3KL)
810
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200 A

44
0 I
1968 1992

Northern cod (2J3KL), Newfoundland and Labrador: two dated catch observations,
not a stock-biomass curve.

The Canadian historical report gives the 1968 peak as 810,000 tonnes and estimated
1992 catch as 44,000 tonnes. A commercial moratorium began in 1992 after severe
depletion; it did not mean every form of cod fishing everywhere in Canada ceased.
Overfishing, excessive confidence in stock estimates and ecosystem changes all mat-
ter. The 2025 DFO assessment records that the commercial fishery reopened in 2024.
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Reopening is a management decision, not proof of return to historical abundance.
Distinguish catch, fishing mortality, recruitment and stock biomass when judging re-
covery.

B Managing fisheries sustainably

o Quotas JH 7 it &fi: a total allowable catch for each species, based on scientific
estimates of the stock.

o Limits on fishing gear, such as larger net mesh sizes so that young fish escape and
can breed.

e Closed seasons and closed areas during breeding.

o Marine protected areas ¥ E{£4[X, where fishing is banned or limited, can pro-
tect breeding areas and support recovery; outcomes depend on design, compliance
and movement.

o Certification, such as the Marine Stewardship Council label, provides an assessed
sourcing claim; certification and its auditing do not guarantee that every environ-
mental effect is absent.

o International agreements, because fish do not stay within national waters.

B Aquaculture

Aquaculture 7K FZ3%%H is the farming of fish, shellfish and seaweed. FAQ’s 2026
report reports aquaculture’s share of aquatic animal production at 53% in 2024. Pro-
duction, food supply and totals including algae have different denominators.

— -

Salmon farm cages in a sheltered sound: aquaculture eases pressure on wild stocks
but adds waste, parasites and escapes
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¢ high yield in a small area
BENEFITS * needs little fuel
» takes pressure off wild stocks

* waste and antibiotics pollute water
COSTS * escaped fish compete with wild fish
* disease spreads in crowded pens

Benefits and costs of aquaculture

e Advantages: a more controllable supply; potentially reduced pressure on some
wild stocks; efficient production in a small area; jobs in rural areas.

« Disadvantages: waste food and faeces cause eutrophication; disease and parasites
can spread to wild fish; farmed fish escape and compete or breed with wild ones;
antibiotics and chemicals pollute the water; mangrove forests have been cleared for

shrimp ponds; carnivorous fish such as salmon are fed fishmeal made from wild
fish.

More sustainable aquaculture can farm organisms lower in food webs (for example
seaweed and filter-feeding shellfish), treats its waste, or combines species so that the
waste of one feeds another. For example, seaweed takes up dissolved nutrients and
filter-feeding shellfish remove suspended particles. These routes differ, and integrated
farms still have capacity limits.

B Aquaculture case: Norwegian salmon cages

Salmon farming in Norwegian coastal cages illustrates both food production and open-
system costs. Feed inputs support growth, while uneaten feed and faeces add organic
matter beneath cages. Sea lice and other disease pressures require coordinated manage-
ment; escapees can interact with wild salmon. Site selection, stocking limits, fallowing,
containment and independently monitored benthic conditions address different path-
ways. Fishmeal and oil sourcing affect wild fisheries; substituting plant feed shifts
some impacts onto land. Do not claim that every cage has identical impacts or that
all farmed species need fishmeal. A fair evaluation compares nutritional output and
employment with whole-system feed, pollution, energy and ecological costs.

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL o 4 Water

® exercises.lol exercises.com.cn



Water pollution

B Types of pollution

A point source }5JF of pollution is a single, identifiable place, such as a factory pipe
or a sewage outfall. It is easier to monitor and control. A non-point source [f]
comes from many places spread over a wide area, such as fertiliser washed off farmland
or oil washed off roads. It is much harder to control.

A pond choked by an algal bloom: extra nutrients let algae cover the whole surface.
When they die and rot, the water loses its oxygen
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Pollutant Sources Effects

Organic matter Sewage, food Decomposers use up oxygen

waste, animal

slurry
Nitrates and Fertilisers, Eutrophication
phosphates sewage,

detergents
Toxic metals Mining, industry  Toxic effects depend on chemical form
(mercury, lead) and dose; methylmercury can biomagnify
Pathogens Untreated sewage Risk of infections such as cholera and

typhoid, depending on the pathogen

Plastics Litter, fishing Animals trapped or eat it; microplastics
gear in food chains

Heat (thermal Cooling water Less oxygen dissolves in warm water

pollution from power

5 YL) stations

The amount of pollution entering a river depends on both concentration and flow:

load = concentration x flow rate

2 mg/L

concentration -> X 500 L/min flow - [ 1,000 mg/minload |- 1 g/min load

Load = concentration x flow = 2 mg/L x 500 L/min = 1,000 mg/min = 1 g/min

Adding clean water lowers concentration without removing pollutant mass if there are
no other gains or losses. In the example, doubling flow to 1000 L/min while retaining
a 1000 mg/min load halves concentration to 1 mg/L. For mixing streams, add their
loads and flows separately, then divide total load by total flow; do not simply average
concentrations.
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B Measuring water quality

Direct measures of the water include dissolved oxygen, pH, temperature, nitrate and
phosphate concentrations, turbidity (cloudiness) and the number of coliform bacteria
(a sign of sewage).

Biochemical oxygen demand A {¢ 75 % & measures oxygen consumed by microor-
ganisms under stated test conditions. BODj; commonly uses five days at 20 °C in
darkness. An undiluted sample falls from 9.0 to 4.8 mg/L dissolved oxygen: BODj is
9.0—4.8 = 4.2 mg/L, assuming a valid test with any necessary controls. Real protocols
may require dilution and blank corrections; a sample that exhausts its oxygen does not
give an unrestricted reliable result by simple subtraction. High BOD suggests readily
degradable material, not every possible pollutant.

12 4 sewage
outfall

10 A

dissolved oxygen

\ oxygen-use
zone

before ~
input S

mg per litre
[e)]
1
Ve

possible
N recovery

oxygen sag
distance downstream -

Schematic profiles, not measured distances. Temperature, flow, aeration and
continuing inputs affect the response.

Use approved observations at matched sites, depths, seasons and times, with cali-
brated sensors and replicates. Report units, uncertainty and flow conditions. A one-
off downstream—upstream difference can reflect tributaries or temperature as well as
discharge. Clarity is not proof of drinking-water safety; microorganisms and dissolved
pollutants may be invisible. Avoid contact with contaminated water and follow the
approved sampling protocol.

B Eutrophication

e

Eutrophication && 34k is the enrichment of water with nutrients, mainly nitrates
and phosphates, which can stimulate producer growth and cause ecological changes,
including oxygen depletion when respiration exceeds oxygen supply.
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e algal bloom spreads

. over the surface
o nitrate and phosphate run

off fields and come from sewage
sewage pipe

TTTTT [

dissolved Os

7] more

X

X O falls:
° fish die

e bacteria decompose the dead matter, using oxygen (high BOD)

e bloom blocks light:
plants below die

0 algae and plants die
and sink

|| little

dashed arrow: low O9 lets sediment release phosphate,
feeding more bloom (positive feedback)

FEutrophication: a chain with positive feedback

Algae themselves eventually die; decomposition does not require every submerged
plant to die first. Daytime photosynthesis can temporarily raise surface oxygen while
respiration continues at night and in deeper water. Decomposition and low oxygen
can encourage sediment nutrient release, feeding further blooms: a positive feedback.
Dead zones %1 [X have oxygen too low for many oxygen-dependent organisms, not
necessarily no living organisms at all.

Some blooms make toxins; others mainly shade vegetation, alter food webs or consume
oxygen after death. Red tides 7§ are marine harmful algal blooms that need not
look red. NOAA identifies Karenia brevis on the Florida Gulf coast as a producer
of brevetoxins. Not all blooms are toxic, and not all harmful blooms have the same
nutrient cause.

A 2007 cyanobacterial bloom in Lake Tai Ki#, Jiangsu, contributed to severe odour
and drinking-water supply disruption in Wuxi. Research on the crisis distinguishes
malodorous compounds, bloom material and wider pollution: do not assume all re-
ported harm came from one toxin. Sewage and agricultural nutrient control address
inputs; sediment stores and circulation can delay improvement. Measure nutrient
loads, bloom frequency and oxygen over time rather than judging success only by
expenditure or a single clear day.

B Managing pollution at three levels

Pollution can be managed at three levels, along the causal chain:
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earlier in the chain: usually cheaper and lasting

1 change the R 2 control R 3 clean up
human activity release and restore
less fertiliser, right treatment, buffer strips, remove pollutant,
timing, phosphate-free discharge limits restore habitat
detergents

Pollution management at three levels; earlier in the chain is usually cheaper

1. Change the human activity that produces the pollutant: use less fertiliser,
apply it at the right time, use phosphate-free detergents.

2. Control its release into the environment: use appropriate treatment to reduce
organic matter and, where needed, nitrogen and phosphorus; plant buffer strips
gz by of vegetation along rivers to absorb runoff; set legal limits for discharges.

3. Clean up and restore the damaged ecosystem: dredge nutrient-rich mud; pump
oxygen into the water; remove algae; replant water plants; reintroduce fish.

Preventing pollution is usually cheaper and more effective than cleaning it up, but it
needs farmers, industries and governments to change what they do.

B Match treatment to the contaminant

Primary sewage treatment screens and settles solids. Secondary treatment uses biologi-
cal processes to reduce biodegradable organic matter; nitrification converts ammonium
to nitrate but is not itself removal of all nitrogen. Tertiary or advanced stages can
target nutrients and fine particles. Disinfection targets pathogens and needs suitable
conditions; it is not the same as removing every dissolved chemical. Treatment, pipe
integrity, maintenance and affordable access all affect service quality.

raw sewage in treated water out to a river

primary secondary e tertiary disinfection
physical: screens and biological: air is bubbled ecological or chemical chlorine, ozone or
grates catch large in; bacteria break organic steps remove N, P and UV light kills
objects; solids settle matter into CO2 and sludge other pollutants bacteria

sludge from the first two stages is removed: dried, digested to make biogas, or spread as fertilizer

Sewage treatment: primary (physical settling), secondary (aerated bacterial
breakdown), tertiary (nutrient and pollutant removal) and disinfection

Prevention often avoids repeated damage, but compare feasible combinations. Buffer
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strips can intercept sediment and nutrients without stopping every dissolved input.
Aeration may relieve low oxygen while leaving the nutrient source intact; dredging can
disturb habitat and resuspend pollutants. Assign responsibility across farmers, house-
holds, utilities and regulators, and measure both ecological results and distribution of
costs.

Exam tips

State the boundary, time period and denominator. Distinguish a stock from a flow,
withdrawal from consumption, catch from biomass and concentration from load.
Explain mechanisms before evaluating management; use a named case, dated ev-
idence and limits. Show working and units, then interpret the result without
claiming that an index proves safety or sustainability.

Practice

1.

(a) Distinguish between a transfer and a transformation in the hydrological cycle,
giving two examples of each. (b) State the share of the Earth’s water that is fresh,
and explain why only a small part of it is easy to use.

A reservoir holds 6.0 x 108 m?® of water, and 1.5 x 10® m?® flows out each year.
Calculate its residence time.

3. Explain how urbanisation and deforestation change the hydrological cycle.

4. (a) Distinguish between physical and economic water scarcity, with an example of

Rl

10.

11.

each. (b) Outline the causes and effects of the shrinking of the Aral Sea.
Evaluate desalination as a way of increasing water supply.

Explain the tragedy of the commons, using fisheries as an example.

Outline three ways of managing a fishery sustainably.

Evaluate aquaculture as a way of meeting the demand for fish.

Distinguish between point and non-point sources of pollution, and explain which
is easier to manage.

Explain the changes in dissolved oxygen and BOD downstream of an organic out-
fall, and state one limit of a one-off measurement.

Describe the process of eutrophication, and outline one way to manage it at each
of the three levels.

Answers.

1.

2

© 15x108

(a) Transfers: runoff and infiltration (no change of state). Transformations: evap-
oration and condensation (changes of state). (b) About 2.5% is fresh. Most is

frozen or underground; less than 1% of fresh water is in lakes and rivers.
6.0x108

4 years.
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10.

11.

Impermeable surfaces reduce infiltration and speed runoff. Vegetation loss reduces
transpiration; compaction can increase runoff and erosion. Effects vary with soil,
rainfall and management.

. (a) Physical scarcity: not enough water exists, as in desert regions such as the Mid-

dle East. Economic scarcity: water exists but people lack money or infrastructure
to reach it, as in parts of sub-Saharan Africa. (b) Irrigation diversions reduced
inflow, shrinking the lake and raising salinity. Fisheries suffered and exposed sed-
iments supplied dust. The 2005 northern dam supported partial recovery; basin
trajectories differ.

Reverse osmosis can diversify coastal supply but needs energy, capital and brine
management. Compare reliability, maintenance, carbon emissions, affordability
and ecosystem effects with demand reduction and other supplies.

Extra catch benefits a user while depletion costs are shared. Ineffective rules can
allow effort beyond replenishment. Collapse is possible, not inevitable: enforceable
access rules and monitoring can change incentives.

Any three: quotas based on scientific stock estimates; larger mesh sizes so young
fish escape; closed seasons or areas during breeding; marine protected areas; certi-
fication; international agreements.

Aquaculture supplies food and jobs but can impose feed, waste, disease, escape and
energy costs. Evaluate species and system: suitable sites, stocking, feed sourcing
and waste controls reduce particular impacts.

A point source has one identifiable outlet, such as a pipe. Diffuse inputs, such as
farm runoff, need coordinated catchment controls rather than monitoring only one
outlet.

Organic matter supports microbial respiration, raising BOD and potentially lower-
ing oxygen. As material is used and aeration supplies oxygen, recovery may occur.
Temperature, flow, time and further inputs affect the pattern; one reading does
not prove the cause or certify safety.

Nutrients stimulate producers; dead algae and shaded plants supply decay. De-
composer respiration consumes oxygen; deaths and nutrient recycling can reinforce
change. Reduce unnecessary fertiliser (activity), intercept runoff/treat nutrients
(release), and assess aeration or habitat repair (restoration).
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Land

International Baccalaureate - IB Diploma - Environmental Systems
and Societies - SL

Scope and prerequisites

This handout teaches Topic 5, Land (5.1 Soil and 5.2 Agriculture and food), for the
course first assessed in 2026. This SL copy omits the separate HL extensions.

Prerequisites: Topic 1 (systems, sustainability, natural capital), Topic 2 (energy flow
between trophic levels, the nitrogen cycle, succession) and Topic 4 (water use, eu-
trophication).

Soil
B Saving the Loess Plateau

Loess is wind-deposited, often silt-rich material. On China’s Loess Plateau, vegetation
clearance, cultivation and grazing pressure exposed erodible slopes. A World Bank ac-
count of the 1994-2005 rehabilitation projects describes terraces, changed grazing and
vegetation restoration in selected watersheds. Reducing sediment loss and improving
livelihoods required an integrated programme, not planting trees alone. Surface cover,
structure and organic matter can improve within years; rebuilding the full depth of
lost soil may take much longer. A successful project site is not proof that every part
of the plateau has recovered equally.

B Soil as a system

Soil +1f is a mixture of mineral particles, humus JE%E )i (relatively decomposed
organic material), water, air and living organisms. It is a system with storages, inputs,
outputs and processes.
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Soil as a system: inputs, internal processes and outputs

o Inputs: dead organic matter from plants and animals, precipitation, minerals from
the weathering X4k of parent rock, and material deposited by wind and water.

» Transfers inside the soil: water moving down; earthworms mixing organic matter
into deeper layers.

o Transformations: decomposition and mineralisation of organic matter, plus
chemical weathering of minerals. Physical weathering fragments material without
necessarily changing its chemical composition.

e Outputs: carbon dioxide from respiration, heat from energy transfers, nutrients
taken up by plants, leaching #% (nutrients washed downwards out of reach of
roots), erosion, and evaporation.

Soil links the other systems of the Earth: it stores water (the hydrosphere), exchanges
gases with the air (the atmosphere), forms from rock (the lithosphere) and is full of life
(the biosphere). Soil is a major carbon store, but a store is not automatically a sink:
inputs must exceed losses for its carbon stock to increase. An inventory depends on
sampled depth, soil type and whether organic or inorganic carbon is counted. Plants
obtain most of their carbon from atmospheric carbon dioxide, while soil supplies water
and mineral nutrients such as nitrogen, phosphorus and potassium.

In warm, well-aerated tropical mineral soils, rapid decomposition and nutrient uptake
can limit long-term organic accumulation. Cold tundra and oxygen-poor wetland
conditions can slow decay; temperate grasslands can receive substantial root inputs.
These are mechanisms, not universal stock rankings: tropical peatlands can store large
amounts of carbon. Compare depth, drainage, inputs and losses instead of assuming
every tropical soil is carbon-poor.
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B The soil profile

A vertical section can show layers called horizons +)Z:

surface organic material

mineral and organic mix;
many roots and organisms

leaching

altered mineral material;
possible clay / oxide accumulation

C little-altered parent material

R hard bedrock, if reached

A simplified profile: real soils can lack a horizon or include additional horizons;
colours and thicknesses vary.

O horizon: fresh leaf litter and humus at the surface.

A horizon (topsoil £ +): dark, rich in humus, with most roots and soil organ-
isms. This is the layer that matters most for farming, and the first to be lost by
erosion.

B horizon (subsoil): altered mineral soil, sometimes with accumulation of clay or
iron compounds from above. It is not always lighter than the A horizon.

C horizon: relatively little-altered parent material, which may be weathered rock
or transported sediment.

« R: underlying hard bedrock where present; not every observed profile reaches it.

Soil forms very slowly: formation rates vary with climate, parent material, organisms
and landscape. A centimetre can require centuries in some settings, but no single rate
applies everywhere. On a human timescale it is effectively a non-renewable resource,
so losing it is very serious.

B Soil texture
Soil texture +1fiHh depends on the sizes of the mineral particles:
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The soil texture triangle: the dot at 40% sand, 40% silt and 20% clay falls in loam

Particle Size Properties of a soil rich in it

Sand 0.05 to 2 mm Large air spaces; drains fast; dries out; holds
few nutrients; easy to dig

Silt 0.002 to 0.05 mm In between; fertile, but easily eroded

Clay less than 0.002 mm  Holds water and nutrients well; drains slowly;

can become waterlogged and hard to work

A loam 3 1 has a balanced range of sand, silt and clay proportions under the chosen
textural classification; organic matter is a separate property. Loamy textures often bal-
ance water retention and drainage, but the best soil depends on the crop, climate, pH
and management. Mineral texture is distinct from structure: structure concerns how
particles form aggregates and pores. Organic matter can improve aggregation, water
and nutrient retention; excessive or contaminated additions can also cause problems.
Humus contributes to aggregation and retention; further decomposition can release
nutrients. It is not identical to all fresh litter or all living soil biomass.

Soil is also a habitat. Soil organisms include bacteria, fungi, roots, worms, mites and
insects; their abundance varies greatly. Detritivores fragment litter, and decomposers
chemically break down organic matter. Mineralisation releases inorganic nutrients;
uptake, immobilisation, leaching and gaseous losses move nutrients along different
paths. Earthworms are useful ecosystem engineers in many soils but are not present
or beneficial in every ecosystem.

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL ¢ 5 Land

® exercises.lol exercises.com.cn



B Soil degradation

Soil degradation B4k is a fall in the quality or quantity of soil. Measure the
type, depth, area and severity before comparing degradation estimates. The main
types are:

K7L Ry

4/

A fresh clearcut: every tree in the strip is taken at once, leaving bare soil that erodes
and washes into streams

« Erosion {27i: removal of topsoil by water (on bare slopes after heavy rain) or
wind (on dry, bare, flat land).

o Salinisation T #§fk: in dry places, irrigation water evaporates and leaves salts
behind; high salinity makes water uptake harder by lowering soil-water potential,
and particular ions can also be toxic.

e Nutrient depletion: crops take nutrients away and they are not replaced.

o Compaction: heavy machines and animals squeeze out air spaces, so water cannot
soak in and roots cannot grow.

o Pollution: pesticides, heavy metals and plastic.

o Desertification 7 fk: land degradation in arid, semi-arid and dry sub-humid
areas, associated with climatic variations and human activities. It does not require
sand dunes or conversion into a literal desert.

Human causes include overgrazing 1 FF i (too many animals remove the plant
cover), deforestation, overcultivation (cultivation that depletes nutrients or dam-
ages soil faster than recovery) and poor irrigation. Lack of cover increases risk, but
slope, rainfall, wind, aggregation and drainage also matter. Fertiliser can replace some
nutrients without replacing lost soil depth, structure or biodiversity.

Case study: the Dust Bowl. In the 1920s farmers on the Great Plains of the
USA ploughed up millions of hectares of natural grassland to grow wheat. When a
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long drought came in the 1930s, the crops failed, and strong winds blew the dry, bare
topsoil away in huge “black blizzards”. Hundreds of thousands of people had to leave
their farms. The government then established the Soil Conservation Service in 1935,
paid farmers to plant windbreaks and use contour ploughing, and returned some land
to grass.

A dust storm in the Texas Panhandle, 1936: dry, bare, ploughed topsoil blown away
by wind.
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B Soil conservation

Method How it protects the soil

Terracing Flat steps cut into slopes slow runoff and trap soil

FhH

Contour Ploughing across the slope along contours; furrows can slow runoff
ploughing

SR

Windbreaks Lines of trees reduce wind speed across fields

(shelter belts)

Cover crops Plants grown between main crops keep the soil covered and add
ElEY organic matter

Crop Changing crops each year, including legumes with nitrogen-fixing
rotation ¥ {F symbiotic bacteria, can improve nutrient cycling and interrupt

some pest cycles

No-till Planting without ploughing leaves roots and crop remains in place
farming

Mulching and A layer of organic matter protects the surface and adds humus
compost

Controlled Limiting animal numbers keeps plant cover

grazing

Careful Manage salt inputs, leaching and drainage; drip irrigation alone
irrigation does not guarantee salt removal
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Terraces turn a steep slope into level steps, so runoff slows and soil stays on the

hillside.

Conservation costs time and money now, while the benefits come slowly. Farmers need
knowledge, secure ownership of their land and often government support to adopt it.

Agriculture and food

B Farming systems

Farming is a system with inputs (land, water, seed, labour, fertiliser, machinery, en-
ergy), processes (ploughing, sowing, harvesting) and outputs (food, fibre, waste and
pollution). Farming systems are often classified as:

Aerial pesticide spraying: chemical pest control can protect yields but also harm
non-target species and create resistant pests

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL ¢ 5 Land

@® exercises.lol exercises.com.cn



Type Features

Subsistence farming  Produces food mainly for the farmer’s family; small
EEEp a4 scale; few bought inputs

Commercial farming  Produces food to sell; often large scale

Bk A

Intensive farming Large inputs of labour or money per hectare; high
R0 yields per hectare

Extensive farming Small inputs per hectare over large areas; lower yields
iy |4 per hectare

Arable, pastoral, mixed = Growing crops; raising animals; both

Distinguish total harvest from yield ;=& per unit area. Also state crop, edible frac-
tion, moisture basis and period: tonnes per hectare per harvest differs from tonnes per
hectare per year. A larger farm can harvest more while having lower land productivity.

3.0
2.5
2.0

1.5

Yield / tonnes per hectare

farm A farm B

Compare yield per hectare, not total harvest: 18 t +~ 6 ha = 3 t/ha against 20 t + 10
ha = 2 t/ha

Farms can also be compared by energy efficiency:

energy in food produced

energy efficiency = energy put in

Worked example, invented. Farm A uses 3000 MJ of counted non-solar en-
ergy per hectare and produces food containing 45,000 MJ: output/input ratio
= 45000/3000 = 15. Farm B uses 20,000 MJ and produces 50,000 MJ: ratio = 2.5.
Solar input is excluded from this accounting, so a ratio above 1 does not create en-
ergy or violate conservation. Include the same labour, fuel, fertiliser, machinery and
boundary assumptions for both farms. Food-energy output is not the same measure
as crop mass, protein quality, income or total lifecycle impact.
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B Contrasting named systems

The Honghe Hani rice terraces in Yunnan integrate forest, villages, irrigated terraces
and water management on mountain slopes. Rice, fish and domestic animals can
provide different foods and recycle nutrients. Terrace maintenance, shared water rules
and skilled labour matter; erosion, changing livelihoods and market pressures still
require management. “Traditional” does not mean every input is free or every impact
absent.

Honghe Hani terraces (Yunnan) lowa maize—soybean (USA)

forest — villages — irrigated terraces large mechanised fields

rice, fish and animals recycle nutrients high yield per worker

needs: terrace upkeep, shared water inputs: fertiliser, fuel, machinery,

rules, purchased seed

skilled labour risks: nutrient runoff, soil loss

risks: erosion, changing livelihoods b g

compare inputs, outputs and impacts; “traditional” does not mean impact-free

Two named food systems compared on inputs, outputs and risks

In Iowa, USA, a commercial maize—soybean rotation illustrates mechanised temperate
row cropping. USDA field experiments near Ames compare tillage, fixed nitrogen
application, no-till and cover-crop systems. Machinery, purchased inputs, drainage and
market infrastructure can support large output, while nutrient loss and soil disturbance
need controls. Soybean rotation does not make maize nitrogen requirements disappear.
Not every lowa farm uses an identical system.

Compare terrain and climate, water source, labour and machinery, nutrient inputs,
marketed and household outputs, and off-farm effects. Use the same nutritional or
energy output and time boundary for numerical comparison. The farm-type labels
are independent dimensions: commercial farms can be small, organic, intensive or
extensive; subsistence farmers may also sell surplus.

B Mobility, fallows and recovery

Nomadic pastoralism can follow seasonal forage and water, spreading pressure where
access remains flexible. Settling people permanently or restricting routes can concen-
trate animals and change viability. Shifting cultivation with long fallows can allow soil
and vegetation recovery; shortened fallows under land pressure can prevent it. The
relevant causes are land access, recovery periods and extraction rates, not a simple
equation between cultural change and inevitable degradation.
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B Land rights affect food systems

Land is finite, but not every hectare can grow the same crop: slopes, water, depth,
salinity and climate constrain choices. Grazing can use some land unsuitable for
arable farming, although this does not make every grazing system impact-free. Who
can access land matters as well as its area.

suitability: slope, water,
depth, salinity, climate

— i food and
— P livelihoods

access: rights, tenure,
displacement, markets

finite land

Food from land depends on suitability and on who has access

The Endorois community’s displacement from land around Lake Bogoria in Kenya
affected pastoral livelihoods and access to culturally important places. The African
Commission’s Communication 276/03 found violations of rights and recommended
remedies. A decision and its implementation are different: do not assume the ruling
itself returned every hectare or resolved every subsequent conflict. Evaluate consent,
secure rights, compensation, participation and access to grazing and water when as-
sessing a conservation or commercial land-use plan.

B The Green Revolution

The Green Revolution ¢ {0 ¥4y spread high-yielding varieties /5= fifl, espe-
cially wheat and rice, alongside irrigation, fertiliser and pest control from the mid-
20th century. Responses differed among regions and farmers. Improved harvests can
support food availability and reduce pressure for additional land, but neither famine
reduction nor land sparing follows automatically from yield alone.

illustrative yield trend in a developing country
3.5 1

costs: water use, chemical runoff,
3.0 1 less crop diversity, debt for small farmers

2.5 1

2.0 A

1.5 A

1.0 o

high-yield seeds,
0.5 A1 fertiliser, irrigation

cereal yield (tonnes / hectare)

0.0

1950 1960 1970 1980 1990 2000

The Green Revolution raised yields, with environmental and social costs
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Costs include water demand, nutrient losses, pesticide exposure, salinisation and re-
duced crop diversity in some systems. Farmers need access to finance, seed, irrigation
and markets; unequal access can widen income differences. Conventional synthetic
nitrogen production often uses fossil energy, but this is a production pathway, not
a law that all future fertiliser must be fossil-derived. Mycorrhizal fungi can supply
nutrients to plant roots in exchange for organic carbon. Organic manures, compost,
legume rotations, fallows and these root—fungus associations can support fertility, sub-
ject to nutrient budgets, safety and land constraints. Untreated human waste is not a
classroom recommendation for fertiliser.

B Food security

Food security #5744 exists when all people, at all times, can get enough safe,
nutritious food for an active, healthy life. It has four parts: availability (enough food
is produced), access (people can afford or obtain it), utilisation (the body can use
it: clean water, sanitation, a varied diet) and stability (all of these last through bad
years).

fertilisers
minerals raise yield

‘ machinery ’

insecticides
farm big areas fast

kill insect pests

more food

herbicides
kill competing weeds

selective breeding

monoculture
one crop, big fields

better crops, livestock

Ways farmers increase food production

The 2025 State of Food Security and Nutrition report estimated about 673 million
people experienced hunger in 2024; regional trends differed. This is a dated estimate,
not a count of everyone lacking a healthy diet. WHO’s 2022 adult estimates include
2.5 billion with overweight, of whom about 890 million were living with obesity. The
second group is included in the first, not an additional population. Malnutrition
includes deficiencies, imbalances and excesses, sometimes within the same society or

household.

UNEP’s 2024 Food Waste Index estimates that 19% of food available at retail, food
service and household stages was wasted in 2022, alongside losses before retail. Supply-
chain loss and consumer-stage waste have different denominators, so do not simply
add their percentages. Household waste occurs across income groups; poor storage,
purchasing practices, portion sizes and unreliable infrastructure can matter in different
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settings.

SDG target 12.3 aims by 2030 to halve per-capita global food waste at retail and
consumer levels and reduce losses along production and supply chains. If a chain loses
10% of a 100-tonne harvest before retail and wastes 20% of the remaining 90 tonnes
later, 72 tonnes remain: total loss/waste is 28%, not 30%. Reducing waste conserves
embedded land, water and energy, but food redistribution still requires suitable quality,
logistics and equitable access. Global availability does not ensure local affordability
or stability during conflict, drought or price shocks.

B Environmental impacts of food production

Food systems affect land conversion, water demand, nutrients, biodiversity and cli-
mate. State whether a footprint includes farming alone or processing, transport, stor-
age and waste. Topic 4’s dated FAO withdrawal categories assign 72% to agriculture
in 2023; a different year or definition can give a different share.

animal products plant products

farmland 83% 17%

food calories 18% 82%

food protein 37% 63%

Poore and Nemecek’s 2018 analysis, described by their Oxford research group:
approximate attributed shares, not a current land census. Farmland is not all Farth’s

land.

The reason is the energy loss between trophic levels (Topic 2). Animals use most of
the energy in their feed for respiration, which helps explain why many animal prod-
ucts have greater impacts per comparable nutritional output than plant alternatives.
Feed type, production system, co-products and the chosen nutritional unit affect the
comparison; not all feed could be eaten by humans. Cattle also release methane, a
strong greenhouse gas, as they digest grass.
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Peas 1

I T T T T T T
0 5 10 15 20 25 30 3

Assigned kg COz-equivalent per 100 g protein

B

5

Matched-unit comparison, not global median measurements. Under these assigned
values, replacing 30 with 3 reduces emissions by (30 — 3)/30 x 100 = 90%.

B More sustainable food systems

Ways to produce enough food with less harm include:

use first

monitor: count pests, act only above a threshold

chemical: targeted pesticide, last resort

Integrated pest management: monitor first, chemicals last

o Eating lower in the food chain k&Y 45 724 replacing some meat,
especially beef and lamb, with plant protein.

 Reducing food loss and waste: better storage and transport; buying, storing
and using food carefully.

« Sustainable intensification TJ#FZE5E 21k growing more food on existing farm-
land with fewer harmful inputs, so that forests and grasslands are not cleared.
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+ Integrated pest management Jji Hl FEZ AR (IPM): using natural predators,
crop rotation and resistant varieties, with pesticides only when needed.

o Agroforestry KI5 & growing trees with crops or animals, which protects soil,
stores carbon and provides extra products.

o Polyculture JE/E instead of monoculture Fi—3;5: growing several crops to-
gether can diversify habitat and interrupt some pest transmission; competition,
harvesting and management can be more complex.

o Precision farming: using satellite data and sensors to apply water and fertiliser
only where needed.

e Local food and seasonal food: can reduce transport emissions, though transport

is usually a small part of food’s footprint compared with how it is produced.

Comparison

Certified organic systems

Other conventional systems

Nutrients

Pest control

Approved composts, manures
and rotations; nutrient
budgets still matter

Cultural and biological
methods plus permitted
products under the relevant
standard

Can use synthetic and organic
sources; timing and dose affect
losses

Integrated methods and
permitted pesticides; not
necessarily spraying without
monitoring

Yield Depends on crop, site and Depends on crop, site and
management; may be lower management; high inputs do not
guarantee high yield
Pollution Organic nutrient losses and Nutrient and pesticide losses
permitted pesticides can still need controls; conservation
cause harm practices can reduce them
Land At lower yield, more area is Compare actual yield, habitat

needed for the same output

conversion and off-farm inputs

unless other factors change

Land-demand example: yield falls from 5 to 4 tonnes/ha while output must remain
100 tonnes. Required area rises from 20 to 25 ha: 20% lower yield needs 25% more
land in this model, not 20% more. Whether that causes habitat loss depends on where
land comes from and wider demand. “Organic” and “commercial” are not opposites.

The best choice depends on values (Topic 1). Ecocentric arguments may stress ecolog-
ical limits and relationships; technocentric arguments may stress innovation. People
can combine these values, and a label does not determine every policy preference.
Judge a particular technology or practice by evidence, nutrition, costs, access and
whole-system impacts.
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Exam tips

Define the soil or farm boundary, functional unit and time period; distinguish
texture from structure, carbon stock from net sink, total harvest from area yield
and energy ratio from complete thermodynamic efficiency.
Connect every management proposal to a mechanism, named context, measur-
able outcome and limitation. Consider nutrition, livelihoods and rights as well as
output, and show denominators and units in calculations.

Practice

1.

(a) Outline the inputs, outputs, transfers and transformations of the soil system.
(b) Describe the horizons of a typical soil profile.

2. (a) Explain why soil can be considered a non-renewable resource. (b) Compare
sandy and clay-rich soils, and explain why loamy texture may suit many crops
without being universally best.

3. (a) Outline four types of soil degradation. (b) Explain how overgrazing and defor-
estation lead to soil erosion.

4. (a) Describe three soil conservation methods and how each works. (b) Using the
Dust Bowl or the Loess Plateau, explain how human activity can degrade and
restore soil.

5. Distinguish between intensive and extensive farming, and between subsistence and
commercial farming.

6. (a) Farm X harvests 35 t of maize from 7 ha; farm Y harvests 48 t from 16 ha.
Calculate the yield of each. (b) A farm uses 12 000 MJ of energy per hectare and
produces food containing 36 000 MJ per hectare. Calculate its energy efficiency,
and explain why mechanised farms often have low energy efficiency.

7. Evaluate the Green Revolution.

8. Outline the four parts of food security, and explain why hunger exists although
enough food is produced.

9. Explain why producing beef has a larger environmental impact than producing
peas.

10. Compare organic and conventional farming.
11. Evaluate two strategies for making food production more sustainable.
Answers.
1. (a) Inputs: litter, water, minerals and deposition. Transfers: percolation and bi-

ological mixing. Transformations: decomposition and chemical weathering. Out-
puts: uptake, leaching, erosion, evaporation, respiratory carbon dioxide and heat;
classify against the stated boundary. (b) A simplified O horizon has surface or-
ganic matter; A mixes minerals and organic material; B has altered or accumulated
mineral material; C is relatively little-altered parent material; R is hard bedrock
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10.

if reached. Real profiles vary.

(a) It forms very slowly (a centimetre may take hundreds of years) but can be
lost by erosion in a few years, so on a human timescale it cannot be replaced. (b)
Sand-rich soils often drain quickly and retain fewer nutrients; clay-rich soils retain
more water but can drain slowly. Aggregation, organic matter, pH and climate
modify the response. Loam often balances properties; suitability depends on crop
and management.

(a) Any four: erosion, salinisation, nutrient depletion, compaction, pollution, de-
sertification. (b) Both remove the plant cover. Without roots to bind it and
leaves to protect it, the bare soil is washed away by rain or blown away by wind.
Trampling by too many animals also compacts the soil, so more water runs off.

(a) Terraces shorten slopes and slow runoff; contour cultivation runs across slopes;
cover crops protect the surface. Alternatives include windbreaks, suitable rota-
tions, mulches and managed grazing. State the mechanism and a local limitation.
(b) Dust Bowl: grassland was ploughed for wheat; in drought the bare, dry soil
was blown away. Restored with windbreaks, contour ploughing and grass. Loess
Plateau: clearing and overgrazing left bare slopes that eroded; terraces, a grazing
ban and planting reduced erosion and raised yields.

Intensive farming uses large inputs per hectare for high yields; extensive farming
uses small inputs over large areas. Subsistence farming feeds the farmer’s family;
commercial farming produces food to sell.

(a) X: 35 = 7 =5 t/ha. Y: 48 + 16 = 3 t/ha. X has the higher yield although
Y harvests more in total. (b) 36 000 =+ 12 000 = 3. Mechanised farms use large
amounts of fossil fuel energy in machines, fertiliser, pesticides and transport, so
the energy put in is large compared with the energy in the food.

Improved varieties with water, nutrients and pest control raised yields in many
settings. Benefits depended on access and management; costs can include water
depletion, nutrient loss, pesticide harm and reduced crop diversity. Higher yield
alone does not guarantee equitable food security or habitat protection.

Availability, access, utilisation and stability. Hunger exists because poor people
cannot afford food (access), food is lost and wasted, and conflict and climate shocks
disrupt supply (stability).

Respiration and other conversion losses help explain greater inputs for many animal
products. Cattle emit methane; impacts vary with feed, system, co-products and
nutritional unit. Peas associate with nitrogen-fixing bacteria; the plants do not
perform the fixation themselves.

Organic systems follow specified input standards but may still lose nutrients or
use permitted pesticides. Conventional systems can also use organic inputs and
conservation methods. Compare measured yield, biodiversity, pollution, energy
and land demand for the same edible output.
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11. For example: eating less meat cuts land use and emissions greatly, but depends
on changing habits and culture. Reducing food waste saves land, water and en-
ergy already used, but needs action by many people and better storage in poorer
countries. (Accept other strategies with strengths and limits.)
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Atmosphere and climate change

International Baccalaureate - IB Diploma - Environmental Systems
and Societies - SL

Scope and prerequisites

This handout teaches Topic 6, Atmosphere and climate change (6.1-6.4), for first
assessment in 2026. Numerical datasets explicitly called are teaching examples, not
measurements from real papers. Prerequisites: energy and feedback (Topic 1), carbon
cycling (Topic 2), oceans (Topic 4) and land use (Topic 5).

Introduction to the atmosphere

® One warm year and a long-term target

The Paris Agreement [22{/p5E was adopted in December 2015; signing opened in
April 2016. Its temperature goal is to hold warming well below 2 °C and pursue efforts
to limit it to 1.5 °C above pre-industrial levels. WMO’s report on 2024 estimated that
calendar year at 1.55 4+ 0.13 °C above 1850-1900. A single year and long-term warming
are different statistics: one annual value above 1.5 °C does not by itself establish that
the long-term Paris limit has been exceeded. Natural variability is superimposed on
human-caused warming. A cold day at one station cannot overturn a global multi-
decade trend either.

B Composition, layers and exchanges

The atmosphere K5 )2 is gas held around Earth by gravity. Dry air is about 78%
nitrogen, 21% oxygen and 0.9% argon, with carbon dioxide and other trace gases
making up the remainder. Water vapour is excluded from “dry air”; its concentration
varies greatly with place and conditions. A trace concentration can matter because
absorption depends on molecular properties, wavelength and amount, not simply which
gas is most abundant.
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Temperature against altitude defines the layers of the atmosphere

For a dated comparison, NOAA’s global annual record gives about 422.8 ppm CO, in
2024, or 0.04228%. One ppm means one part per million, not one percent. This global
average differs from a particular station’s annual mean or seasonal maximum.

The troposphere %fjii/Z contains most atmospheric mass and weather. Its top
varies, roughly 818 km, higher in the tropics. Temperature usually falls upwards, but
inversions occur. The stratosphere “}-jfiJZ extends to about 50 km and contains the
ozone layer 5.4 )Z; absorption of ultraviolet radiation helps temperature rise with
height. Pressure and density generally fall upwards. Above lie the mesosphere and
thermosphere; these layers describe temperature behaviour, not sealed compartments.
Water, gases and energy exchange with oceans, organisms and rocks.

B Redistributing heat: three circulation cells

Unequal solar heating helps drive atmospheric circulation. In a simplified hemisphere,
strongly heated air rises near the equator, producing low surface pressure and frequent
rainfall. Air moves polewards aloft, cools and sinks around 30°, giving subtropical
high pressure and often dry climates. Surface return flow completes the Hadley cell.
Between about 30° and 60°, the Ferrel cell is an indirect, eddy-driven circulation
coupled to neighbouring cells and mid-latitude weather systems. Air tends to rise
around 60° and sink near the pole in the polar cell.
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rising air: sinking air: rising air: sinking air:

cloud, heavy rain dry, clear skies cloud, rain cold, dry
Il
SR
/ \
| I
Hadley cell Y Ferrel cell * I I
I (eddy-driven) | polar ce
\\____*____.4/
| | | |
0° 30° 60° 90°
L trade winds H cerli L polar H
(easterlies) westerlies easterlies
equator: low high pressure: low pressure: pole: high
pressure, ITCZ hot deserts mid-latitude storms pressure

one hemisphere, idealised zonal mean; heights not to scale

An idealised zonal-mean model, not a prediction of daily winds at every place. The
other hemisphere has corresponding cells.

Earth’s rotation deflects moving air to the right in the Northern Hemisphere and
to the left in the Southern Hemisphere. Surface trade winds are easterlies in the
tropics, westerlies dominate mid-latitudes, and polar easterlies occur at high latitudes.
“Easterly” names the direction a wind comes from. The cells redistribute heat but
do not remove the equator-to-pole energy contrast. Seasons, continents, oceans and
mountains shift or interrupt the idealised belts; a desert does not have to lie precisely
at 30°.

B Radiation, reflection and the greenhouse effect

The Sun supplies relatively short-wave radiation %3 %54, including visible light,
near-infrared and ultraviolet. Clouds, air and surfaces reflect some sunlight; the at-
mosphere and surface absorb the rest. The global average reflected fraction, albedo
SR is approximately 0.30, but local values vary. It is wrong to allocate all the
remaining 70% to surface absorption alone.
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I space

N\
emission
some sunlight to space
4 | reflected by
clouds and air infrared
escapes
coe to space
sunlight in oe

(short-wave)
a greenhouse-gas

oge molecule absorbs,
then emits in
all directions

some sunlight
absorbed in air

surface emits

atmosphere thermal infrared
(long-wave)
oe
back down:
surfacc.e extra warming
reflection
absorbed: the surface warms ,
Earth’s surface
= short-wave A long-wave infrared

Selected energy pathways, not a complete measured budget. Greenhouse gases occur
through atmospheric volumes, not only in a thin pictured band.

The surface thermalises absorbed energy and emits long-wave radiation £ 7455,
mainly thermal infrared. These are newly emitted photons, not incoming photons
stretched into longer ones. Greenhouse gases Ji ZE S A absorb and emit infrared
at particular wavelengths in all directions. Downward emission contributes to surface
heating, while some infrared escapes to space. The natural greenhouse effect &
FE RV supports a warm surface. About 15 °C versus —18 °C is a useful simplified
comparison with Earth’s effective radiating temperature at fixed albedo; it is not an
exact prediction of a real Earth with its atmosphere removed.

200 1
150 +

100 A

Relative power units

50 A

0 |
incoming reflected absorbed

At this surface boundary, incoming minus reflected equals absorbed; atmospheric
absorption is outside the model.
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Worked example, invented: incoming 200 units and reflected 50 give albedo
a = 50/200 = 0.25 and absorption 200 — 50 = 150 units. At fixed incoming 340
W/m? and albedo 0.30, reflected power is 340 x 0.30 = 102 W/m? and absorbed
power is 340 — 102 = 238 W/m?. Absorbed solar power alone is not a full surface
heat budget: infrared, latent heat and sensible heat also matter. Snow is usually
more reflective than open ocean, but angle, cloud, grain size and impurities change
measured albedo.

B (Gases, aerosols and warming metrics

e CO;: combustion, cement and land-use change add emissions alongside natural
cycling. There is no single lifetime: removal acts on several timescales, with a
fraction persisting for centuries to millennia.

o CHy: fossil leakage, ruminants, rice, wastes and wetlands. A concentration per-
turbation decays over roughly a decade, not on one fixed expiry date; ongoing
emissions matter.

o N,O: microbial processes affected by fertiliser and manure; long atmospheric life-
time makes nitrogen management important.

o Halocarbons: refrigerants and industrial compounds differ in warming strength
and ozone effects; judge the particular chemical.

o« Water vapour: evaporation and circulation supply it. Warming permits more
vapour under suitable conditions, amplifying warming; it is included in climate

models.
warming per kilogram (GWP) share of warming caused so far
10°
12,500 65%

104
)
© 103
& 270
(@]
2 2
~ 10
a 28
=
C]

10!

1
10°
CO: methane nitrous CFC-12 CO: methane nitrous CFCs and
oxide oxide similar gases

Left: global warming potential on a log scale, from carbon dioxide (1) to CFC-12
(about 12,500). Right: carbon dioxide still causes about two-thirds of the warming
because so much more of it is emitted

Aerosols are suspended particles or droplets. Some scatter sunlight and cool; black
carbon absorbs sunlight and can warm air or darken snow. They are not all greenhouse-
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gas molecules and do not all have the same effect. Short-lived air pollutants can change
rapidly when emissions change.

Global warming potential compares the time-integrated radiative effect of a pulse
emission with an equal mass of COs over a stated horizon. It is not instantaneous
heat trapped or the gas’s lifetime. Values depend on the assessment, time horizon
and treatment of indirect effects. Calculation: assign a 100-year methane factor of
28; then 2 tonnes CHy correspond to 2 x 28 = 56 tonnes COs-equivalent under that
assigned metric. This equivalence does not make the gases’ time profiles identical.
Cutting ongoing methane emissions can reduce near-term warming pressure without
making CO, reductions unnecessary.

Climate change: causes and impacts

B Forcing and measured evidence

The enhanced greenhouse effect 358 iR ZE 4L W is additional warming caused
by increased greenhouse-gas concentrations. Adding these gases initially reduces out-
going radiation at a given temperature; an energy imbalance builds until the climate
responds. Human emissions exceed net removal, so atmospheric CO, has risen from
roughly 280 ppm before industrialisation. The Mauna Loa annual series gives 316.91
ppm in 1960 and 424.61 ppm in 2024. These are station annual means, distinct from
the global 422.8 ppm value.

A bleached coral colony: warmer water made it expel its colourful algae, revealing the
white skeleton through the still-living, transparent tissue. If the heat lasts, the coral
dies
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A glacier breaking apart into the sea: warming melts land ice, which adds water to
the oceans and raises sea level

420 - 2024: 424.61 ppm

340 A
320 A
300 A
Pre-industrial reference =280 ppm
280 T e e e e e e e e e e e e e e e e e e e
1 1 1 1 1 1 1
1960 1970 1980 1990 2000 2010 2020
Year

Actual annual data, not interpolated observations. A multi-decade concentration
trend is distinct from emissions in one year.

Evidence comes from independent measurements and proxies. Thermometers, ocean
measurements and satellites track different parts of the warming system. Shrinking
glaciers and ice sheets, changes in sea ice and biological timing provide additional
evidence, though not every place changes identically. Sea level rises through ocean
thermal expansion and loss of land ice; floating sea-ice melt has little direct effect on
water level. Atmospheric CO, and ocean acidity are linked through chemistry, not
because warming itself is the only cause of acidification.
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Relative to 1850-1900

1.55°C

1.09 °C

Warming (°C)

2011-2020 2024
Ten-year mean (IPCC) One calendar year (WMO)

Different averaging periods: IPCC’s 2011-2020 estimate and WMOQO’s 2024 estimate.
These two bars are not a complete time series or a calculated recent warming rate.

Ice-core bubbles preserve samples of ancient air, supporting direct measurements of
past greenhouse-gas composition. Isotopes in ice provide temperature-related proxy
evidence requiring interpretation. Tree-ring widths and densities, pollen and sediments
can reconstruct aspects of past climate; they do not all directly measure ancient atmo-
spheric CO5. Dating, calibration, preservation and spatial coverage affect uncertainty:.
Correlation between past CO, and temperature supports study of linked processes, but
attribution also uses radiation physics, other forcings and model comparisons. Natural
changes in the past do not establish a natural cause for the present trend.

B Emissions and the climate boundary
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Energy supply 20

Industry 14

Agriculture, forestry 13
and other land use

Transport 8.7

Buildings 3.3

0 5 10 15 20
Direct emissions in 2019 (GtCOz-equivalent)

IPCC’s 2019 sector estimates, in GtCOy-equivalent: total of these rounded values is
59. Electricity is allocated to energy supply here; reallocating it to users changes
sector shares.

Energy systems, industrial processes, land-use change, transport and food production
offer different mitigation opportunities. Choose a gas, accounting boundary and year
before comparing countries. Territorial emissions occur within borders; consumption
accounting reallocates emissions embodied in trade. Annual totals, cumulative emis-
sions and per-person values answer different fairness questions.

The climate-change planetary boundary is a precautionary Earth-system risk frame-
work, not a country’s legal emissions allowance. Its commonly used CO, concentration
control value is 350 ppm, with radiative forcing another control variable. The dated
2024 global concentration exceeds that value. This does not mean the 1.5 °C Paris goal
is the same numerical boundary, nor that every proposed tipping point has already
been crossed. A boundary signals rising systemic risk rather than a precise date of
universal collapse.

B Read climate and impacts at the right scale
Climate includes temperature and precipitation distributions, seasonality and ex-
tremes. Construct a climate graph with months in chronological order, rainfall as

bars and mean temperature as a line; label each vertical axis and its units. Do not
read millimetres from a temperature scale.
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A: seasonal rain and temperature

300 - 40
250 3
30
£ 207 250
£ 5o 20 4
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© -
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B: evenly distributed rain

300 40
250 A 3
I 30
fgzoo- _25§
Z 107 -202-_
© -
o 100 5@
L 10
50 L <
0 - Lo

1 2 3 4 5 6 7 8 9 10 11 12
Month number: 1 = January, 12 = December

Sites An and B, not real weather stations. Blue bars use the left rainfall axis; orange
lines use the right temperature axis.

For A, January—December rainfall values in mm are 20, 20, 40, 60, 100, 180, 240, 220,
160, 80, 40 and 40: total 1200 mm. Monthly mean temperatures in °C are 10, 12,
15, 20, 25, 28, 30, 29, 25, 20, 15 and 11: their sum is 240, giving an equally weighted
monthly mean of 20 °C and range 30 — 10 = 20 °C. A daily-weighted annual mean
would need month lengths and the underlying data. B has 100 mm and 25 °C every
month: also 1200 mm /year, mean 25 °C, temperature range 0 °C. Equal annual rainfall
does not imply equal dry-season stress, runoff or crop suitability. Compare monthly
values, variability and extremes over matching periods, with location and units stated.
One storm is weather; its changing probability belongs to climate analysis.

Heat extremes, heavy rainfall, drought and tropical cyclone risks vary among regions
and processes. Warmer air can support heavier rainfall, and stronger cyclone rainfall
or intensity does not imply every ocean basin must have more storms. Glacier retreat
can initially increase meltwater but later reduce dependable dry-season supply. Heat,
water stress, disease and infrastructure damage can affect food, health, livelihoods and
migration.

At ecosystem scale, warming can shift ranges and breeding or flowering times, dis-
rupt food relationships and cause thermal stress. Some cooler regions may gain a
longer growing season or productivity, but water, nutrients, pests and heat limits con-
strain benefits. Species cannot all migrate fast enough or cross fragmented habitats.
In the Great Barrier Reef’s 2024 event, marine heat stress caused widespread coral
bleaching ## 4 1. Loss of symbiotic algae reduces energy supply; bleaching is
not automatically immediate death, but prolonged or repeated stress can kill coral
and reduce habitat for other species. Local water-quality measures help resilience but
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cannot alone stop ocean warming.

Vulnerability combines exposure, sensitivity and capacity to adapt. Low-lying Tuvalu
faces flooding, erosion, saltwater intrusion and infrastructure risks despite a small
contribution to global emissions. A UNDP account dated October 2024 records the
handover of 7.3 hectares of reclaimed land under its coastal adaptation project. Raised
land and protection can reduce particular risks; maintenance, ecology, cost, access and
future sea level still matter. This is evidence of an adaptation action, not proof that
all islands are permanently safe or inevitably uninhabitable on one fixed date. Within
any country, income, occupation, disability, housing and political access affect risk.

B Feedbacks, thresholds and perspectives

\/~\/

 absorbed

more solar energy positive ice and snow
absorbed feedback melt

darker surface exposed:
lower albedo

ice and snow open water
high albedo: low albedo:
most sunlight reflected most sunlight absorbed

amplifies the change;
not a beneficial outcome

Positive means amplification, not a beneficial outcome.

The ice-albedo feedback yK /7 3% [z it starts when warming reduces ice and snow,
lowering albedo and increasing absorbed solar energy: a positive feedback. More
water vapour can amplify warming; thawing permafrost 7K /A% 1 can add CO, and
methane. Drought and fire can weaken forest carbon storage. A warmer emitting
body generally radiates more, providing a stabilising response. CO, fertilisation may
increase plant uptake, but nutrients, water, heat and disturbance limit this negative
feedback; it cannot be assumed to cancel emissions.

A tipping point I[ift 4 is a threshold beyond which a system’s change can become
self-sustaining. Ice-sheet retreat, some ecosystem shifts and circulation changes are
studied examples. Positive feedback alone does not demonstrate a particular thresh-
old or an immediate, irreversible global collapse. State the component, mechanism,
uncertainty and timescale. People weigh these risks differently because of livelihoods,
evidence, trust, values and responsibilities. “Ecocentric” and “technocentric” describe
emphases, not fixed beliefs shared by everyone in a group.
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Climate change: mitigation and adaptation

B Choose the response by its mechanism

Mitigation J§ 2% reduces greenhouse-gas emissions or increases removals. Adap-
tation & V. reduces harm or uses opportunities under changed climate conditions.
Insulating a home may reduce energy demand and improve protection from heat:
classify the actual mechanism, since an action can do both. Mitigation limits future
change; adaptation addresses exposure and vulnerability, with limits at high warming.
Reaching net zero F#ZHjL for CO, does not instantly restore former sea levels or
remove all greenhouse gases.

e v

A solar farm: rows of photovoltaic panels tilted toward the sun generate electricity

without burning fuel

CAUSE climate change IMPACT
emissions, e warming, D — floods, drought,
land-use change sea-level rise storms
ADAPTATION
dMITIth‘TI_ON vulnerability = sea walls,
Sl exposure + sensitivity cyclone shelters,
reforest, ) :
I — capacity drought-resistant
® crops

Adaptation raises capacity;
mitigation shrinks the hazard itself.
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Response Examples Main conditions and
limits

Reduce Renewable electricity replacing fossil Lifecycle inputs, grid

emissions generation; efficient buildings and reliability, access, land
transport; protect existing forests; cut rights and rebound effects
methane leaks

Remove Reforestation or suitable soil-carbon Permanence, land and

atmospheric  gains; direct air capture with durable energy demand,

COq storage; biomass capture/storage under monitoring, additionality
a favourable net balance and leakage

Alter Proposed stratospheric aerosol Scale, rainfall effects and

incoming intervention; more reflective selected governance differ; no

solar energy

surfaces

direct solution to

CO,-driven acidification

Carbon capture and storage TifgisE 5T at a fossil-fuel plant or cement kiln can
prevent some new COs reaching the air. It is not automatically removal of existing
atmospheric carbon. Account for capture fraction, energy penalty, upstream emissions,
transport and verified storage. Direct air capture removes ambient COy only if the
complete process and storage deliver a net removal. Trees and soil can store carbon
but face saturation, fire and reversal; a temporary store is not equivalent to permanent
avoidance of fossil emissions.

B Adaptation from infrastructure to institutions

Structural measures include flood defences, raised buildings, drainage and water-
storage infrastructure. Non-structural measures include early warnings, land-use zon-
ing, building standards, changed planting dates and emergency planning. Restoring
mangroves or wetlands is ecosystem-based adaptation; living systems need space and
suitable conditions. A seawall may protect one shoreline while shifting erosion else-
where; desalination can improve supply while requiring energy and brine management.
Compare lifecycle cost, beneficiaries, residual risk and maintenance rather than claim-
ing a measure “prevents climate change”.

ecosystem-based
restore mangroves
and wetlands (need
space and conditions)

non-structural

early warnings, zoning,
building standards,
planting dates, plans

structural

flood defences, raised
buildings, drainage,
water storage

compare lifecycle cost, who benefits and shifted harm: a seawall can move erosion along the shore

Three kinds of adaptation, compared on cost, beneficiaries and shifted harm

A sponge city {483k approach combines permeable paving, green roofs, planted
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storage areas and wetlands to retain or slow runoff. They can reduce peak flows within
design conditions; extreme rainfall, saturated soil, blocked outlets or poor maintenance
can exceed capacity. Shade and vegetation can also reduce heat, with water and land
trade-offs. Managed retreat may reduce exposure but requires rights, consultation,
compensation and viable livelihoods.

National adaptation plans organise medium- and long-term risk assessment, priorities,
funding, implementation and monitoring. Earlier National Adaptation Programmes of
Action (NAPASs) focused on urgent needs of least-developed countries. Neither is the
same as an emissions inventory or an NDC. Local knowledge and participation help
identify who benefits or loses; budgets and institutional capacity affect delivery. For
an attitude survey, use neutral questions, voluntary participation and privacy, describe
sampling and non-response, and distinguish preference from ability to pay or actual
behaviour.

B International cooperation and accountability

The UN Framework Convention on Climate Change (1992) provides a negotiating
framework. The Kyoto Protocol (1997) set binding commitments for participating
developed-country Parties listed in its Annex B; it did not impose identical targets on
every rich state. Paris uses nationally determined contributions (NDCs), successive
updates, transparency and global assessment. Parties have procedural duties, but
stating a target does not guarantee achievement or create a simple global enforcement
police. A conditional IPCC pathway reaching net-zero global COy around the early
2050s is not a treaty rule that all countries must achieve net-zero all gases by 2050.

1992 1997 2015 2025

—@ @ @ o—>
UNFCCC Kyoto Protocol Paris Agreement COP30 Belém
negotiating  binding targets for NDCs, updates, latest completed
framework Annex B Parties transparency COP (as of 2026)

The climate regime from the UNFCCC to COP30

A carbon tax fiigfii sets an emissions price; the resulting quantity depends on re-
sponses. An absolute-cap emissions trading scheme FRHEGCAZ 5 limits covered
emissions and permits trading; allowance prices can vary. Coverage, monitoring, free
allocations, offsets and enforcement determine results. Revenue can fund public in-
vestment or protect low-income households. Carbon-border measures can address im-
ported embodied emissions but raise questions about measurement, development and
trade fairness. International finance, technology and capacity-building can support
action; announced funds must be distinguished from money delivered and measurable
outcomes.

State sovereignty makes international action depend on negotiated obligations and
domestic institutions. Governments set laws and infrastructure; industries invest and
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change processes; NGOs, communities and individuals influence monitoring, demand
and politics. Responsibility is shared but unequal in resources and influence. Lower
consumption, clean technology and institutional change can complement each other.
Evaluate effectiveness, cost, distribution, rights and feasibility rather than assuming
one value label supplies an answer.

Stratospheric ozone

B Radiation and a protective dynamic balance

Infrared, visible and ultraviolet %£4p2k belong to the electromagnetic spectrum.
Shorter wavelength means higher frequency and photon energy. O, and ozone H.4%
absorb essentially all solar UV-C and much UV-B before it reaches the ground; much
UV-A penetrates. Excess UV-B can damage DNA, increase skin-cancer and cataract
risks, harm crops and affect phytoplankton and aquatic food webs. The ozone shield
does not block all solar radiation or make unlimited sun exposure safe.

frequency / Hz

104 109 10t 1014 10t 1016 10 1022

104 101 1073 10-6 10-7 108 1011 1014

|
|
l
|
wavelength / m !
|
|
|

radio microwaves infrared visible uv X-rays y-rays

The electromagnetic spectrum

Ozone is continually formed and destroyed in a dynamic equilibrium s F-£: bal-
anced average rates can maintain a concentration while individual molecules change.
Sunlight supports both formation and destruction. Ozone absorbs UV and contributes
to stratospheric heating. The same O3 molecule near ground level is a harmful sec-
ondary pollutant formed through sunlight-driven reactions involving nitrogen oxides
and volatile organic compounds; it also acts as a greenhouse gas. Location and chem-
istry distinguish these problems.

B Ozone-depleting substances and recovery

Ozone-depleting substances JH#ER4 )24 it include chlorofluorocarbons &7
f& (CFCs), formerly used in cooling, foams and propellants. Their tropospheric sta-
bility lets them reach the stratosphere, where ultraviolet radiation releases reactive
chlorine. Chlorine and bromine participate in catalytic destruction; a catalyst is re-
generated, so one atom can participate in many cycles. They are atoms or radicals
in this explanation, not chloride ions. Very cold polar conditions, confinement and
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returning spring sunlight help explain severe seasonal Antarctic depletion, the ozone
hole R4 %37, rather than a literal empty opening in the atmosphere.

Ozone * September 6, 2000 « Total Ozone Mapping ometer (TOMS)

The ozone hole B4l over Antarctica (dark blue) on a NASA map: this is where
the ozone layer has thinned the most

The Montreal Protocol S45H]/RILEF (1987) controls production and consump-
tion of ozone-depleting substances through agreed phase-out schedules. Universal rat-
ification, scientific assessment, monitoring, financial support and available alternatives
helped action. Ratification alone is not the physical mechanism of recovery: reduced
emissions and declining atmospheric burdens matter. Long atmospheric lifetimes cause
delayed recovery, while annual ozone-hole size also varies with weather.

The 2022 scientific assessment projected return to 1980 ozone values around 2040 for
the near-global belt, 2045 for the Arctic and 2066 for Antarctica under continued com-
pliance and stated scenarios. These are conditional projections with ranges, not exact
guaranteed dates. The stratospheric-ozone planetary boundary concerns a global con-
trol measure; serious regional Antarctic depletion does not mean its global threshold
is necessarily transgressed. Conversely, a global measure within its boundary does not
imply the absence of regional damage.

HFC substitutes generally contain no chlorine or bromine and have negligible ozone-
depletion potential, but particular HFCs can be strong greenhouse gases. The Kigali
Amendment (2016) phases down controlled HFCs. It is not the separate phase-out of
HCFCs, which still contain chlorine. Ozone protection and climate protection overlap
but are not interchangeable: less COs does not directly remove stratospheric chlo-
rine. Montreal’s narrower set of industrial chemicals and practical replacements aided
agreement; decarbonisation reaches energy, transport, food and other systems. This
comparison does not mean climate cooperation is impossible or ozone protection com-
plete.
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Exam tips

State the boundary, year, averaging period and unit. Separate station/global CO.,
annual /long-term warming, mass of carbon/CO,, and capture fraction /net lifecycle
reduction.

Trace mechanisms: radiation is not ozone chemistry, point-source capture is not
automatically removal, and positive feedback is not proof of a specific tipping
threshold.

Evaluate named actions using measured outcomes, uncertainty, equity and im-
plementation. Distinguish treaty adoption, targets, funding announcements and
delivery.

Practice

1.

© N

10.

11.

(a) State the composition of dry air, and explain why gases with very low concen-
trations can matter greatly. (b) Describe the troposphere and the stratosphere.

(a) Explain the natural greenhouse effect, using the terms short-wave radiation,
long-wave radiation and albedo. (b) A surface receives 340 W m~? of sunlight and
has an albedo of 0.3. Calculate the radiation reflected and absorbed.

(a) Distinguish between the natural and the enhanced greenhouse effect. (b) Out-
line three pieces of evidence that the climate is warming. (c¢) Explain why methane
has a strong but short-lived effect on warming.

(a) Explain the ice-albedo feedback, and state whether it is positive or negative. (b)
Outline what is meant by a tipping point in the climate system, with an example.

Describe three impacts of climate change, and explain why they fall unequally on
different countries.

Distinguish between mitigation and adaptation, with two examples of each.
Evaluate carbon capture and storage as a mitigation strategy.

Outline the main features of the Paris Agreement, and evaluate its effectiveness.
Explain how sponge cities help people adapt to climate change.

Explain how CFCs destroy stratospheric ozone, and state two effects of increased
UV radiation.

Explain why the Montreal Protocol has been more successful than agreements on
climate change.

Answers.

1.

(a) Dry air is about 78% nitrogen, 21% oxygen, 0.9% argon and about 0.04%
CO, plus traces; water vapour is variable and excluded from dry-air percentages.
Absorption depends on molecular properties and wavelength, so trace gases can
have large effects. (b) The troposphere contains most air and weather; its top
varies roughly 8-18 km and temperature usually decreases upwards, with inversions
possible. The stratosphere extends to about 50 km and warms upwards partly

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL e 6 Atmosphere and climate change

® exercises.lol exercises.com.cn



through ozone absorption of UV.

2. (a) Solar short-wave radiation is reflected or absorbed by atmosphere and surface.
The surface emits thermal infrared; greenhouse gases absorb and emit some of
it in all directions, including downwards. Some infrared escapes. Albedo is re-
flected /incoming solar radiation; the approximately 30% global reflection does not
mean all remaining sunlight warms only the surface. (b) Reflected = 0.3 x 340 =
102 W m~2; absorbed = 340 — 102 = 238 W m2.

3. (a) The natural greenhouse effect is caused by natural levels of greenhouse gases
and keeps the Earth habitable. The enhanced greenhouse effect is the extra warm-
ing caused by the gases people have added, mainly by burning fossil fuels and clear-
ing forests. (b) Rising multi-decade instrument temperatures, loss of glaciers/land
ice and rising sea level are independent lines. Proxy records extend the baseline,
with dating and calibration limits. Present high CO, alone is evidence of changed
forcing, not a thermometer measurement. (c) Methane has a large time-integrated
effect per mass on common stated-horizon metrics. Its perturbation lifetime is
roughly a decade, not a fixed expiry date; ongoing emissions maintain concentra-
tions. CO, has multiple removal timescales. Cutting methane helps near-term
warming without replacing CO, reductions.

4. (a) Warming melts ice and snow, exposing darker ocean and land with a lower
albedo, which absorb more energy, causing more warming. It amplifies the change,
so it is positive feedback. (b) A threshold beyond which component change can be-
come self-sustaining, such as ice-sheet retreat aided by elevation and flow changes.
Threshold and response time are uncertain; positive feedback does not alone prove
an immediate global tipping cascade.

5. Examples: heat harms health; land-ice loss and thermal expansion raise sea level,
marine heat stress bleaches coral. Regional effects differ. Exposure, sensitivity and
adaptive capacity vary within and between countries; low emissions do not ensure
low vulnerability.

6. Mitigation reduces emissions or adds atmospheric removals: replacing fossil elec-
tricity and reducing methane leaks. Adaptation reduces harm: flood defences and
heat warnings. One action can have both roles; classify its mechanism.

7. Point-source capture can avoid some new emissions, especially process CO,, but
does not automatically remove existing atmospheric carbon. Evaluate complete
net emissions, capture fraction, energy, upstream inputs, cost, transport, durable
storage and monitoring. DAC with storage is a distinct potential removal route.

8. Adopted in 2015, Paris aims well below 2 °C and pursues 1.5 °C, with successive
NDCs, transparency and global assessment. Long-term warming differs from one
annual value. Broad participation supports cooperation; national implementation,
ambition, finance and unequal capacity limit delivery. Procedural duties do not
guarantee target achievement.
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9. Permeable surfaces, planted storage and wetlands retain or slow runoff and may
reduce peak flooding. Capacity, saturation, maintenance and extreme rainfall limit
protection; heat benefits are separate mechanisms. It is adaptation rather than
direct removal of greenhouse gases.

10. Stable CFCs can reach the stratosphere, where UV releases chlorine that partic-
ipates repeatedly in catalytic ozone destruction. More UV-B can increase skin-
cancer/cataract risk and damage crops or phytoplankton.

11. Montreal targeted a narrower chemical group with alternatives, monitoring, finance
and agreed controls, supporting reduced ODS burdens and conditional recovery.
Climate emissions span many systems and unequal development needs. Universal
ratification is not proof of complete recovery; climate agreements can still achieve
reductions.
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Natural resources

International Baccalaureate - IB Diploma - Environmental Systems
and Societies - SL

Scope and prerequisites

This handout teaches Topic 7, Natural resources (7.1 Natural resources: uses and
management, 7.2 Energy sources: uses and management, 7.3 Solid waste), for the
course first assessed in 2026. Datasets are teaching examples, not observations from
real papers. This SL copy omits the separate HL extensions.

Prerequisites: Topic 1 (natural capital and natural income, sustainability, the circular
economy, perspectives), Topic 5 (soil as a resource) and Topic 6 (greenhouse gases and
mitigation).

Natural resources

B The solar surge

The TEA’s Renewables 2023 report, published in 2024, reported that China commis-
sioned as much solar photovoltaic capacity in 2023 as the whole world did in 2022.
This is a comparison of new capacity, not electricity generated or all energy consumed.
A panel’s rated power does not show how many hours it operates or whether output
matches demand. Sunlight has supported agriculture, heating and other uses for much
longer than modern panels have existed; technology, cost and policy change how it
is used. This topic follows resources from natural stocks and flows through useful
services to waste and recovery.

B What is a natural resource?

A natural resource HK¥I§ is any material, energy or service from the natural
world that people use. In Topic 1 we called the stock natural capital H/X% A and
the flow of goods and services from it natural income H KU A. Resources can be
grouped by how quickly they are replaced:
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An open-pit mine: benches are cut ever wider and deeper to reach a non-renewable

ore
renewable replenishable non-renewable
forests, fish, solar groundwater, soil coal, oil, metal ores
replaced fast replaced over geological time

any resource is sustainable only while use stays within its replacement

Resources grouped by how quickly they are replaced

Type Meaning Examples

Renewable Regenerated or supplied Timber growth, reproducing fish

A through recurring natural stocks and renewable freshwater
processes on relevant human flows; solar and wind energy flows
timescales

Non- Formed over geological time, Coal, oil, natural gas, uranium,

renewable  so used much faster than they  metal ores, minerals

ANulHA form

A renewable stock can be depleted if use exceeds regeneration: overfishing can col-
lapse a stock, while abstraction can exceed aquifer recharge. Some groundwater is
effectively fossil water; full soil formation is often too slow for renewal on planning
timescales (Topics 4 and 5). Sunlight and wind are recurring energy flows with fi-
nite available power, area and infrastructure constraints. Metals can be reused and
recycled, but collection losses, contamination, energy and quality constrain repeated
recovery; matter does not circulate perfectly forever.
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B The value of resources changes

What counts as a resource depends on culture, technology and economics:

uranium: coloured glass uranium: fission fuel

» time
value depends on culture, lithium, cobalt: batteries

technology and economics rarelearths: magnets

What counts as a resource changes with technology

o Uranium’s energy and strategic value changed with fission technology; it also had
earlier uses in coloured glass and ceramics.

o Lithium, cobalt and rare earth elements 7% 1 JC 2 illustrate changing technology
demand. Lithium is not a rare earth, and these materials serve different battery,
magnet and industrial roles; not every battery or turbine requires every one of
them. Supply concentration depends on material, processing stage and year.

o Whale oil was once a major fuel for lamps; kerosene and then electricity replaced
it.

e Some resources have values that markets do not show. A forest’s timber has a price,
but its carbon storage, flood control and spiritual value usually do not (Topic 1,
ecosystem services).

B Managing resources sustainably
 Reduce demand: use resources more efficiently; design products that last longer
and use less material.
o Substitution #{{: replace a scarce or harmful resource with another, such as
aluminium for copper in cables, or renewable energy for fossil fuels.
» Reuse, repair and recycling, which keep materials in use (the circular economy,
Topic 1).
» Protect renewable stocks and ecological functions: a harvest at estimated
growth does not alone protect habitat, soil, age structure or other services.
+ Resource security %44 countries try to secure reliable supplies by diversi-
fying sources, stockpiling and trade agreements. Concentration of supply in a few
countries makes resources a political issue.

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL e 7 Natural resources

® exercises.lol exercises.com.cn



B Stocks, services and contrasting values

A standing forest, wetland and local river illustrate different natural capital. Timber
or fish are goods; flood regulation, water replenishment, nutrient removal, erosion
protection and carbon storage are services. A reed-bed buffer may take up nutrients
but has limited capacity and can release pollutants under changed conditions; it is
not a substitute for unlimited waste treatment. Sustainability requires both harvest
within regeneration limits and pollution within rates and conditions that avoid harmful
accumulation.

forest stock

regeneration start 1000 units harvest
natural growth end 980 units timber removed
+80 units —100 units

AAAAAL

band widths
to scale

1000 4- 80 — 100 = 980 units

harvest exceeds regeneration by 20
if these flows continue, the stock falls by 20 each period
the yield is sustainable only if harvest < regeneration

One-period model: 1000 + 80 — 100 = 980 wunits; use exceeds regeneration by 20. A
sustained-yield calculation also needs uncertainty and protection of other ecosystem
functions.

Nature has aesthetic value through beauty, cultural and spiritual connections through
place and practice, economic value through income, environmental value through
ecosystem processes, health value through clean water or recreation, social value
through community use, and technological value through useful properties. Intrin-
sic value concerns worth independent of human usefulness. These values can overlap
but cannot all be reduced to a timber price. Describing nature as capital is a useful
stock/flow model, yet can imply that nature exists primarily for human use; acknowl-
edge that perspective instead of presenting it as the only ethical view.

For a school survey, ask neutral, separate questions about services and reasons for
valuing them; use voluntary participation, privacy and a stated sampling method.
Willingness to pay depends on income as well as preference, and a small convenience
sample is not the whole community. Changes in fashion, substitutes, scientific knowl-
edge, scarcity and policy can raise or lower resource value: lithium demand rose with
rechargeable-battery applications, while whale oil’s lighting role declined as alterna-
tives spread. A lower market price does not mean a species or habitat loses intrinsic
worth.
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B Security in two water contexts

Resource security means sufficient, reliable and accessible supply over time, not sim-
ply a large national stock. Singapore’s Four National Taps combine local catchments,
imports, NEWater reuse and desalination. Diverse sources reduce some rainfall and
import risks, while treatment energy, infrastructure, cost and water quality require
management. This is not complete independence from every external input.

local catchment imported NEWater o
q desalination
water water (reclaimed)
diversified

water supply

plus demand side: metering, leak reduction, low-flow fittings

Singapore’s Four National Taps diversify supply

Jordan’s National Water Strategy 2023-2040 describes severe scarcity, with about 61
m? of renewable freshwater per person per year in its 2023 account. Arid conditions,
demand, groundwater pressure and unequal access complicate security. Leakage re-
duction, safe reuse, demand management and planned supply projects require finance
and delivery; an announced project is not already completed capacity. Compare both
countries’ reliability, affordability, ecological flows and resilience rather than declar-
ing one technology a universal answer. Water and food security are linked through
farming, energy and trade, but national averages can hide household insecurity.

Energy sources

® Why energy matters

Energy provides industrial work, transport, heat, cooling and communication, but
access and consumption are unequal. Population and per-person demand can both
raise total use; efficiency and conservation can change the relationship. Primary
energy refers to energy in resources before conversion, while electricity is an energy
carrier, not synonymous with all energy. Hydrogen is also a carrier: making it requires
energy and a feedstock. Fuels additionally supply chemical feedstocks and process
heat for steel, cement and fertiliser; alternatives must address those roles rather than
electricity alone.
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Fossil fuels 505

Other sources

T T T T T
0 100 200 300 400 500
Primary energy, 2023 (EJ)

Energy Institute’s 2024 review: rounded 2023 total 620 EJ, fossil fuels 505 EJ. Share
505/620 x 100 = 81.45%, about 81.5%. Use a consistent accounting method when
comparing years; these are not electricity-generation shares.

B Non-renewable energy sources

o Coal: Benefits: Cheap; large reserves; reliable. Limits: Most COy per unit of
energy; air pollution (particulates, sulfur dioxide); mining damages land.

A nuclear power station: low-carbon electricity, but long-lived radioactive waste to
manage

e QOil: Benefits: High energy density; easy to transport; widely used in transport
and chemical feedstocks. Limits: CO,; oil spills; supply concentrated in a few
regions.
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o Natural gas: Benefits: Often less direct CO5 per comparable output than coal;
flexible generation. Limits: Still fossil; upstream methane and extraction impacts
affect net comparison.

o Nuclear 1% fig: Benefits: Generally low lifecycle carbon; high availability; small
fuel mass. Limits: Mining, cooling and radioactive wastes; accident risk; financing,
build time and decommissioning.

B Renewable energy sources

o Solar K[PHfE: Benefits: Low operating emissions; scalable roof or ground instal-
lations. Limits: PV needs sunlight; clouds, location, land, minerals and end-of-life
treatment matter.

A geothermal power station in Iceland: steam from hot rock drives the turbines

Wind turbines: renewable sources replenish on human timescales; fossil fuels do not
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« Wind JXfig: Benefits: Low cost; low emissions; can be offshore. Limits: Inter-
mittent; visual and noise impact; risk to birds and bats.

e Hydroelectric 7K Hi: Benefits: Reservoir hydro can be controllable and store
potential energy. Limits: Dams flood land and displace people; block fish; change
river flow and sediment.

» Geothermal: Benefits: Often steady where suitable; heat and/or electricity. Lim-
its: High-temperature resources are site-dependent; useful geothermal heat also
exists outside volcanic regions.

o Tidal and wave: Benefits: Tidal timing is predictable; wave energy follows sea
conditions. Limits: Site and ecological constraints; wave output is weather-
dependent.

o Biomass 4 JiifiE: Benefits: Uses suitable organic fuels; can be stored. Limits:
Land, food and biodiversity trade-offs; combustion pollution; not automatically
carbon-neutral.

The main problem with solar and wind is that they are intermittent [A]&{{}:: they
produce power only when the sun shines or the wind blows. Solutions include batteries,
pumped hydro storage (pumping uphill with input electricity and later releasing water
through turbines), stronger interconnections, flexible demand and suitable dispatch-
able generation. Storage shifts energy through time; it is not a free primary source.
Geographic diversity helps but does not guarantee every region has surplus simulta-
neously. Run-of-river hydro is less controllable than reservoir hydro, and drought can
constrain both.

B Choosing an energy mix

A country’s energy mix fEfi%5EH) depends on:

o the resources it has (coal in China and India, hydro in Norway and Brazil, sun in
North Africa);

« cost and technology;

e energy security FEJFZL 4 a reliable supply not dependent on unstable imports;
the 2022 cut in Russian gas to Europe made many countries speed up renewables;

e environmental concerns and international climate agreements;

e public opinion and politics, such as opposition to nuclear power in Germany after
Fukushima;

« the values of the society (Topic 1).

B Compare Norway and Japan

Norway’s energy authorities describe a hydro-rich electricity system with reservoirs
providing flexibility. Topography, rainfall, existing dams and interconnections support
that choice; drought, ecological flows, fish movement, flooded land and power prices
still matter. A hydro-dominated electricity supply does not make all transport or
industrial energy renewable.
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Norway: hydro-rich electricity Japan: import-dependent

enablers: topography, rainfall, after 2011: Fukushima disrupted nuclear
existing reservoirs, interconnections constraints: limited domestic fuels,
limits: drought, ecological flows, import routes and prices, terrain

fish movement, flooded land responses: LNG diversification, efficiency,
transport and industry not all renewable grid resilience, renewables, nuclear safety

geography and history shape each mix; neither is a template

Norway and Japan: geography and history shape each energy miz

The TEA’s Japan 2021 review describes import dependence and diversification after
the 2011 Fukushima accident disrupted nuclear supply. LNG supplier diversification,
efficiency, grid resilience, renewable development and nuclear safety involve different
trade-offs. Import routes and prices, limited domestic fuels, terrain, urban demand,
public trust and historical infrastructure influence choices. This is a dated policy
context, not an assertion that the 2021 mix remains unchanged. Compare availability,
affordability, reliability, carbon, local pollution, efficiency and restoration costs in both
settings; neither country supplies a universal optimum.

B Capacity, generation and storage

Power is a rate; energy is accumulated over time. Invented: a 50 MW wind installa-
tion at a capacity factor of 0.30 over 8760 hours generates 50 x 8760 x 0.30 = 131400
MWh, or 131.4 GWh. Capacity factor compares actual output with continuous full-
rated output; it is not thermodynamic conversion efficiency. Never compare installed
MW directly with annual MWh.
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5 MWh in + — 4 MWh out
charging electricity | I electricity delivered later

~

store
charge, hold,
then deliver

1 MWh lost as heat
in conversion and storage

round-trip efficiency = % x 100 = 80%

band widths drawn to scale

Round-trip efficiency = 4/5 x 100 = 80%. Delivering 4 MWh at 1 MW can cover

four hours, within the model’s power and usable-energy limits.

Batteries can respond rapidly, while pumped storage uses water and elevation and
thermal storage can serve heating or cooling. A fuel cell converts a supplied fuel’s
chemical energy to electricity; a hydrogen-storage chain also needs production, storage
and conversion, each with losses. Match storage power, duration, location, reliability
and cost to the mismatch between demand and supply. Peak-shaving can shift flexible
demand or discharge stores; a store empty after four hours cannot supply an unlimited
week-long shortfall.

B Energy efficiency and conservation

Conservation changes use, while efficiency reduces the input needed for a given use-
ful service. Compare the costs and benefits of insulating buildings, efficient lighting
and appliances, public transport, cycling, and smart grids. Efficiency is useful energy
output divided by total energy input under a stated boundary. Conversion: 30 MJ
useful output from 100 MJ input gives 30%; 70 MJ is outside the useful output, often
dispersed as heat. Insulation can reduce energy needed for a safe indoor temperature;
replacing an inefficient light can reduce electricity for comparable illumination. Be-
haviour, comfort and occupancy affect measured savings. Sometimes efficiency gains
are partly lost because cheaper energy leads people to use more. This is called the

rebound effect [ .
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useful output

total energy
input

wasted (heat)

useful output
efficiency = —p x 100%
total input

Efficiency: only part of the energy input leaves as useful output; the rest is wasted,
usually as heat

Solid waste

® How much we throw away

Municipal solid waste 3§17 [FEl & &%) (MSW) includes collected household and
similar commercial waste; definitions and coverage vary. The World Bank’s 2018 What
a Waste 2.0 report estimated 2.01 billion tonnes in 2016 and projected 3.40 billion in
2050 under its assumptions. These are dated observations/estimates and a conditional
projection, not present measurements. Per-person amounts and composition vary with
income, diets, packaging, collection, policy, technology and season; high-income waste
does not consist only of packaging, nor low-income waste only of food.

food and green 44 %
paper, cardboard
other

plastic

glass

metal

rubber, leather

wood

0 10 20 30 40 50
Global MSW composition, 2016 estimate (%)

World Bank 2018 report, approzimately attributed 2016 composition. Categories sum
to 100%; this is a global estimate, not every city.

Classify by source (domestic, industrial, agricultural) or type (food, plastics, e-waste,
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biohazardous material); these are overlapping classifications, not additive categories.
Domestic waste can include paper/cardboard, packaging, glass, metal, food/garden
matter, clothing and some construction debris. Density and moisture matter: tonnes,
volume and dry mass are not interchangeable. Other important types include elec-
tronic waste Hif-3i i (e-waste: old phones and computers, containing valuable
metals and toxic ones such as lead and mercury) and hazardous waste from industry
and hospitals.

B Plastic

Plastic is useful because of its low mass, durability and other properties, but losses can
cause entanglement, ingestion, habitat effects and persistent contamination. Degrada-
tion depends on polymer and conditions; no single “hundreds of years” lifetime applies
to all plastics. Fragmentation creates smaller pieces without necessarily mineralising
the material. Microplastics %} are particles less than 5 mm; detection in an or-
ganism establishes exposure, not by itself a particular disease or proven dose-response.

Most plastics are non-biodegradable, so waste plastic collects on beaches and in the
oceans for hundreds of years

The OECD’s 2022 Global Plastics Outlook estimates that 9% of plastic waste was
ultimately recycled in 2019 after process losses. Keep this denominator and date: it is
not 9% of every plastic product ever manufactured. Ocean accumulation zones contain
distributed debris, not a solid island that can simply be lifted away. Prevention, col-
lection and safe treatment on land complement targeted clean-up; removing fragments
can be difficult and can disturb organisms.
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B Persistence, accumulation and justice

Biodegradation transforms organic substances through organisms under suitable con-
ditions; oxygen, moisture, temperature and chemistry affect rates. “Biodegradable”
does not guarantee rapid breakdown in cold seawater or an anaerobic landfill. If a
substance follows a constant 10-year half-life model, 80 g becomes 40 g after 10 years
and 20 g after 20, not zero. Real weathering or decomposition need not obey one
exponential half-life; metals can change form without disappearing as elements.

mass remaining / g
A

80 1
halves every 10 years:
80, 40, 20, 10 g ..

60 T .
approaches zero, never reaches it
(invented substance)

40 --------°

time / years

A constant half-life halves the amount each period; it never reaches zero

Pollution depends on toxicity, concentration, loading, exposure and transformation,
not only whether waste is visible. Biological oxygen demand from decomposing organic
waste can harm water even if the material eventually breaks down. Landfill leachate,
smoke from uncontrolled burning and unsafe e-waste recovery can transfer health costs
to workers and neighbouring communities. Waste exported for recovery can supply
materials and livelihoods but can also shift risks away from consuming societies. The
Basel e-waste amendments effective January 2025 extended prior-informed-consent
controls to all electrical/electronic waste within that framework; do not equate this

with a universal ban on every used working device or proof that illegal shipments
ended.
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B Ways of disposing of waste

Method Advantages Disadvantages

Open dumping Cheap Disease, smells, water pollution,
fires

Landfill H# Engineered Uses land; leachate &g

Incineration #8453

Composting #EAE

Anaerobic digestion

Recycling |54 F] ]

containment; some
landfill gas can supply
energy

Reduces volume,
depending on
feedstock; can recover
useful energy

Produces a useful soil
amendment from
suitable sorted organics

Produces biogas and
digestate; digestate
needs safe nutrient
management

Saves resources and
energy; reduces landfill

needs containment /treatment;
liners and gas collection can fail
or leak

Needs emissions

control /monitoring and ash
management; contracts can
discourage prevention

Needs sorting, oxygen,
moisture, space and quality
control

Needs separate collection

Needs sorting and markets;
some materials degrade each
time

liner: clay |
and plastic

borehole:
monitor
groundwater

gravel drainage layer with perforated pipes

landfill gas (methane)
electricity or flaring

cap: clay, soil,
planted grass

waste in compacted cells,
covered daily with soil

leachate collected
and treated

——— groundwater

An engineered sanitary landfill: a liner reduces risk rather than guaranteeing no

leakage; collect and treat leachate, monitor groundwater and manage gas during and
after operation.
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B The waste hierarchy

_ . prEferred

recycle, compost

recover energy

_ M IeaSt preferrec’

The waste hierarchy

The waste hierarchy JE#)%%} ranks ways of managing waste. Prevention normally
avoids more upstream demand than end-of-pipe treatment, while controlled disposal
can be necessary for residual or hazardous materials. Uncontrolled dumping and burn-
ing can be worse than engineered disposal; the hierarchy is not permission to recycle
contaminated waste unsafely. This matches the three levels of pollution management
(Topic 4): change the human activity, control the release, clean up the damage.

To compare products fairly, a life cycle assessment &1y & ] PEH) defines a func-
tional unit and system boundary and estimates environmental impacts of a product
from raw materials, through manufacture, transport and use, to disposal.

|

P 2000 1 —— oOption A —
c —— Option B
=}
> 1500
2
2
2 1000 —
E //
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T 500
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& /

0

0 5 10 15 20 25 30 35

Uses / items

The reusable item wins after 20 uses: 1,000 + 10n = 60n

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL e 7 Natural resources @

@® exercises.lol exercises.com.cn



Worked example. Making a reusable cup uses 1000 kJ, and washing it uses 10 kJ
per use. A disposable cup uses 60 kJ each. After n uses the totals are 1000 + 10n
and 60n. They are equal when 1000 + 10n = 60n, so n = 20. The reusable cup
saves counted energy only after more than 20 uses, so the first whole-number use
is 21. This model assumes one wash per use and no breakage; water, detergent,
transport, hygiene and other impacts are not included. A real lifecycle assessment
must compare an equivalent service and several impact categories, not energy alone.

B Case study: Shanghai’s waste sorting

Shanghai’s household waste-management regulation took effect in July 2019, requiring
separation into recyclables, hazardous waste, wet/food waste and dry/residual waste.
Labels and local arrangements help households choose the correct stream; collection
facilities, monitoring, education and penalties can reinforce participation. Not every
battery belongs to the same household category: follow the applicable local guidance
rather than assuming a rule for one chemistry fits all. Sorting is only one stage; track
contamination, transport, actual processing, recovered output and safe residues. A
before/after increase in sorted collection is encouraging but does not alone separate
the law’s effect from collection changes or prove every item was recycled.

B Changing behaviour

Strategies to reduce waste include:

o deposit-return schemes for bottles and cans;
o charges or bans on single-use plastic bags and straws;

o extended producer responsibility, which makes manufacturers pay for collecting
and recycling their products;

o designing products to be repaired, reused or easily taken apart;
o pay-as-you-throw charges for household waste;
o education, labelling and convenient collection.

B Follow a material through a circular system

An aluminium drinks can begins with ore extraction, refining, metal production and
manufacture; after use, collection, sorting, remelting and quality control can return
material to new products. Prevention and suitable refill /reuse can reduce production
before recycling is needed. Recovery: collect 80 of 100 units and recover 90% from
those; output is 72 units, with 28 lost or uncollected. Recyclable design is a potential,
actual recovery requires infrastructure, clean streams, energy and demand. Reducing
impact per item can be outweighed by rising total consumption. Extended producer
responsibility, deposit return, pay-as-you-throw, education and convenient facilities
work through different incentives and need checks for dumping, access, fairness and
real recovery.
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Exam tips

Name the functional unit, period and boundary: stock/flow, primary en-
ergy/electricity, MW /MWh, capacity factor/efficiency, collection/recovery and
mass/volume are distinct.

Evaluate a source or policy for a named context, including lifecycle impacts, secu-
rity, affordability and who bears costs. A renewable or recyclable label is not an
observed outcome.

Show inequalities for break-even: equality at 20 uses means lower counted energy
first occurs at 21 whole uses. State omitted impacts and assumptions.

Practice

1.

(a) Distinguish between renewable and non-renewable resources, and explain how
a renewable resource can be used unsustainably. (b) Explain, with two examples,
why the value of a resource can change over time.

2. (a) Outline two ways of managing non-renewable resources sustainably. (b) Using
the dated 2023 Energy Institute values, 505 EJ fossil energy and 620 EJ total,
calculate the fossil share.

3. (a) Evaluate nuclear power as an energy source. (b) Compare solar and hydroelec-
tric power as sources of electricity.

4. (a) Explain why intermittency is a problem for solar and wind power, and outline
two solutions. (b) Outline four factors that affect a country’s choice of energy
sources.

5. Explain what is meant by energy security, with an example.

6. (a) Describe how the amount and composition of solid waste differ between richer
and poorer countries. (b) Explain why plastic waste is a serious environmental
problem.

7. Compare landfill and incineration as methods of waste disposal.

8. Describe the waste hierarchy and explain why prevention is ranked above recycling.

9. A reusable bottle uses 1500 kJ to make and 15 kJ per wash. A disposable bottle
uses 90 kJ. After how many uses does the reusable bottle use less energy?

10. Outline the features of Shanghai’s waste-sorting scheme and suggest why it changed
behaviour.
11. Evaluate two strategies for reducing plastic waste.
Answers.
1. (a) Renewable stocks or recurring flows are replenished on relevant timescales;

non-renewable resources form or are replaced too slowly relative to use. Harvest
can exceed regeneration, as with fish or groundwater. Soil and fossil groundwater
may be effectively non-renewable on planning timescales; a renewable label does
not guarantee sustainable extraction. (b) Value depends on technology, culture,
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economics and substitutes. Uranium’s role changed with fission; lithium demand
rose with rechargeable batteries; whale oil lost its lighting role as alternatives
spread. Market price does not capture all intrinsic, cultural or ecological values.

2. (a) Reduce primary demand through efficiency, durability and suitable substi-
tution; repair, reuse and recycle with attention to losses and energy. Diverse
supply improves security but does not by itself make extraction sustainable. (b)
505/620x100=81.45%, about 81.5%, under the dated report accounting. These
are primary-energy quantities, not electricity shares.

3. (a) Generally low lifecycle carbon and high availability with small fuel mass; assess
mining, cooling, waste, accidents, build time, financing, decommissioning and al-
ternatives under the same output boundary. Not zero-impact, absolutely constant
or guaranteed cheapest. (b) PV is scalable and needs sunlight; compare weather,
minerals, land and recovery. Reservoir hydro can store water and be dispatchable,
but drought, inundation, displacement, fish and sediment matter. Run-of-river
hydro has different flexibility. Choose using the place and required service.

4. (a) Variable output may not match demand. Batteries or pumped storage shift
energy with losses and limited power/duration; interconnections, flexible demand
and suitable dispatchable generation can also help. No one measure guarantees
unlimited backup. (b) Any four: available resources; cost and technology; en-
ergy security; environmental concerns and climate agreements; public opinion and
politics; values.

5. Affordable, reliable access over time, not necessarily self-sufficiency. Diversified
sources, efficiency, storage and resilient grids can reduce vulnerabilities; domestic
hydro can still face drought and imports can sometimes spread risk.

6. (a) Income often correlates with per-person waste and packaging shares, but diet,
policy, technology, season, collection and definitions also matter. Organic waste
can be substantial across societies. Compare dated per-person mass and matching
category definitions; avoid treating each income group as uniform. (b) Persistence
and fragmentation can cause ingestion, entanglement and ecological effects, with
difficult recovery. Lifetimes differ by polymer and environment. OECD estimated
9% of 2019 plastic waste ultimately recycled. Microplastic detection establishes
exposure, not by itself a specific health outcome.

7. Engineered landfill contains residuals but needs liners, leachate treatment, gas
management and long-term monitoring. Incineration reduces volume and may
recover energy but needs emissions controls, ash management and consistent eval-
uation of fossil carbon. Compare local conditions, costs and impacts; neither
eliminates all waste.

8. Prevent/reduce, reuse, recycle/compost, recover energy, dispose of residuals. Pre-
vention can avoid extraction, production and treatment burdens; recycling still
needs collection and energy and loses material. Hazardous contamination or hy-
giene can limit recovery; uncontrolled dumping is not preferable to safe disposal.
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9. 1500+15n<90n gives n>20; the first whole-number use is 21. At 20 uses the energy
totals are equal, not lower. This boundary counts production and one wash per
use, not every lifecycle impact.

10. Regulation effective July 2019 requires recyclables, hazardous, wet/food and
dry/residual streams. Facilities, labels, education, monitoring and penalties can
change incentives. Verify downstream treatment and contamination; before/after
collection totals alone do not prove causation or complete recycling.

11. Charges/restrictions can cut targeted demand but shift burdens to other materials.
Deposits can improve collection if accessible facilities and processing exist. Pro-
ducer responsibility can fund collection/design but depends on coverage, fees and
enforcement. Judge actual reductions, lifecycle effects, leakage, cost and equity.
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Human populations and urban systems

International Baccalaureate - IB Diploma - Environmental Systems
and Societies - SL

Scope and prerequisites

This handout teaches Topic 8, Human populations and urban systems (8.1 Human
populations, 8.2 Urban systems and urban planning, 8.3 Urban air pollution), for
the course first assessed in 2026. This copy teaches the common SL understandings;
the separate higher-level extensions are omitted. Numerical datasets described as are
teaching examples, not observations or past-paper questions.

Prerequisites: Topic 1 (systems, inputs and outputs, ecological footprint, sustain-
ability), Topic 2 (population growth curves and carrying capacity) and Topic 6 (the
atmosphere, greenhouse gases and stratospheric ozone).

Human populations

B A country that started to shrink

China’s 2024 national statistical communiqué reports 9.54 million births and 10.93
million deaths, giving a natural decrease of 1.39 million. Births increased from 2023
even while the population declined: birth totals and population change are different
measures. Ageing also changes needs for workers, care and infrastructure. Compare
dates, age structure, migration and access to services rather than treating every coun-
try as following one fixed path.

ld

A crowded city crossing: human population dynamics depend on birth rates, death
rates and migration
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B Projections depend on assumptions

The UN’s 2024 population projection placed the global peak around 10.3 billion in the
mid-2080s under its central assumptions. This is a dated conditional projection, not
an observed future or a permanent current count. Fertility, mortality and migration
assumptions can change the result. Regional and national trends differ; a national
average also hides differences among age groups and communities.

B Measuring population change

A population changes through four flows: births and immigration i A add people;
deaths and emigration if | remove them.

300 1
200 ~

100 A

0_

People per year

—100 1

—200 1

births deaths inward migration outward migration

Change = births — deaths + immigration — emigration = +150 people, 1.5% of
10,000

Demographers compare populations of different sizes with rates:
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Measure Meaning How to

calculate
Crude birth rate Live births per 1000 people per year births +
A% (CBR) population

x 1000
Crude death Deaths per 1000 people per year deaths =+
rate JHIET % population
(CDR) x 1000
Natural increase Growth from births and deaths only, as a (CBR —
rate [ IRIMK & percentage CDR) + 10
(NIR)
Doubling time Years for a population to double at a constant 70 + growth
A5 388 s ] growth rate rate in %
Total fertility Expected births per woman if current from
rate AL F R age-specific fertility rates applied throughout  age-specific
(TFR) her reproductive life birth rates

A period TFR is a synthetic measure from current age-specific birth rates, not the
completed family size of every woman. Replacement level ¥ #:7K>F is often ap-
proximately 2.1 in low-mortality populations, allowing for survival and the sex ratio
at birth; it is higher where mortality is greater. It is not a universal exact threshold.
Age structure creates population momentum: growth can continue for a time below
replacement, and migration also changes totals. Long-term conclusions require stated
mortality, fertility and migration assumptions.

Note that CBR and CDR are “crude” because they ignore the age structure. A country
with many old people can have a high death rate even though healthcare is good.

B Worked example: rates from a town

A town with a mid-year population of 10 000 has 150 births, 100 deaths, 300 immi-
grants and 200 emigrants in one year.

A 4

births 150

———> deaths 100
town

10000 I
immigrants 300 es— peopie » emigrants 200

natural increase 150 — 100 = +50 (0.5%); migration 300 — 200 = +100
total +150 people = 1.5% a year; doubling time ~ 70/1.5 & 47 years (invented)

Flows into and out of a town: migration triples the growth

1. CBR = 150 = 10 000 x 1000 = 15 per 1000.
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2. CDR = 100 =+ 10 000 x 1000 = 10 per 1000.

3. NIR =

(15 — 10) = 10 = 0.5 %.

4. Total change = 150 — 100 + 300 — 200 = +150 people, which is 1.5 % growth.
5. Approximate doubling time if total growth stays at 1.5 % = 70 + 1.5 ~ 47 years.

Migration makes this town grow three times faster than natural increase alone. Many
cities grow mainly through migration.

B The demographic transition model

The demographic transition model A\ [O#72545% (DTM) describes how birth and
death rates have changed as countries develop.

stage 1 stage 2 stage 3 stage 4 stage 5
40
————— - T - 400

~
@ :ﬂj 30 - death rate \\ population 3 _
2> index T o
35 -300 £95
5 5%
28 20- e5
£ -200 2%
) g \ g

04— T TTTTTTTmmmme >—.\— 100
birth rate
0 invented time path - (migration omitted)

The demographic transition model (schematic)

Stage Birth Death Population Reasons
rate rate

1 High High, Small, stable Famine, disease, no healthcare;

varies children needed for work
2 High Falls Grows fast Better food supply, clean water,

fast sanitation, vaccines
3 Falls Low Growth Contraception, education and jobs for

slows women, urban living, lower infant
mortality
4 Low Low Large, stable Children are costly; people marry later
5 Very Rises May decline  Ageing population; many choose few or
low slightly no children

Stages summarise patterns rather than assigning every country a permanent rank. The
schematic does not include migration or predict transition dates; fertility, mortality,
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policy and age structure vary within countries. A fifth stage is an extension often used
to discuss sustained natural decrease, not an inevitable destination.

Limits of the model: it was based on Europe, where the transition took about 200 years;
many countries now pass through it much faster because medicine arrived suddenly.
It ignores migration, and it does not show government policies or diseases such as
HIV/AIDS that raised death rates in some African countries.

B Age-sex pyramids

An age-sex pyramid A [145F 3 shows numbers or percentages in stated age groups,
males on one side and females on the other.

expansive structure constrictive structure
male female
80+ - | | . [ ]
[ | |
[ | I
[ | ]
60-64 - || : I
[ | I
o [ ] I
] [ ] ]
o 40-44 - | | : I
g [ ] ]
© I |
I |
20-24 ] : |
I |
I I
I —— | ]
o-4 A |
T T T T T T T T T T
8 4 0 4 8 8 4 0 4 8
% of population % of population

Ezxpansive and constrictive age structures (percentages; shape alone does not prove
growth)

» An expansive pyramid has a relatively wide young-age base, consistent with large
recent birth cohorts and possible growth momentum; migration and survival also
affect the shape.

o A roughly stationary pyramid has similar-sized successive cohorts before older-
age mortality narrows the top; it is consistent with relatively stable recent births,
but migration can alter it.

o A constrictive pyramid has relatively small young cohorts and a wider middle;
fewer recent births, survival and selective migration can all contribute.

The dependency ratio $F7: [t below compares conventional age groups, not actual
employment:

1 d 0-14 1 d 65 and
dependency ratio — people age + people age and over « 100

people aged 15-64

A larger child or older-age share can increase demand for different services. People
aged 15-64 are not all employed, and people outside that band may work; productivity,
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retirement rules and participation affect economic support. A pyramid alone does not
directly measure birth rate or life expectancy.

B Population policies

Governments try to change birth rates with pronatalist &% JiljiZE & policies (to raise
them) or antinatalist [Rifi|4=7F policies (to lower them).

one-child era: antinatalist restrictions towards pronatalist
\ 4 @ >
2016 2021

two-child policy three-child policy

evaluate fertility with education, living costs, prior trends and reproductive rights

China’s birth policies moved from antinatalist towards pronatalist

e China. Birth restrictions under the one-child era were followed by the two-child
policy in 2016 and three-child policy in 2021. Evaluate fertility alongside education,
living costs, pre-existing trends and reproductive rights. Restrictions and coercive
enforcement had serious human costs; an observational national trend cannot mea-
sure the policy’s effect by itself. Ageing and a male-biased sex ratio also have
multiple causes.

e Singapore. The Baby Bonus scheme has offered financial support to eligible fam-
ilies; the official service now announces transition into the SG Child Support Pack-
age. Date the policy version rather than assuming benefits never change. It is a
pronatalist example, not evidence that a cash payment alone produces a particular
fertility rate. Compare eligible groups, timing, childcare, housing and employment
conditions.

e Voluntary family planning. Access to contraception and reproductive health-
care can help people choose family size. A falling national fertility rate is not
automatically evidence of coercion, and a numerical population target does not
override consent or equal rights.

Education, reproductive autonomy, voluntary contraception, child survival and eco-
nomic opportunities can influence fertility. Associations vary by context and do not
establish one cause or rank every policy without evidence.

B Policies that change population indirectly

Two examples illustrate mechanisms rather than single-cause explanations. In
Bangladesh, girls’ education and employment opportunities developed alongside
family-planning services; the World Bank’s historical analysis discusses both education
and service delivery in fertility decline. Education policy changes opportunities and
desired timing of births; it is not a birth quota. In Kerala, India, education, public
health and child survival are discussed together in the state’s 2026 development
report. Better survival can reduce the perceived need for extra births, while schooling
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and social support alter choices. Neither example proves education alone caused the
observed trend. Evaluate access, autonomy and wellbeing as well as the birth count.

B Population and the environment

Is a larger population a problem? Two classic views:

Malthus (1798): population Boserup (1965): pressure
outruns food drives new farming methods
food supply
crisis: famine, : new seeds, fertiliser,
irrigation machines

disease, war:

food supply
(arithmetic: 1, 2, 3 ...)

amount

: population
population

(geometric: :
1,2,4..):

time time

o Thomas Malthus (1798) argued that population grows faster than food supply,
so famine, disease and war would eventually limit numbers.

« Ester Boserup (1965) argued that “necessity is the mother of invention”: popu-
lation pressure drives new farming methods, so food supply rises to meet demand.
The Green Revolution (Topic 5) seems to support her.

Neither view is complete. The impact of a population depends on how many people
there are and how much each person uses. One way to show this is the equation
I = P x A XxT: impact equals population times affluence (consumption per person)
times technology (impact per unit consumed).

The ecological footprint £ 3% £ i estimates demand on biologically productive area
under a stated accounting method; biocapacity measures ecological supply. A dated
footprint /biocapacity ratio can express overshoot, but it does not directly measure
every pollutant, biodiversity effect or human carrying capacity 7§ J;. Trade,
technology, consumption and ecological constraints alter the population a place can
support. IPAT is an accounting framework only when its quantities and units are
defined consistently; it does not imply every person has equal impact or technology
has no limits.

Urban systems and urban planning

B The rise of cities

Urbanisation 3§71k is an increasing urban share of population; urban growth is
an increase in urban population or built area. Definitions of urban boundaries differ
among countries and datasets. Natural increase, migration and reclassification can all
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change the count. Compare maps at the same scale and boundary before attributing
expansion only to migration. Cities contain ecosystems with plants, animals, soils,
water, air and microclimates as well as infrastructure.

An informal settlement (favela) on a hillside in Rio de Janeiro, built where housing
and services could not keep up with fast urban growth

natural increase migration reclassification
(births > deaths) into the city of boundaries

urban population
rises

compare maps at the same scale and boundary before blaming migration alone

Three ways an urban population count rises

People move to cities because of push factors # 7[HZ in the countryside (few jobs,
poor services, low farm incomes, drought) and pull factors $ii Jj[A Z in cities (jobs,
higher wages, schools, hospitals, entertainment). A megacity 45 K37 commonly
means an urban agglomeration with at least 10 million people; totals depend on the
year and boundary, not simply administrative city limits.

Suburbanisation is movement towards lower-density urban edges.  Counter-
urbanisation Wi ik is movement away from larger urban areas towards smaller
settlements or rural places; it is not identical to suburbanisation. Costs, work,
transport and preferences affect both, and neither occurs only in wealthy countries.
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B A city as a system

A city is an open system J[j{ & %:: it takes in energy, food, water, materials and
people from a much larger area, transforms them, and sends out products, wastes and
pollution.

system boundary

__________________________ air pollution, CO2
( /
| [

energy (fuel, electricity) —i-» :
|
’+/V\/‘-> waste heat

food and water —l-» I
| |

materials and goods —I-» JI_) solid waste, sewage
| |

people arriving —:> :—> goods and services
| |
| |
\ /

inside: living, working, making, moving

A city exchanges energy and matter with a wider region

A city’s resource demand extends beyond its built boundary through food, energy,
water and materials. A footprint depends on consumption, trade, population, year
and method; it is not a fixed multiple of city area. Distinguish energy flows from
material stores and transformations when drawing the system boundary.

Cities change their local environment:
o Urban heat island ¥{ii#%: concrete and asphalt absorb heat, buildings block

wind, and vehicles and air conditioners release waste heat, so cities can be several
degrees warmer than the countryside, especially at night.

o Impermeable surfaces %7K i make rain run off quickly, raising flood risk
(the problem that China’s sponge cities, Topic 6, address).

« Habitat is lost and split up as cities spread outward (urban sprawl 37 & it ),
often onto good farmland.

B Urban problems
Fast urban growth brings problems, especially where services cannot keep up:

o Informal settlements JEIFE I EIX can lack secure tenure, safe housing or reliable
services; conditions differ, so do not assume that every informal settlement lacks
every service.

o Traffic congestion and air pollution.
» Solid waste and sewage that are not collected or treated.
o Water shortages and lost farmland.
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B Sustainable urban planning

Urban planning 37 # %1 decides how land in a city is used and how the city grows.
A sustainable city FJ#5ZE3ETT meets the needs of its people without degrading the

environment or the needs of future residents. Common strategies:

Urban sprawl at the city edge: human—environment interaction reshapes landscapes

Strategy

How it helps

Example

Compact,
mixed-use design

Public transport

Green belts and
green space

Energy-efficient
buildings

Water-sensitive
design

Waste recovery

Shorter trips; less land
taken

Fewer cars, less
pollution and congestion

Limit sprawl; cool the
city; habitats

Lower energy demand
and emissions

Store rainwater; reduce
flooding

Less landfill

Homes, shops and offices together
in one district

Curitiba’s bus rapid transit
(Brazil); China’s metro systems

London green belt; urban parks and
green roofs

Insulation, solar panels on roofs,
district heating

Sponge cities such as Wuhan

Shanghai’s sorting scheme (Topic 7)

Case study: Freiburg, Germany. Vauban’s municipal energy documentation dis-
tinguishes low-energy and passive-house buildings: not every home meets the identical
standard. Redevelopment of a former military site, transit access, cycling, reduced
car dependence and efficient buildings illustrate complementary measures. Compare
affordability, actual travel, operational and embodied energy, accessibility and who
benefits; design targets alone are not achieved outcomes.
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Evaluate an eco-city proposal. Ask whether residents can afford housing, reach
jobs and maintain installed systems. Report actual occupancy and measured water,
energy and transport outcomes separately from design targets. A successful pilot does
not establish that the same design will work in another climate or housing market.

B Measuring urban sustainability

Indicators help compare cities and track change: PM2.5 concentration, green space per
person, public-transport share of trips, recycling rate, water use per person and the
share of homes with sanitation. An indicator }%#5 measures one specified condition;
no single indicator shows how sustainable a whole city is, and an average can hide
unequal access between rich and poor districts.

B Read a map and test a planning proposal

Compare dated maps with the same scale, legend and boundary. Measure built area,
habitats and permeable surfaces; identify fragmentation as well as total green area.
Use a scale bar to convert map length to ground distance, then square that conversion
for area. Satellite appearance alone does not show housing security, affordability or
biodiversity quality. Combine spatial evidence with service, ecological and resident
data, protecting privacy and including people whose needs are often missed.

on the ground

on the map area: 500 x 500 m?
scale 1 cm : 500 m 500 = 0.25 km? per cm?
1cm > m
square the length scale

1cm (invented scale)

500 m

Square the length scale to convert map area

In an invented district, population rises from 100 000 to 120 000 while urban pop-
ulation rises from 60 000 to 66 000. Urban numbers grow by 10%, but the urban
share falls from 60% to 55%: this is urban growth without urbanisation. In another
storm comparison, 10 mm of rain falls on 1 square kilometre. The rainfall volume is
0.010 x 1000 000 = 10000 cubic metres. If runoff fractions are 0.8 for a sealed site and
0.3 for a vegetated site, runoff is 8000 versus 3000 cubic metres. This simple model
omits storage, infiltration capacity, slope and changing rainfall intensity; it illustrates
why land cover matters, not a site-specific flood forecast.

A plan must connect physical land use, housing, employment, commerce, finance,
education and health services. Green roofs, wetlands and urban farming can link
habitat, cooling, drainage and food learning; they still need suitable soils, water, safety
and maintenance. Regenerative design aims to restore ecological functions, not merely
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install a visible green feature. Indicators should include reliability and distribution: a
park that residents cannot safely reach provides less practical access than its mapped
area suggests.

Urban air pollution

B Primary and secondary pollutants

Burning fossil fuels in vehicles, power stations, factories and homes releases primary
pollutants — X 75444, which are emitted directly:

Haze over Salt Lake City: exhaust from cars and industry, trapped over the valley,
hides the skyline

sunlight,
water

{ A { ) r j

SOURCES PRIMARY SECONDARY

cars, power NOx, SOz, CO, ozone (0s), smog,
plants, ’ PM, VOCs ’ acid rain

factories (emitted directly) (H2S04, HNOs)

\ J \ J L J

secondary pollutants are never released:
they form when primary pollutants react

Primary pollutants are emitted directly; secondary pollutants form in the air

« carbon monoxide (CO), from incomplete combustion;
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 nitrogen oxides (NO and NO,, together called NO, ), from high-temperature com-
bustion in engines;
« sulfur dioxide (SOs), from burning coal and oil that contain sulfur;

o particulate matter {4 such as soot and dust: PM10 includes particles with
aerodynamic diameters up to 10 micrometres, and PM2.5 up to 2.5 micrometres;
PM2.5 is a subset, not an additional disjoint category;

+ volatile organic compounds ¥#E XA HY (VOCs), such as unburnt fuel and

solvents.

Secondary pollutants —ykj5 444 form through atmospheric reactions: examples
include tropospheric ozone, sulfuric and nitric acids, and particulate sulfates and ni-
trates. Some particles are emitted directly and others form later. Natural sources
include wind-blown dust, wildfires and volcanic emissions; natural origin does not
mean harmless. Fine particles can enter the lungs deeply, while exposure and toxicity
depend on concentration, composition and duration.

Exposure can damage respiratory and cardiovascular health, affect plants and reduce
visibility. Distinguish the amount emitted per time from the concentration people
breathe: dilution, atmospheric chemistry and weather connect them. Tropospheric
ozone is harmful near the ground even though stratospheric ozone protects against
ultraviolet radiation.

B Acid deposition

SO, and NO,, dissolve in water in the air and are oxidised to sulfuric and nitric acids.
These fall as acid rain, snow or fog (wet deposition) or as dry particles and gases
(dry deposition), together called acid deposition [R{i[%. Effects include acidified
lakes that lose fish, damaged forests (aluminium released from soil harms roots), and
weathered buildings made of limestone and marble. Acid deposition is a regional
problem because pollution travels hundreds of kilometres downwind: in the 1970s and
1980s acid rain from British and German power stations damaged lakes in Norway
and Sweden, and in the 1990s and 2000s parts of southern China received heavy acid
rain from coal burning.

B Managing urban air pollution

The three levels of pollution management (Topic 1) apply:
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Level Examples

Change the Public transport, cycling, car-free zones, switching from coal to
human activity renewables, working from home

Control the Catalytic converters, flue-gas desulfurisation (scrubbers),
release of electrostatic precipitators, emission standards, low-emission
pollutants zones

Clean up and Liming acidified lakes; replanting damaged forests; healthcare
restore and restoration of damaged habitats

Case study: Beijing. The city’s 2023 environment report and official summary give
annual mean PM2.5 of 32 micrograms per cubic metre, down 64.2% from 2013. The
rounded graph below shows the long-term improvement and a small rise from 2022 to
2023. Measures included cleaner heating, industrial and vehicle emission controls, and
regional cooperation. A before/after trend supports evaluation but does not isolate
each measure from weather and changes in activity.

100 4

90 ---- China standard (35)
WHO guideline (5)

80 1

[e)]
o
1

PM2.5 / ug m-3
D
o
1

20 A

2013 14 15 16 17 18 19 20 21 22 23

Dated annual averages, not daily peaks; China Grade II annual PM2.5 limit 35 and
WHO 2021 annual guideline 5 are different benchmarks.

Using rounded endpoints, the reduction is (90 — 32)/90 x 100 = 64.4%; the official
64.2% uses unrounded data (2013: 89.5). The 2023 value is 32/5 = 6.4 times the
WHO annual guideline. Meeting one legal concentration limit does not mean zero
health risk or meeting every pollutant standard. FEvaluate affordability of heating,
worker transitions, displacement of emissions and effects in neighbouring places as
well as city averages.
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B Acid chemistry and ecological effects

Useful balanced net reactions are 2505 + Os + 2H50 — 2H550, and 4NO4 + O +
2H,0O — 4HNQO3. They summarise products, not single atmospheric reaction steps.
Oxidants and liquid droplets affect the actual pathways. Acidification can mobilise
aluminium and leach calcium and magnesium from soils, damage roots and reduce
aquatic reproduction; buffering by local geology changes sensitivity. Nitrogen deposi-
tion can also fertilise ecosystems and alter species composition. Air pollution affects
organisms as well as people.

NO; also catalyses this

NO, ~ SO,
dissolves Y oxidised by Os,
‘ in rain "then +H>0

acid rain

Nitrogen and sulfur oxides make acid rain: NOy forms nitric acid directly and also
catalyses the oxidation of SOy to sulfuric acid

Liming an acidified lake neutralises some acidity: CaCO3+2H* — Ca?*t+COy+ H,O.
It treats an effect and may need repeating; it does not stop the upwind emission source.
Scrubbers mainly remove sulfur dioxide, catalytic converters target selected vehicle
gases, and particle collectors remove particles. No one device removes every pollutant.
Trees may cool and intercept particles, but species, maintenance and street ventilation
matter; dense planting in a narrow street can restrict dispersion.

B Investigating air quality safely

Use existing calibrated monitors or an approved passive sampling method; never ex-
pose people deliberately to exhaust. To investigate lichens as biological indicators,
record species presence or percentage cover in equal-sized quadrats on comparable tree
species, bark aspect and height. Sample several trees at each distance from a road,
using a consistent selection method, season and identification guide. Avoid damaging
protected organisms. Include background sites and record moisture, shade, bark pH
and nearby land use: these can influence lichens independently of pollution.

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL ¢ 8 Human populations and urban systems

® exercises.lol exercises.com.cn



independent: distance from the road

s g g s > m
5 25 50 100 150
dependent: number of lichen controlled: tree species, height
species on each trunk on trunk, north-facing side, date

The lichen plan: one variable changed along the transect, one measured, the rest
standardised

Lichens integrate conditions over time but do not measure a particular gas concen-
tration directly. Compare their pattern with monitored pollution; a correlation is
evidence consistent with a relationship, not proof that one pollutant caused the differ-
ence. Instrument calibration, repeated observations and uncertainty must accompany
an air-quality comparison. A health warning reduces exposure rather than clean-
ing the outdoor air; distinguish exposure management from emissions prevention and
ecosystem restoration.

Practice

1. A country of 50 million has 900 000 births and 400 000 deaths in one year. Cal-
culate CBR, CDR and NIR; then find doubling time for a different population
growing at 2.5% annually.

2. Explain the approximate replacement TFR of 2.1 in a low-mortality population.
Describe and explain DTM stages 2 and 3; give two limitations of that model.

3. Compare expansive and constrictive age structures without claiming shape alone
measures life expectancy. For 18 million aged 0-14, 60 million aged 15-64 and 22
million aged 65+, calculate dependency ratio and explain its limits.

4. Evaluate fertility restrictions and voluntary family support using China and Sin-
gapore. Explain how education may influence fertility and why a correlation is not
sufficient causal evidence.

5. Compare Malthus and Boserup. Explain why population size alone cannot predict
environmental impact, using defined IPAT quantities.

6. Explain why a city is an open system, giving two inputs and two outputs. Describe
two effects of replacing vegetated land with impermeable surfaces.

7. A district grows from 100 000 to 120 000 people; its urban population grows from
60 000 to 66 000. Calculate both urban shares and percentage urban growth. Has
urbanisation occurred?
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10.

11.

Outline three sustainable planning strategies with named examples where appro-
priate. Explain how a dated map and indicators could test a proposal, including
unequal access.

Distinguish primary and secondary pollution, PM10 and PM2.5. Write a balanced
net reaction for sulfuric acid formation and distinguish wet and dry deposition.
Design a safe lichen investigation near roads, including repeat sampling, controls,
confounding variables and the limits of inference.

Evaluate Beijing’s PM2.5 measures using rounded annual means 90 in 2013 and
32 in 2023. Calculate percentage reduction and the ratio to the WHO annual
guideline 5; distinguish monitoring evidence from proof of policy causation.

Answers.

1.

CBR = 900 000/50 000 000 x1000 =18 per 1000 per year; CDR=8 per 1000 per
year; NIR=(18—8)/10=1.0% per year. For the separate constant-growth exam-
ple, doubling time~70/2.5=28 years; migration and changing rates invalidate an
unconditional prediction.

Approximately two births replace two parents, with an allowance for survival and
sex ratio at birth in low-mortality settings. Momentum and migration prevent an
immediate threshold interpretation. Stage 2: deaths fall while births stay high, so
natural increase rises; sanitation, nutrition and healthcare help explain it. Stage
3: births fall with changing opportunities, autonomy, costs and survival, slowing
growth. The model omits migration and does not specify universal timings or
account fully for policy and shocks.

Expansive structures have large young cohorts; constrictive structures have smaller
young cohorts and a wider middle. Fertility history, survival and migration can
contribute, but the picture alone does not measure their separate effects. Depen-
dency=(18+22)/60 x100=66.7 conventionally dependent-age people per 100 aged
15-64. School and care needs differ by age, and these bands are not a count of
employed workers or actual financial dependence.

Restrictions may affect births but must be evaluated alongside coercion, rights,
other demographic drivers and trends before implementation. China later relaxed
restrictions; Singapore’s Baby Bonus supports eligible families but does not isolate
a cash-payment effect. Education can affect autonomy, reproductive knowledge
and employment opportunities. Income, costs, healthcare and norms confound a
simple comparison; neither lower fertility nor higher fertility alone proves improved
wellbeing.

Malthus emphasised population pressure on a more slowly growing food supply;
Boserup emphasised innovation stimulated by pressure. Both illuminate mecha-
nisms, but neither guarantees a particular outcome: innovation has resource and
distribution limits. With compatible units, population x consumption per per-
son X impact per unit consumed gives an identified total impact. Consumption
inequalities, trade and technology prevent population alone from determining it.
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10.

11.

An open city exchanges matter and energy: inputs include food and water or
fuel; outputs include sewage and waste heat or products. Impermeable surfaces
can increase rapid runoff and flood risk; removing vegetation reduces habitat and
cooling. Heat storage and waste heat can contribute to an urban heat island. State
system boundary and timescale.

Initial urban share=60 000/100 000 x 100=60%; final=66 000/120 000 x 100=55%.
Urban-number growth=(66 000—60 000)/60 000 x100=10%. Urban population
grew, but urbanisation did not occur under the increasing-share definition. Bound-
aries and reclassification must be checked.

Possible strategies: transit such as Curitiba BRT, efficient building and trans-
port design in Vauban, and water-sensitive drainage such as sponge-city systems.
Explain the mechanism and an access, cost or maintenance limit for each. Com-
pare same-scale, same-boundary maps and measures before/after; include habitat,
runoff, housing affordability, travel and access by district. A city mean can hide
unequal benefit.

Primary pollutants are emitted directly; secondary ones form in air, such as ozone
or sulfate particles. PM2.5 is contained within PM10 rather than added as a sep-
arate size category. Balanced net formation: 2SO,+09+2H;0O —2H5S0,. Wet
deposition arrives in rain, fog or snow; dry deposition involves gases and particles
without precipitation. Net equations summarise rather than identify one elemen-
tary step.

Use equal quadrats on several comparable trees at each defined distance, with
a consistent sampling/identification method and background sites. Record tree
species, bark properties, aspect, shade and moisture; use repeat calibrated monitor
data if available. Protect organisms and avoid deliberately exposing people. Lichen
patterns integrate several conditions, so association with distance is not a direct
concentration reading or proof of one pollutant’s effect.

Rounded reduction=(90—32)/90 x100=64.4%; 32/5=6.4 times the WHO annual
guideline. The published 64.2% uses unrounded endpoints including 89.5 in 2013.
Cleaner heating, industry/vehicle controls and regional cooperation can contribute;
weather and economic activity also matter. Evaluate costs, reliability, jobs, dis-
placement of emissions and exposure distribution. Meeting a national Grade II
annual PM2.5 limit does not establish zero risk or compliance for every pollutant.

Exam tips

Show working in rate calculations, and give units: births per 1000 per year, or a
percentage.

Use 70 + growth rate (%) for doubling time.

When describing the DTM, give the change in birth rate, death rate and total
population, and a reason for each.
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» Use a pyramid to describe age/sex structure; births, migration and survival affect
shape, which does not directly measure life expectancy or employment.

« Do not confuse tropospheric ozone (a pollutant) with stratospheric ozone (which
protects us).

e Organise answers on pollution management using the three levels: activity, release,
clean-up.
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Experimental programme

International Baccalaureate - IB Diploma - Environmental Systems
and Societies - SL

Scope and prerequisites

This handout teaches the practical programme of the course first assessed in 2026:
the skills of planning, fieldwork, data analysis and evaluation that you use in practical
work and in your internal assessment (the individual investigation). It is written for
both SL and HL students.

Prerequisites: Topic 1 (systems and models), Topic 2 (quadrats, the Lincoln index,
Simpson’s index and sampling methods) and basic graph skills. Check the current IB
guide and your teacher’s instructions for the assessment criteria, length and timeline
of the internal assessment, which are not repeated here.

Planning an investigation

B Counting birds since 1900

Audubon’s history of the Christmas Bird Count describes 27 participants and 25 counts
on Christmas Day 1900, proposing counting rather than hunting birds. A long-running
dataset can reveal patterns beyond a single investigation, but raw totals depend on
effort, observers, routes, weather and detectability. Audubon records effort alongside
counts. Consistent methods and appropriate adjustment matter; “a long series” does
not mean methods and coverage have never changed.

® From a question to a plan

A good investigation starts with a clear, focused research question #jf%% /3l that
names what will be changed or compared and what will be measured. Compare:

o Too vague: “How does pollution affect lichens?”

o Focused: “How does the number of lichen species on tree trunks change with dis-
tance (5 to 150 m) from a busy road in Hangzhou?”

The plan then identifies the variables:
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Variable Meaning Lichen example

Independent What you manipulate in an Distance from the road
variable experiment or compare as an

H AR explanatory variable

Dependent What you measure Number of lichen species
variable on each trunk

A &

Controlled What you attempt to standardise;  Tree species, height on
variables remaining variation must be trunk, side of trunk facing
P il AR assessed north, date

independent: distance from the road

s s s ’ ——s m
5 25 50 100 150
dependent: number of lichen controlled: tree species, height
species on each trunk on trunk, north-facing side, date

The lichen plan: one variable changed along the transect, one measured, the rest
standardised

In fieldwork you often cannot control everything, so you also record uncontrolled
variables (such as weather or shade) and discuss them later.

A hypothesis {fzi% is a testable prediction with a scientific reason: “The number of
lichen species will increase with distance from the road, because nitrogen dioxide from
traffic falls with distance and many lichens are sensitive to it.” This is a proposed
mechanism to test, not proof that richness always increases with road distance: dif-
ferent lichens respond differently to nutrients, moisture and pollutants. A statistical
test checks a null hypothesis Z &%, which states that there is no relationship or
difference: “There is no correlation between distance from the road and the number

of lichen species.”
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a sketch of the hypothesis, not data: the data must test it

predicted: lichen species rise
- ———— -=
-
-
o -~
> »~
o . ,/
s R
© '
] Ve
A reason: NO, from traffic falls with distance
T

T

| | . | T |

5 25 50 100 150

distance from the road (m): the five sampling sites
The hypothesis drawn as a prediction the data can test

B Kinds of investigation

ESS investigations can use methods from the natural sciences, the social sciences or
both:

o Experiments in a laboratory or mesocosm, where variables can be controlled
(Topic 2).
o Field studies that compare sites or sample along a gradient.

e Social surveys that measure attitudes, behaviour or values, such as recycling
habits or willingness to pay for a park.

» Secondary data: published data from governments, scientists or databases, such
as air-quality records or species counts.

e Models and simulations that test how a system responds to change.

B Safety, ethics and the environment

o Safety: risk assessment for water, traffic, slopes, weather, chemicals and working
alone.

o Environmental impact: minimise trampling and disturbance, return organisms,
do not collect protected species, follow site rules.

o Ethics with people: informed consent {4 [F] &, anonymity, the right to with-
draw, no questions that cause distress, and permission from a parent or guardian
for younger participants.

e Animal welfare: handle animals as little as possible and avoid harming them.
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Collecting data in the field

B Sampling strategies
You can rarely measure a whole population or habitat, so you take a sample F£4< and
use it to estimate the whole. The sample must be large enough and representative

AL,

A 50 cm quadrat placed on a shore to count organisms in a known area

random systematic stratified
O O O
O O O O O o —~
L] i
- l = o o o o : ) -
O O: p O
O —_ -
O Qg O O O O O O
wet dry wet dry wet I dry

Random, systematic and stratified sampling
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Strategy How Best for Limitation

Random Use random numbers as A fairly uniform May miss

sampling coordinates area; avoids small

BEAL AR observer bias habitats by
chance

Systematic Sample at regular intervals, often Showing change May miss

sampling along a transect ¥y along a patterns
RS gradient, such between the
as from shore to sampling
dune points
Stratified Divide into strata and sample Areas with Needs a map
sampling randomly within them; distinct of the zones
Ay 2R proportional allocation or habitats first

explicit analysis weights can
represent their areas

A line transect can record species touching a line continuously or at specified inter-
cept points; name the protocol. A belt transect samples a stated-width strip, often
using contiguous or interrupted quadrats. Choose a random start where appropriate
and check whether regular intervals could coincide with a repeating spatial pattern.

B Measuring abundance

+ Quadrats ¥: 7 measure percentage cover (plants), density (individuals per
m?) or frequency (the percentage of quadrats in which a species occurs). A
species-area curve helps assess how richness changes with sampled area; a
species-accumulation curve concerns additional sampling effort. Use pilot variation
and required precision as well as habitat heterogeneity to justify quadrat size and
number; an apparent plateau does not prove every habitat is represented.

« Capture-mark-recapture for mobile animals, with the Lincoln index (Topic 2).

« Kick sampling in streams for invertebrates, and indicator species to assess water
quality (Topic 4).

» Diversity indices such as Simpson’s index (Topic 2).

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL ¢ 9 Experimental programme

® exercises.lol exercises.com.cn



| |
@ O
|
(o @ | o o O e
I I 1 | | | | |
\ \ | | | | | 1
o O
| _ LY ]
Y ' @ ® o O @
| |
L L
quadrat transect mark-recapture
count species record along mark some (red), release,
in a square a line then re-catch

Quadrats and transects sample fived plants; mark-release-recapture estimates numbers
of moving animals

Worked example: scaling up. In a 2500 m? meadow, ten 1 m? quadrats contain
4,7,5,3,6, 8, 5,4, 6 and 2 orchid plants.

1. Mean density = (4 + 7+5+34+6+8+5+4+6+2)+10=50=+10=>5
plants per m?.

2. Estimated population = 5 x 2500 = 12 500 plants.

The estimate assumes that the quadrats are representative of the whole meadow.

B Strata, weights and independent samples

If one-third of a meadow is wet and two-thirds dry, proportional allocation of 12 equal-
area quadrats gives 4 wet and 8 dry. If subgroup mean densities are 2 and 8 plants per
square metre, whole-site density is (1/3) x 2+ (2/3) x 8 = 6 plants per square metre.
An equal number of quadrats in each habitat may help compare habitats, but pooling
their observations unweighted would give 5 rather than 6. State the target population
and use appropriate stratum weights.

wet: 1/3 dry: 2/3
I
O ! 0 U
O i 0 O weighted: 1(2) + 2(8) =6 m~2 v
I
0 O unweighted pooling of equal
0 | 0 samples per habitat: 5 m~2 x
U 0 |
! (invented meadow)
4 quadrats 8 quadrats
mean 2 m~2 mean 8 m~2

Weight strata by area: 6, not 5 plants per square metre

Distinguish an independent sampling unit from repeat readings. Measuring one tree
ten times does not provide ten independently sampled trees. Multiple quadrats within
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one stream are not ten independent streams for a between-stream inference. Define
spatial and temporal units, repeat at the right level, and discuss clustering or auto-
correlation. A larger biased or dependent sample does not automatically produce a
representative, independent dataset.

B Measuring abiotic factors

Factor Instrument or method Notes

Temperature Thermometer or digital Record time of day and shade
probe

Light Light meter Changes quickly with cloud; take

intensity readings together

Soil or water
pH

Dissolved

oxygen

Soil moisture
and organic
content

Wind speed
Air pollution

Turbidity

pH probe or indicator

Oxygen probe or Winkler
titration

Tare containers, dry to
constant mass, then use an
approved loss-on-ignition
method

Anemometer

Diffusion tubes, monitors,
lichen surveys

Secchi disc or turbidity
tube

Calibrate the probe with buffer
solutions

Warmer water holds less oxygen at
saturation; actual readings also
depend on mixing, photosynthesis
and respiration

State wet/dry basis for moisture;
ignition loss uses dry soil as
denominator

Very variable; take several readings

Lichens are biological indicators

Secchi depth measures visibility
under stated conditions; it is not
directly a calibrated NTU reading

Many probes connect to data loggers that record readings automatically over hours or
days.
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a pond.

A Secchi disc: lowered until it just disappears, its depth measures water clarity under
the stated conditions.

B Worked soil example: choose the denominator

For net soil masses after subtracting the container, wet mass=30 g, dry-to-constant
mass=24 g and residue after approved ignition=21.6 g. Water loss=6 g: wet-basis
moisture is 6/30x100=20%, while dry-basis moisture is 6/24x100=25%. Neither is
wrong when the basis is stated. Loss on ignition is(24—21.6)/24x100=10% of dry
mass, an estimate of organic content under the protocol, not a direct measurement
of organic carbon. Structural water or carbonate loss can also contribute. Use the
teacher-approved laboratory method, equipment and handling procedure; tempera-
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ture, drying and ignition conditions affect the result.

B Social science methods

Questionnaires |4 with closed questions (yes or no, multiple choice, rat-
ing scales, easy to analyse) and open questions (richer answers but harder to
compare).

Interviews with stakeholders, such as farmers, officials or residents.
Observation, such as counting how many people sort their waste correctly at a
set of bins.

Choose a sample of people that represents the population (by age, location and other
relevant groups), avoid leading questions that push people towards an answer, and
test the questionnaire on a few people first (a pilot study).

Uncertainty and data quality

B Errors and uncertainty

Every measurement has some uncertainty A E .

reference 10.00
measured 10.40 4+ 0.10

——e—

lj¢&——e¢rror 0.40—>

\J

T T T T T

T
9.90 10.00 10.10 10.20 10.30 10.40 10.50

mass / g
, _ 0.10 .
% uncertainty = 100 x T0.40 = 0.96% (divide by the measured value)
% error = 100 x w =4.0% (divide by the reference)

Percentage uncertainty divides by the measured value; percentage error divides by the

reference

« Random errors ffifli%2 produce unpredictable measurement scatter. Biological

variation between quadrats is real sampling variation, not necessarily an instrument
error. Independent repetition can improve precision of an estimated mean, but does
not erase true population variability or establish accuracy.

Systematic errors £ 4t 7 shift every reading in the same direction, such as
an uncalibrated pH probe that always reads 0.3 too high, or always sampling the
sunny side of trees. Repeating does not remove them; better calibration or method
does.
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(o]
L

[o)]
L

N
1

Measured output / stated units
SN

o
L

0 1 2 3 4
Input / stated units

Fvery point lies within its uncertainty of the line of best fit
The uncertainty can be given as an absolute value, in the same unit as the measure-

ment, or as a percentage:

bsolut taint
absolute uncertainty _ . o

percentage uncertainty =
measured value

Worked example. Five readings of dissolved oxygen at one site are 8.2, 8.6, 8.0,

8.4 and 8.3 mg/L.

1. Mean = (8.2 + 8.6 + 80 + 84 + 83) + 5 =415 + 5 = 8.3 mg/L.

2. A descriptive spread estimate for this exercise is half the range: (8.6 — 8.0) + 2 =
0.3 mg/L, so report mean 8.3 mg/L with an observed half-range 0.3 mg/L. This is
not automatically a confidence interval, instrument uncertainty or standard error.

3. Percentage uncertainty = 0.3 + 8.3 x 100 =~ 3.6 %.

When you combine measurements, uncertainties combine too: for a sum or differ-
ence, add the absolute uncertainties; for a product or quotient, add the percentage
uncertainties (a simple maximum estimate). A length of 50 + 1 mm has a 2 % uncer-
tainty; dividing it by a reading with a 3 % uncertainty gives a result with about 5 %
uncertainty.

B Reliability and validity

e Reliability 7] #E4%: would you get the same results if you repeated the investi-
gation? Improve it by repeating measurements, taking more samples and using a
consistent method.

o Validity B (4:: does the method actually measure what it claims to measure,
and does it test the research question fairly? Different tree species at each distance
can confound a causal pollution interpretation, even if the observed richness is
measured correctly.

e Accuracy means close to the true value; precision means repeated readings close
to each other. A miscalibrated probe can be precise but inaccurate.

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL ¢ 9 Experimental programme

® exercises.lol exercises.com.cn



Report data to a sensible number of significant figures: do not quote more digits than
your instruments can measure.

Analysing and presenting data

B Choosing a graph

Data Graph Example
Two numerical Scatter graph, with a line of Lichen species count against
variables best fit if appropriate distance from a road

Categories compared  Bar chart, with error bars if Mean invertebrate count at

means are plotted three streams
Parts of a whole Pie chart or stacked bar Composition of household
waste
Change in abundance Kite diagram X% & Plant cover across sand
along a transect dunes
Change over time Line graph PM 2.5 by year (Topic 8)

Species richness is a discrete count: a sample can contain three or four species, not 3.5
species. Distance can be measured on a continuous scale. A scatter plot can display
these paired numerical observations.

Every graph needs a title, labelled axes with units and a sensible scale.

sea rocket —:

| = 50 % cover

marram grass

heather

birch

o -

10 20 30
distance inland from the strandline / m

A kite diagram: the width of each kite shows percentage cover

The kite diagram shows spatial zonation, not a direct time series proving succession. A
space-for-time interpretation needs evidence about dune history, soils and comparable
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conditions. Suggested explanations such as salt, disturbance, moisture and pH must
be tested rather than inferred uniquely from distance.

B Describing spread: the standard deviation

The mean hides variation. The standard deviation F5#fE 25 describes spread of
observations; for a normal distribution about 68% of values lie within one population
SD of its mean. Sample SD is an estimate and the normal rule is not universal. With
independent observations targeting one population, the standard error of the mean
is estimated by s/4/n; it concerns mean precision rather than observation spread.

For the oxygen readings, squared deviations from mean 8.3 sum to 0.20. Sample
SD=,/0.20/4 =~ 0.224mg/L, and SE=0.224/1/5 ~ 0.100mg/L if the independence
assumptions are suitable. Half-range 0.3, SD 0.224 and SE 0.100 describe different
things. State exactly what error bars represent. A confidence interval additionally
needs a confidence level and appropriate model; a sample mean with an SD bar is not
automatically a 95%confidence interval.

Mean = sample SD Mean = SE of mean

measurement /
arbitrary units
= =
N o N
(0] o (8]
1 1 1
1 1

u
o
1
1

N
(6]
1
1

o
o

Group A Group B Group A Group B

Invented summaries: n = 100 per group; SD = 4
SE = 4 / V100 = 0.4. Identify bars before interpreting.

Same summaries, different error-bar definitions. Overlap alone is not a general test
of significance.

One-SD bars can overlap even when a properly designed test supports a difference
in means. Conversely, selecting a bar style does not replace checking independence,
sampling, distributions and the test hypothesis. Statistical significance, effect size,
uncertainty and environmental importance are different judgements.

B Correlation and Spearman’s rank

A correlation ]3¢ is a relationship between two variables: positive (both rise to-
gether), negative (one falls as the other rises) or none.
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Invented data; n = 8
2 1 ® Spearman rs = 0.952
® Exact two-sided p = 0.00114*
0 T T T T T T T 1
0 20 40 60 80 100 120 140 160

distance from road / m

*Independent, exchangeable ranks under the null.
The p-value is not the probability that the null is true.

Observations, not measured road-pollution evidence.

Spearman’s rank correlation coefficient 7 /K 2 252 #H % 2241 measures how
strongly two variables are linked by rank. It ranges from —1 (perfect inverse rank
order) to +1 (perfect matching rank order); zero means no rank association, not
necessarily no relationship of any kind. The shortcut below applies to untied ranks;
assign average ranks for ties and use a suitable correlation-of-ranks method or tie
correction:

65 D?

szl_
" n(n?—1)

where D is the difference between the two ranks of each pair and n is the number of
pairs.

Worked example. Using the lichen data:

Distance / m 5 10 20 40 60 80 100 150
Species 1 3 2 4 7 5 8 9
Rank of distance 1 2 3 4 5 6 7 8
Rank of species 1 3 2 4 6 5 7 8
D o -1 1 0 -1 1 0 0
D? 0 1 1 0 1 1 0 0
1. Y D?*=4,and n = 8.
6 x4 24
2=l — " 12 1 _0.048=0.95.
: 8 x (64— 1) 504

3. For the stated two-sided 5% test with 8 untied pairs, a commonly supplied critical
value is 0.738. The observed r, = 20/21 =~ 0.95238 exceeds it in magnitude.
Under an independent exchangeable-rank null model, exact enumeration of 8!=40
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320 permutations gives 46 at least as extreme in either direction: p = 46/40320 =~
0.00114. Thus reject that null at the preselected o = 0.05, subject to the design
assumptions.

A significance level « is a decision threshold chosen before inspecting results. A
p-value is the probability, under the null model, of a test statistic at least as extreme
as observed. It is not the probability that the null is true, that the result was “caused
by chance”, or that the conclusion is correct. Failing to reject is not proof of no
effect. State whether a test is one- or two-sided, and report effect direction and size,
uncertainty and design limitations alongside the test decision.

B Correlation is not causation

A significant correlation does not prove that one variable causes the other. Lichen
numbers may rise with distance from the road because of less pollution, but also
because trees further away are older, or shadier, or of different species. A good con-
clusion distinguishes an observed association from a proposed mechanism, examines
confounders and limits the causal claim to the evidence.

Evaluating and applying

B Writing a conclusion

A conclusion:

1. answers the research question directly;

2. describes the pattern in the data with numbers (such as “species rose from 1 at 5
m to 9 at 150 m; r; = 0.95”);

3. states whether the null hypothesis is rejected;
4. explains the pattern with environmental science;

5. compares the result with published studies or data where possible.

B Evaluating the method

Identify the main weaknesses, explain how each affected the results, and suggest a
realistic improvement:

weak: one tree, mixed species

also: repeat across seasons;
measure NOo with diffusion tubes;

better: five trees of one species ce T i
one road still limits the conclusion

rrrni it Trrri
10 m 50 m 150 m

Improve the method: replicate trees of one species at each distance

International Baccalaureate - IB Diploma - Environmental Systems and Societies - SL ¢ 9 Experimental programme

® exercises.lol exercises.com.cn



Weakness Effect on results Improvement

Only one tree Natural variation may hide Sample five trees at each
sampled at each or exaggerate the pattern distance and use means
distance

Different tree species Tree species, not pollution, Sample one tree species

at different sites may explain lichen numbers  only

Sampled on one day  Results may not represent Repeat in different seasons

other seasons

No direct pollution  The cause is inferred, not Place diffusion tubes for
measurement measured nitrogen dioxide at each site

Separate the limitations of the method from the limitations of the conclusion: a perfect
method on one road still cannot show what happens on all roads.

B Applying the results

ESS investigations should connect to real environmental issues. Ask what your results
suggest for management, policy or behaviour, and what perspectives different stake-
holders would take. Keep claims proportional to the evidence: a small local study can
suggest action but cannot prove that a policy will work everywhere.

Practice

Attempt the questions before reading the worked answers. State the denominator,
unit, sampling population and statistical assumptions wherever they affect your con-
clusion.

1. (a) Rewrite the research question “Does pollution harm rivers?” as a focused,
testable question, and identify its independent and dependent variables. (b) State
three controlled variables for an investigation of lichen species against distance
from a road.

2. Distinguish between a hypothesis and a null hypothesis.

3. (a) Explain when stratified sampling is better than random sampling. (b) Explain
why systematic sampling along a transect is used to study zonation on a sand
dune.

4. Ten 1 m? quadrats in a 4000 m? field contain 2, 5, 3, 0, 4, 6, 2, 3, 1 and 4 dandelions.
Estimate the total population and state one assumption.

5. Describe how to measure the organic content of a soil sample. Explain why loss
on ignition is not a direct organic-carbon measurement.

6. Outline three ethical points to consider when using a questionnaire with other
students.

7. Distinguish between random and systematic errors, with an environmental example
of each.
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10.

11.

12.
13.

14.

Repeated mass readings for a sample are 14.2, 14.8, 14.4, 14.6 and 14.5 g. Calculate
the mean, the uncertainty (as half the range) and the percentage uncertainty.
Explain why the observed half-range is not automatically a standard error.
Distinguish between reliability and validity.

Using the kite diagram, describe the distribution of marram grass and heather,
and suggest a reason for the difference.

Six sites have trampling rates of 2, 5, 9, 14, 20 and 30 people per hour and
mean plant heights of 12, 10, 11, 7, 5 and 3 cm. Calculate Spearman’s rank
correlation coefficient and interpret it, given a critical value of 0.886 for six pairs
for a preselected two-sided significance level 0.05. State what the test does not
establish.

Explain why a significant correlation does not prove causation, using an example.
Suggest two improvements to an investigation that counted invertebrates in one
kick sample at each of three streams.

Discuss the strengths and limitations of using secondary data in an environmental
investigation.

Answers.

1.

(a) For example: “How does the number of invertebrate taxa change with distance
(0 to 500 m) downstream of a sewage outlet on a named stream?” Independent
variable: distance downstream. Dependent variable: number of invertebrate taxa
(or a biotic index). (b) Any three: the same tree species; the same height on the
trunk; the same side of the trunk (aspect); similar trunk size or age; the same
date; the same identification method and observer.

A hypothesis is a testable prediction with a scientific reason, such as “lichen species
will increase with distance because pollution falls”. A null hypothesis states that
there is no relationship or difference, such as “there is no correlation between
distance and lichen species”; statistical tests decide whether to reject it.

(a) When the area contains distinct habitats or zones (such as wet and dry areas,
or woodland and grassland): stratified sampling ensures each defined stratum is
sampled; proportional allocation or appropriate weighting represents its area, while
a small unstratified random sample might miss a zone by chance. (b) Conditions
such as salt spray, wind, soil depth and organic matter change gradually inland,
so species change along a gradient. Sampling at regular intervals along a transect
records this change in order.

Mean count=30/10=3 per square metre; total estimate=3x4000=12 000 plants.
The quadrats must represent the target site under a suitable design, with consistent
areas and counting. Uniform distribution is not required if the design and any
stratum weights account for heterogeneity.

Subtract container mass; dry using an approved protocol to constant mass, then use
an approved ignition procedure and reweigh the dry residue. Ignition loss divided
by initial dry soil mass gives a loss-on-ignition estimate, with water/carbonate and
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10.

11.

12.

13.

14.

method limitations. It is not automatically organic carbon. For the 30 g wet, 24 g
dry and 21.6 g residue: wet-basis moisture 20%, dry-basis 25%, ignition loss 10%.
Any three: informed consent; anonymity and keeping data private; the right
to withdraw; avoiding upsetting or personal questions; parental permission for
younger students.

Random errors cause readings to scatter in both directions, such as variation in a
fluctuating dissolved oxygen reading. Systematic errors shift all readings the same
way, such as a pH probe that was not calibrated and always reads too high.
Mean=72.5/5=14.5 g; observed half-range=(14.8—14.2) /2=0.3 g; percentage rela-
tive to the mean=0.3/14.5x100~2.1%. Half-range describes this observed spread
and is not automatically an instrument specification, SE or confidence interval.
For an absolute temperature reading, a relative percentage also depends on the
temperature scale; use meaningful ratios or temperature differences rather than
silently treating the Celsius zero as absolute.

Reliability: whether repeating the investigation would give similar results (consis-
tency). Validity: whether the method measures what it claims and fairly tests the
question.

Marram has positive illustrated cover 10-60 m, peaking 70% at 30 m; heather
50-100 m, peaking 50% at 70 m. Salt, disturbance, soil and moisture gradients
are possible explanations, not uniquely demonstrated causes. This spatial diagram
does not alone prove a succession time sequence.

Ranks of trampling: 1, 2, 3, 4, 5, 6. Ranks of height (smallest = 1): 6, 4, 5, 3, 2, 1.
D:—5,—-2,-2,1,3,5:3D*=254+4+4+1+9+25=068. 1, =1— (6 x 68)
+ (6 x 35) =1 — 408 + 210 = —0.94. Since 0.94 > 0.886, there is a significant
negative correlation: plant height falls as trampling increases. Use the magnitude
for a two-sided comparison and retain the negative direction. These observations
show rank association under the model, not proof that trampling alone causes
height change; check confounding and independent sampling.

Another factor may cause both, or the link may be coincidence. For example,
lichen numbers rise with distance from a road, but trees further away may also
be older or of different species, so the correlation alone does not prove that traffic
pollution is the cause.

Take independent sampling units at the level of the question, standardise kick effort
and area, record habitat and abiotic conditions, and sample additional independent
streams if generalising between streams. Repeats within one stream do not by
themselves provide independent stream-level replication.

Advantages can include long periods, large coverage and documented methods
without new collection. Check actual provenance and quality rather than assuming
all published data were collected by trained staff or fit the question. Limits include
incompatible definitions, effort, missingness, revisions, selection bias and restricted
inference; methods can often be inspected in documentation even though collection
cannot be repeated directly.
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Exam tips

o Write a focused research question that names both variables and the place.
o Justify your sampling strategy and sample size, not just name them.

» Distinguish random from systematic errors, and reliability from validity.

o Show working in calculations, give units and round sensibly.

o In Spearman’s rank, compare r, with the critical value and state whether you reject
the null hypothesis.

o Never claim causation from correlation alone; suggest other explanations.
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