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About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

About Frontiers for Young Minds

Frontiers for Young Minds believes that the best way to make cutting-edge
science discoveries available to younger audiences is to enable young people
and scientists to work together to create articles that are both accurate and
exciting. That is why distinguished scientists are invited to write about their
cutting-edge discoveries in a language that is accessible for young readers,
and it is then up to the kids themselves — with the help of a science mentor
— to provide feedback and explain to the authors how to best improve the
articles before publication. As a result, Frontiers for Young Minds provides a
collection of freely available scientific articles by distinguished scientists that
are shaped for younger audiences by the input of their own young peers.

What are Frontiers for Young Minds Collections?

A Collection is a series of articles published on a single theme of research
and curated by experts in the field. By offering a more comprehensive
coverage of perspectives and results around an important subject of
research, we hope to provide materials that lead to a higher level of
understanding of fundamental science. Alternatively, a collection could
feature articles by scientists who received special recognition, such as a
Nobel Prize. Frontiers for Young Minds Collections offer our international
community of Young Minds access to the latest and most fundamental
research; and, most importantly, empowering kids to have their say in how
it reaches their peers and the wider public. Every article is peer reviewed
according to the Frontiers for Young Minds principles. Find out more on how
to host your own Frontiers for Young Minds Collection or contribute to one
as an author by contacting the Frontiers Editorial Office: kids@frontiersin.org

1 kids.frontiersin.org


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://doi.org/10.3389/978-2-8325-6805-7
https://kids.frontiersin.org/
https://kids.frontiersin.org/

a frontiers ‘ Frontiers for September 2025

Frontiers Planet Prize 2023 —
Mobilizing Breakthrough
Solutions for a Healthy Planet

Collection editors
Idan Segev — Hebrew University of Jerusalem, Israel
Jc Burgelman — Vrije University, Brussels, Belgium

Citation

Segey, |., Burgelman, J., eds. (2025). Frontiers Planet Prize 2023 — Mobilizing
Breakthrough Solutions for a Healthy Planet. Lausanne: Frontiers Media SA.
doi: 10.3389/978-2-8325-6805-7

Cover image
FourPlus Studio

4

Participating sections

Human Health Biodiversity

Frontiers for Young Minds 2 kids.frontiersin.org


https://kids.frontiersin.org/
https://kids.frontiersin.org/
http://doi.org/10.3389/978-2-8325-6805-7
https://fourplus.bg/work

& frontiers | Frontiers for

About this

September 2025

The ecological balance required for living healthy lives is changing on planet
Earth, and we humans play a critical role in it. Scientists from around the world
have mapped nine areas that are critical for the Earth’s ecological stability as
described by Professor Johan Rockstrém and Owen Gaffney in their book
Breaking Boundaries. These are called the nine planetary boundaries and
crossing these boundaries might lead to irreversible environmental change
that threatens living healthy lives on a healthy planet.

Now it is the time to act, with hope and determination. Many scientists around
the world are already working on finding solutions to prevent our planet from
crossing these boundaries. They are developing practical scientific solutions
and technological breakthroughs to mobilize widespread global action at the
scale needed to preserve our planetary health. In 2023, the Frontiers Planet
Prize gave its first awards to celebrate and support the work of researchers
who are leading the most impactful solutions with measurable effects to help
humanity save our ecosystem.

Dive into this Collection to hear from these champions from all over the world
who were acknowledged in the first edition of the Frontiers Planet Prize in
2023. They will tell you about their latest breakthrough research covering
everything from forest regrowth to dietary changes of people, the concept of
blue carbon, and much more. Let them inspire and motivate you to help save
our planet!
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Coral reefs around the world are getting sick (and sometimes dying)
at alarming rates due to climate change. Certain coral reefs (low-risk
reefs) are predicted to be less at risk of getting sick than others. We
wondered whether low-risk reefs can help save other reefs. We found
that this is possible—through the movement of young coral from
healthy reefs to damaged or dying reefs. We found that coral reefs
worldwide are connected through the spread of young coral, forming
604 reef networks. Some networks are very large, but most are very
small. If only the low-risk coral reefs survive, many of these networks
will be preserved, which will help the overall survival of coral reefs
into the future. However, young coral from these low-risk reefs do
not reach all reefs worldwide, so it is important to find and protect
reefs that are good at sending young coral to rescue the rest of the
world'’s reefs.
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CORAL REEF

A coastal ocean
ecosystem in the
tropics dominated by
coral, which provide
homes and food for a
huge variety of fish,
invertebrates, and
other organisms.

CORAL BLEACHING

When coral become
stressed due to
increased ocean
temperatures or
pollution, they lose the
algae inside them and
turn white. If coral stay
bleached for a long
time, they die.

CLIMATE CHANGE

Around the world,
climates are becoming
more variable and more
extreme than before
(hotter or colder)
owing to human
development causing
increasing levels of
greenhouse gases in
the atmosphere.

REEF NETWORK

The set of reefs that
send or receive young
coral to/from each
other often enough
that they may be able
to rescue each other.

COMPUTER MODEL

A set of instructions
that a computer uses to
simulate how a
real-world ecosystem
or collection of
ecosystems (like a reef
network) may behave
under

changing conditions.

DEGRADED REEFS MAY BE SAVED BY YOUNG CORAL

Coral reefs are made up of many types of living creatures including
fish, seaweed, urchins and turtles but all of those creatures live on
reefs because of the coral, which provides them with homes and food.
Coral organisms themselves rely on tiny algae that live inside them for
food, while these tiny algae receive a home. When the ocean water
becomes too warm, coral organisms and the algae that live inside
them get stressed, and sometimes the algae are forced to leave their
coral homes. When this happens, the coral turns white, which is called
coral bleaching. If the coral organism is separated from its algae for
too long, the coral will die. If this happens to many coral organisms
on a reef, the reef itself will degrade. Researchers predict that 70-99%
of reefs worldwide will have degraded due to bleaching by 2100 [1].
However, some reefs are in areas of the ocean that have not yet heated
up as much as others and are not predicted to heat up as much in
the future. These reefs are at low risk of degrading in the future [1, 2].
One group of researchers gave every reef around the world a score
based on how likely it is to be degraded by climate change (e.g., by
bleaching or by storms) [2]. Reefs with a high score are unlikely to
degrade because of climate change, so we will call them low-risk reefs
for the rest of this article.

Adult coral are stuck to the ocean floor and cannot move, but they
produce young coral that are released into the ocean and are carried
by ocean currents until they mature and settle on the ocean floor. If
they settle where the conditions are just right for them to grow, they
will mature into adult coral. If there is a strong enough ocean current
between two reefs, young coral from a low-risk reef may be carried
to a less healthy reef, possibly saving it from degradation (Figure 1A).
In this way, reefs are connected by ocean currents into reef networks,
made up of all the reefs that can send or receive young coral to/from
each other. Reefs in the same reef network may be able to rescue
each other.

WHICH REEFS ARE IN WHICH REEF NETWORKS?

We determined which reefs are connected within the same reef
networks by calculating how likely it is that many young coral will
be carried by ocean currents from any one reef to any other reef. To
calculate this, researchers from around the world used a computer
model to simulate the movement of young coral among reefs [3].
They then used these movement data to calculate the number of
times young coral moved to and from particular reefs between
2003 and 2011. We only included the connections between reefs
that young coral traveled along often (based on data collected by
other researchers [4]) to determine which reefs were and were not
connected into reef networks. This became our present-day young
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Figure 1

(A) One large reef
network, including an
example of a reef (reef
X) that can send young
coral to another

reef (reef Y) and
potentially rescue reef
Y if reef Y is degraded.
(B) If reef X or reef Y is
degraded, a large reef
network could become
multiple, smaller
networks. This shows
us that losing certain
reefs (like reef X) breaks
apart more of the reef
network than losing
other reefs (like reef Y)
does.

Figure 2

Every dot on the world
map represents a reef.
The colors of the dots
indicate which reef
network each reef is in.
Each reef network was
assigned a unique
color. This map shows
that most present-day
reefs are either in very
large reef networks or
in very small reef
networks. The six
largest networks are
circled and numbered
1-6, in size order.

Reef.
B degraded

Reef I ‘)
degraded -

@ =reef

~” = young coral pathway

Same colour ., same network

Figure 1

coral movement computer model. Over the 12,292 reefs of the world,
we found 604 reef networks, with six particularly large ones (>290
reefs) and many small ones (Figure 2).

Figure 2

WHAT IF ONLY THE LOW-RISK REEFS SURVIVE?

To determine which reefs are low-risk, we re-calculated the reef
scores (from [2]) to only account for how likely a reef is to be degraded
by climate-related factors, such as bleaching and dangerous storms.
A reef was designated as low-risk if it scored in the top 29% of our
re-calculated reef scores. We then determined which reefs were in
which reef networks if only the low-risk reefs survived. We found that
many of the reef networks remained fairly large. This tells us that the
reefs that degraded in our model must have been in either small reef
networks or that the reefs themselves were not essential to keeping
the surviving networks together (that is, they must have been like reef
Y in Figure 1B). This is good news for coral reefs, as it tells us that, if
only the low-risk reefs survive into the future, they may be able to send

kids Volume 12 | Article 1308034 | 8
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Figure 3

(A) In our computer
model, each low-risk
reef first rescues the
reefs it sends young
coral to. In the next
step, those newly
rescued reefs (red dots
with black borders)
rescue the reefs they
are connected to. We
ran the computer
model through 50
steps like this, until all
the reefs that could
receive young corals
from low-risk reefs had
been rescued. (B) The
dots represent all
present-day reefs,
either low-risk,
rescued, or degraded
(see legend). This map
shows that <50% of
present-day reefs can
be rescued by young
coral spreading from
low-risk reefs.

young coral to each other, increasing the chances that those reefs
will survive.

CAN LOW-RISK REEFS RESCUE ALL THE WORLD'S
CORAL?

If only the low-risk reefs survive into the future, how many of the
world'’s reefs will they be able to send young coral to? We used our
computer model to answer this question by calculating which reefs
young coral could land on if they spread from the low-risk reefs.
This meant that we calculated all the reefs (the “rescued reefs”) that
the low-risk reefs could send young coral to, even those that can
only receive young coral via formerly degraded reefs (Figure 3A).
Unfortunately, we found that over half of present-day coral reefs could
not be rescued by the low-risk reefs ("degraded reefs” in Figure 3B).
This is because most of the low-risk coral reefs are in the same big
reef networks and are unable to rescue the many reefs outside of
those networks.

Initial State Final State

Many o

\/ N\, _~ Step Steps
\/\/ - -

| @ Low-Risk Reefs @ Rescued Reefs Degraded Reefs |

B
N =
y i ‘f\f‘ﬂ
‘“@
S \
g"f g ’

\ N b

Figure 3

WHAT DID WE LEARN AND WHY IS IT IMPORTANT?

In this study, we learned that most reefs are either in very big or
very small reef networks and that these networks will mostly survive
if only the low-risk reefs survive. Knowing which reefs are connected
to which other reefs and whether those reef networks will survive is
really important, as it helps us determine how to protect coral reefs
worldwide—it tells us which reefs should be managed together, and
which should not. Our results also stress the importance of finding
and protecting at-risk reefs that are good sources of young coral for
degraded reefs (see Figure 3B), since we now know that the degraded
reefs cannot be rescued by low-risk reefs. We are currently working
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hard to figure out where these good source reefs are, so that we can
protect them from future harm. Climate change is degrading reefs
around the world at frightening rates, so any information that tells
us which reefs can help us restore the world’'s coral reefs will help
us avoid riskier and more expensive methods for saving reefs. Overall,
these results will help save worldwide coral reef networks by guiding
reef-preservation efforts around the world.
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much any physical activities. | have two cats and one turtle. | love animals and going
to the zoo and | am thinking about becoming a marine biologist. My favorite subjects
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LAUREL, AGE: 12
Hello, | like mechanical engineering and Lego. | like to making things and tinkering.
| like learning science.
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Our planet is facing a critical challenge: climate change. This is

YOUNG REVIEWERS: I .
Oune : caused by human activities that release carbon dioxide and other

JUDE greenhouse gases into Earth’'s atmosphere. As temperatures rise
AGE: 15 and weather becomes more extreme, scientists are searching for
IS solutions. Blue carbon ecosystems could be part of the answer! These
AGE: 13 ecosystems include mangrove forests, tidal marshes, and seagrass

meadows—ocean and coastal ecosystems that capture and store
carbon, keeping it out of the atmosphere. In our research, we found
that these ecosystems cover a huge area of Earth’'s surface, up
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BLUE CARBON

Carbon that is captured
and stored by coasts
and oceans; in
particular, by coastal
vegetation such as
seagrasses, mangroves,
and tidal marshes.

ECOSYSTEM

An area where
organisms (like animals,
plants, bugs) interact
with the physical
environment (like
water, dirt, rocks,
nutrients, and sunlight).

to the size of Mexico. They store a whopping 30 billion tons of
carbon, which is huge! If we stop destroying blue carbon ecosystems
and restore the ones we have lost, it could balance out 3% of the
greenhouse gases we put into the atmosphere. Pretty important,
right! Overall, blue carbon ecosystems are nature’s heroes in the fight
against climate change.

OCEANS AS A LIFE SOURCE

Did you know that the oceans cover 71% of our planet’s surface?
That makes them the largest ecosystem in the world. They are also
a life-support for the Earth and are critical to human survival. Oceans
provide things that humans depend on, such as food and energy, and
they are home to millions (if not billions) of sea creatures. Oceans
also help regulate Earth’s climate. They absorb excess heat from the
atmosphere, and they influence when and where it rains. The famous
marine conservationist Dr Sylvia Earle once said: “If you think the ocean
isn't important, imagine Earth without it. Mars comes to mind. No
ocean, no life support system”.

BLUE CARBON ECOSYSTEMS

Coastal habitats, like mangrove forests, seagrasses, and tidal marshes,
are three marine ecosystems that play a big role in requlating Earth’s
climate (Figure 1) [1]. Seagrasses are underwater flowering plants, like
the grass you see on land, but living in the sea. Mangrove forests are
made up of trees with clusters of tangled roots that grow in saltwater,
and tidal marshes are made up of plants like herbs, grasses, and shrubs,
growing on land where the tides flow in and out. Scientists have found
that these ecosystems, sometimes called blue carbon ecosystems
("blue” as they are near the oceans, which look blue) are very good
at capturing carbon dioxide (CO») from the atmosphere and trapping
it. This is important because when CO» builds up in Earth’s atmosphere
it can trap heat from the sun and cause weird and dangerous weather,
similar to what people all around the world have been withessing in
recent years.

How do blue carbon ecosystems capture and store CO»? Think
back to your lessons on photosynthesis and how trees and other
plants capture and store carbon. Just like plants on land, mangroves,
seagrasses, and marsh plants capture CO, from the atmosphere and
store it in their leaves and roots. But blue carbon ecosystems have
a secret weapon for storing carbon longer than most plants on land
can—they bury it in the ground and trap it there for thousands of
years. This is because their roots are in wet, muddy soil, where there
is very little oxygen and decomposition is very slow. This long-term
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Figure 1

The bottom of

each panel shows what
blue carbon
ecosystems (seagrass
meadows, mangrove
forests and tidal
marshes) look like, and
the top part shows
where they can be
found in the world.
Tidal marshes are
sometimes called
saltmarshes.

Figure 2

This is how blue carbon
ecosystems capture
and store carbon
dioxide (CO5). CO,
produced by human
activities enters the
atmosphere and
contributes to global
warming. Through
photosynthesis, plants
use some of the CO,
(along with energy
from sunlight) to grow.
When the plants in blue
carbon ecosystems
(seagrasses,
mangroves, and tidal
marshes) take up CO»,
they capture and store
it e.g., in leaves, roots,
and soil. This way, they
help to store carbon
deep in the ground.
Blue carbon
ecosystems are great at
storing carbon because
wetland soil is thick,
muddy, and low in
oxygen. Under these
conditions, it takes a
long time for plant
materials to break
down, so the carbon is
locked away for
thousands of years.

SEAGRASS MEADOWS MANGROVE FORESTS TIDAL MARSHES

Figure 1

carbon storage is important for keeping CO, out of the atmosphere
and reducing climate change (Figure 2).

Figure 2

BEYOND CLIMATE CHANGE

Blue carbon ecosystems offer more than just their remarkable carbon
capture and storage functions. Blue carbon ecosystems provide
valuable services to humans and the environment (Figure 3). They
act as natural shields that protect coastlines and coastal cities from
the fury of big waves and storms, and they help clean pollutants
from the water. These special ecosystems are also home to many
marine animals, including animals that people like to catch and eat,
such as fish and crabs. They are also nature’s storehouses, supplying
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Figure 3

Blue carbon
ecosystems have many
benefits in addition to
storing carbon. They
are great places for
recreation
(birdwatching, fishing,
and learning), and are
important to the
culture and survival of
many Indigenous
communities, who
have a deep
connection to the lands
and waters (hunting,
fishing, gathering
resources, holding
cultural ceremonies).
These ecosystems are
great places for animals
to live, which can feed
people and support
jobs, and to raise their
young, acting as
nurseries for young
animals. The plants in
blue carbon
ecosystems filter
pollutants from the
water, making it cleaner
and healthier for other
plants and wildlife.
They also act like
sponges, soaking up
flood waters and
reducing floods, while
the plants and roots
help to protect
coastlines from
erosion.

RESTORATION

Actions taken to repair
natural ecosystems that
have suffered from
human or natural
impacts. For example,
replanting mangrove
trees after they were
chopped down

for firewood.

communities with important resources including wood, medicine,
and recreational opportunities. Who does not enjoy a day outdoors
marveling at all the birds, fish, interesting plants, and other incredible
creatures that call blue carbon ecosystems home?

Figure 3

THE BIG QUESTIONS

Our team of scientists has been studying blue carbon ecosystems for
over a decade. We have been trying to answer some big, important
questions about how tidal marshes, mangrove forests, and seagrasses
help control Earth’s climate [2]. One of our first discoveries was that
good information on exactly where these ecosystems are found or
how they have changed over time did not exist. We needed to find
out this important information because it tells us how many of these
valuable blue carbon ecosystems have disappeared (Spoiler alert:
more than 50% of our blue carbon ecosystems have already vanished
[3]). We also needed to know how much carbon is being trapped by
blue carbon ecosystems, and what happens to all the carbon trapped
in the ground when these ecosystems are destroyed. After all, if that
carbon gets released back into the atmosphere as CO,, it will make
climate change worse—yikes! Finally, we wanted to know whether
bringing back the blue carbon ecosystems we have lost, a process
called restoration, can help us battle climate change in a big way.

In general, we can combine all of our research questions into one
big question: What can we achieve if we use blue carbon as a natural
solution to Earth’'s changing climate [4]?

WHAT WE DISCOVERED

Through our research, we made a number of fascinating discoveries
about blue carbon ecosystems. First, we found that when we add
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GREENHOUSE GAS
(GHG)

Gases in Earth's
atmosphere that trap
heat from the sun. The
most concerning
greenhouse gases
produced by humans
are the ones causing
global warming, which
include carbon dioxide
and methane.

up all of Earth’s blue carbon ecosystems, they cover an area that
is somewhere between 0.36 million km? (about the size of Japan)
and 1.85 million km? (about the size of Mexico). That is a super
wide range, and it illustrates just how uncertain we are about how
much of Earth’s surface is made up of blue carbon ecosystems. The
biggest problem is that we do not have good tools for finding seagrass
ecosystems. We can use satellites to search for mangrove forests and
tidal marshes from space, because their plants mostly grow above
the water’s surface, making them easy for satellites to spot. However,
seagrasses grow beneath the water, where satellites cannot see them
so well.

Using our estimates of the size of blue carbon ecosystems, as well as
other data like the amount and condition of plants and soil in them,
we can use advanced calculations to estimate how much blue carbon
exists on Earth. We found that the total amount of carbon stored in
mangroves, seagrasses, and tidal marshes ranges from 10-30 billion
tons. That is a really large number! To put it into perspective, an adult
blue whale weighs about 140 tons. That means all the Earth’s blue
carbon ecosystems together are storing the equivalent weight of more
than 100 million blue whales!

Finally, we found that protecting the blue carbon ecosystems that
remain and restoring the ones that have been lost are powerful tools
in the fight against climate change. By protecting current blue carbon
ecosystems from human-caused destruction, we can prevent 300
million tons of CO» from escaping to the atmosphere each year. To
put that in perspective, that is the same amount of CO, emitted into
the atmosphere yearly by the country of Australia. Additionally, if we
restore the blue carbon ecosystems that have been lost, we can trap
an additional 840 million tons of CO, each year. If we take care of
the blue carbon ecosystems that remain and work on restoring the
ones that have been lost, it could balance out 3% of the greenhouse
gases we put into the atmosphere! And do not forget that when blue
carbon ecosystems trap carbon, it remains buried in those systems for
thousands of years!

TAKING ACTION TOGETHER

In conclusion, this article reveals the hidden heroes of our planet:
blue carbon ecosystems. These incredible marine ecosystems play a
vital role in fighting climate change by capturing CO, and keeping
it safely stored underground for thousands of years. By protecting
and restoring blue carbon ecosystems, communities can make a
significant contribution to reducing climate change, safeguarding
coastlines, and preserving the homes of millions of sea creatures.
So, what can young people do to help blue carbon ecosystems
thrive? Learning about these incredible environments and spreading
awareness about their importance is a significant step—you can help
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others to understand how critical these ecosystems are to our planet!
Supporting conservation activities and being mindful of actions that
might harm blue carbon ecosystems can also make a real impact. As
future stewards of Earth, you hold the key to ensuring the health and
survival of blue carbon ecosystems and, therefore, a healthier and safer
planet for all living beings. Let us embark on this journey together and
celebrate the wonders of nature’s natural climate solutions!
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Scientists around the world have been studying how the food we

YOUNG REVIEWERS: . : .
Oune : eat impacts the planet. The demand for animal products, especially

EDNA meat and milk, creates a lot of greenhouse gas emissions that heat
e our world. In rich countries, people often eat more animal-based
B foods than needed, which can be bad for people’s health. So, eating
AGE: 10 more plants can reduce climate change while also making our bodies

healthier. Eating more plants would also save huge areas of land,
which is another benefit for the climate. This is because 75-80%
of all the world’s farming land is used to produce animal products.
If we ate more plants, we could give this land back to nature or
make new nature parks that would draw greenhouse gases out of
the atmosphere. More natural land would also mean more plants and
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GREENHOUSE
GASES

Any gas that increases
the temperature of the
planet when it is in

the atmosphere.

DEFORESTATION

When large areas of
forest are cleared and
the trees cut down.

Figure 1

Greenhouse gas
emission from different
kinds of foods.
Animal-based foods are
shown in blue and
plant-based foods are
shown in green. The
bars show a general
value of greenhouse
gases released per kg
of food (data sourced
from [1]; this figure was
originally included in
this Frontiers for Young
Minds article).

animals could make their homes in these parks, and humans would
have more places to play and explore.

REDUCING GREENHOUSE GASES BY EATING PLANT-BASED
FOODS

Eating more plants and less meat is better for the planet. This is
because raising animals for food releases up to 100 times more
greenhouse gases into the air than growing plants does (Figure 1).
There are three main ways that animal foods emit more greenhouse
gases. First, some animals, like cows, produce the greenhouse gas
methane when they digest their food, and methane is even more
potent than carbon dioxide at trapping heat close to the Earth. Second,
we must grow a lot of food to feed the animals, but we do not get
that same amount of food back in the form of animal products. This is
because when animals grow, they use a lot of energy just to stay alive,
for example for breathing or digesting food. Third, animals and the
foods we feed them take up a lot of space, so people must cut down
forests to make more farmland. This is called deforestation, and the
trees and the soil beneath them hold a lot of greenhouse gases that are
released when the trees are cut down. By choosing more plant-based
foods, we can help reduce the release of harmful greenhouse gases
and save more trees from being cut down.
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Figure 1

RESTORING NATURE AND REDUCING CARBON IN THE
ATMOSPHERE

Another exciting benefit of eating more plant-based foods is that
we will need less land to grow all the food for the animals, as well
as less land to keep them on. The extra land that is not used for
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REVEGETATION

When areas that have
been cleared of natural
plants are replanted by
humans or by nature.

PHOTOSYNTHESIS

The process that plants
use to stay alive. They
use energy from
sunlight to turn carbon
dioxide into food

for themselves.

Figure 2

Here you can see two
options for farming,
using the same amount
of land to feed the
same number

of people. (A) Current
farming, with a lot of
animal agriculture
taking up a large
amount of space. This
contributes to carbon
dioxide (CO»)
emissions, which
contribute to climate
change. (B) If people
eat more plants and
fewer animal-based
foods, we can save a
lot of land. Through
revegetation, this land
could be given back to
nature so that the trees
and other plants could
help take up carbon
dioxide from the air.

farming can be restored to its natural state, with trees and other plants
(Figure 2). This process is called revegetation. Plants are super helpful
for the environment because they soak up carbon dioxide from the air
during photosynthesis. Photosynthesis is a process by which plants
use sunlight, water, and carbon dioxide to create energy and grow.
Carbon dioxide is one of the greenhouse gases that cause climate
change, so when plants absorb it, they help to keep Earth’'s atmosphere
in balance. By restoring land to its natural state, we can have more trees
and other plants working together to remove carbon dioxide from the
air, which is good for the planet.

Figure 2

DOUBLE THE BENEFIT

Scientists came up with a special diet called the EAT-Lancet planetary
health diet [2]. This diet is both healthy for us and healthy for the
planet. People on this diet are advised to eat more foods like beans and
lentils along with more nuts. They eat much less meat and cheese. We
wondered what would happen if people in rich countries, like the U.S.
and European countries, ate this diet, so we did research to find out.
We discovered that, if everyone in these countries ate the EAT-Lancet
planetary health diet, we could reduce greenhouse gas emissions from
the foods we eat by a whopping 61% straight away [3]. This is because
the diet avoids lots of animal foods, which release lots of greenhouse
gases into the atmosphere. Releasing less greenhouse gases is the first
important climate benefit of eating more plants.

Then we looked at the land-saving aspect of eating a plant-based diet.
Because animal farming takes up so much space, shifting to eating
plants would save lots of land that could be returned to its natural
state. This means we could plant more trees and other plants, which
help to soak up more carbon dioxide from the air. This is the second
climate benefit from eating more plants rather than animal products.
Revegetation can remove a huge amount of carbon dioxide from the
air. If everyone in rich countries switched to the EAT-Lancet diet, we
estimate that almost 100 billion tons of emissions could be extracted
from the air over the long term. This is equal to around 14 years of
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greenhouse gases currently produced around the world by farming.
We would benefit most over the short term—around 20 years—as
plants grow fast in the beginning and need lots of carbon dioxide from
the atmosphere, but we would continue to benefit for over 100 years
in Many cases.

So, switching to a plant-based diet gives us a double climate benefit.
The first part of the benefit comes from reducing greenhouse
gas emissions. When we eat more plant-based foods, we produce
fewer greenhouse gases from farming, which is good for the
planet. The second part of the benefit comes from the carbon
stored in nature through revegetation, and that is also good for
the planet.

HELPING WILDLIFE THRIVE

There are many other environmental benefits to switching to a
plant-based diet. When we choose to eat more plant-based foods
and free up land that was used for farming, it is not only good for
the climate but also fantastic for wildlife and for people, too. By
restoring land to its natural state with trees, flowers, and grasses,
we can create a safe and welcoming home for many kinds of
animals, like birds and insects. Trees provide cozy homes for birds
to build nests, and flowers attract busy bees and colorful butterflies.
The more we plant, the more diverse and exciting the wildlife
community becomes!

When we restore land to its natural state, we create amazing places
where people can explore and have fun. This is really good for human
health. Breathing in the fresh air among the trees makes us feel happy
and relaxed. When we spend time outdoors, nature gives us the special
gift of feeling healthy and strong.

WE CAN MAKE A BIG DIFFERENCE

Now you know that eating more plant-based foods gives us a double
climate benefit—it reduces greenhouse gases produced from farming
and it helps the planet by freeing up land for more trees and other
plants to grow and soak up carbon dioxide. We can also create homes
for wildlife, explore nature’s playground, and stay healthy. Everyone
can play a partin protecting our planet by eating fewer animal products
and more plants. Remember, every little step counts, and together we
can make a big difference. We can also encourage our friends, family,
and communities to join in. By doing so, we can raise awareness about
the importance of more eating plant-based foods and the positive
impacts it can have on Earth’s climate.
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Imagine a magical place with tall trees and amazing animals—the
tropical forest. But these forests are disappearing, and we want to
make the world better by bringing back their beauty. Restoring forests
also helps fight climate change and keeps plants and animals safe.
However, we cannot do everything at once, so we need a plan.
Planting trees costs money, but some scientists have found that
certain forests can grow back all on their own! This is excellent news,
but we must also be careful to help other very important places that
cannot regrow alone. We need a plan to bring back the forests that
can regrow on their own and those that cannot. Ideally, if everyone
joins, the cost will be minimal. By working together with nature, we
can make the forest healthy again!
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TROPICAL FORESTS

Forests that are found
in warm regions near
the equator with dense
vegetation and where
many different animal
species live.

FOREST
RESTORATION

Planting trees and
taking care of them to
regrow a forest in an
area impacted by
deforestation or other
damaging factors

like wildfires.

NATURAL
REGENERATION

The ability of forests to
regrow on their own
without human help.
Regeneration is greater
if extensive forests exist
near a deforested area.

DEFORESTATION

Removal of trees from
forests to build cities,
roads, or farms, which
causes harm to all kinds
of species living in the
forest and even

the climate.

BRAZILIAN FOREST
CODE

Laws in Brazil that
protect ecologically
sensitive areas, such as
riverbanks, springs,
lakes, steep slopes, and
mountaintops, from
logging and

other impacts.

This article was written with important contributions from
Emmily Gastauer from the Colégio Militar de Belém.

FOREST RESTORATION—KNOWING WHERE TO START

Tropical forests are globally disappearing due to the expansion of
pastures and farmlands. To make the world a better place, we need
to stop this negative trend and bring back these beautiful ecosystems.
Replacing forests is called forest restoration, and it helps us fight
climate change and protect plants and animals [1]. Large areas of
tropical forests need restoration, but we cannot do everything at once.
So, how do we decide which areas to restore first?

Planting trees is expensive. Some researchers are searching for smarter
ways to restore forests to reduce costs. One possibility is called
natural regeneration. This means letting the forests grow back by
themselves without planting new trees. Natural regeneration works
better in places with more forests, while places without forests nearby
may have a more challenging time growing back on their own. A recent
study found that lots of damaged land in the Brazilian Atlantic Forest
can grow back naturally. This can prevent tons of carbon dioxide from
getting into the atmosphere, which helps to fight climate change, and
create habitats for many plant and animal species [2].

While natural regeneration seems like a beautiful solution, we must
be careful. If we just let all forests grow back naturally, we might
miss some important areas. Many sensitive areas have suffered illegally
from deforestation and may not regrow on their own, so we should
immediately take care of these areas. Some of these areas can contain
many rare species or fragile habitats such as springs, river banks, or
mountaintops—some of which are protected by a Brazilian law called
the Brazilian Forest Code.

When we work to restore forests, it is important to make sure
restoration efforts are distributed fairly to everyone who owns the land
(Figure 1). We do not want all the restoration work to go to those who
might not have a strong say in politics, like small farmers who just grow
food for their families. Everyone should help, and we do not want more
vulnerable people to have too much work while the influential owners
of large farms keep doing things the easy way. Further, when we bring
back forests on farmland, the farmers might lose money because they
can no longer use the land for farming. These are called opportunity
costs and depend on what (and how much) farmers are growing on
the land. So, adding it all up, forest restoration might end up costing
more than just the money spent on planting trees!

To plan restoration efforts, we analyzed the possible consequences

on both the environment and people, such as farmers, so we could
prioritize which areas to restore in the Brazilian Atlantic Forest. To
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Figure 1

To choose which areas
of the Brazilian Atlantic
Forest to restore first,
we must include all the
unique places where
animals and plants live
while ensuring that
everyone plays a fair
role in helping to fix
things.

BIODIVERSITY

It can refer to all the
different species of
plants, animals, fungi,
and other organisms
that live on Earth orin a
particular area.

ECOLOGICALLY
SENSITIVE AREAS

Natural areas that need
extra care and
protection because
they are unique and
home to rare species of
plants and animals.

s & Healthy forest full
of life

A damaged
riverbank where the
forest cannot

regrow on its own In this small farm,

forests can recover
without help

Along this riverbank,
the forest can regrow
on its own because
other forests are
nearby

We must plant trees
to restore farms
without forests
located nearby

Figure 1

do this, we analyzed the land in terms of its potential for natural
regeneration while also considering types of land ownership.

POSSIBLE FOREST RESTORATION PLANS

The Brazilian Atlantic Forest is a global biodiversity hotspot that spans
1,110 million hectares (a football pitch is roughly around 1 hectare in
size) along the Brazilian coast. This forest has been highly damaged in
many areas and requires ambitious restoration goals, with a target of
restoring 15 million hectares of forest by 2050.

First, we wanted to know how the potential for natural regeneration
is distributed among various land cover types, such as pastures,
soy plantations, sugar cane crops, ecologically sensitive areas, and
farm size. To do so, we combined a map showing the natural
regeneration potential [2] with a map of land-cover types [3]. To
include ecologically sensitive areas, we mapped all ecologically
sensitive areas [4]. Finally, we added information about land ownership
[5], which we classified into urban areas, public areas (including
conserved lands and indigenous lands), private farms (separated into
small, medium, and large farms), and areas without information.

We then created two plans to restore 15 million hectares of the
Brazilian Atlantic Forest. Plan 1 focuses on places where trees can
grow back by themselves, which is called natural regeneration. In Plan
2, we give nature a little hand by planting trees where they cannot grow
back on their own. This helps bring back forests in all the ecologically
sensitive areas. We also figured out which areas have the lowest overall
restoration costs: the cost to plant trees plus money losses because
restored areas can no longer be used for farming.

To restore an area with zero natural regeneration potential, we
determined that it would cost USS 5,482 per hectare, while an area with
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Figure 2

Comparison of two
plans for forest
restoration activities in
the Brazilian Atlantic
Forest (image designed
using icons from
Flaticon.com).

100% natural regeneration potential costs nothing to regenerate. The
amount of money that farmers no longer earn because their farming
is interrupted was also estimated for each area based on the various
types of farming, like cattle raising or soy farming [4].

WHERE FORESTS CAN REGROW—AND WHERE THEY
CANNOT

We found more than 15 million hectares of ecologically sensitive areas
protected by the Brazilian Forest Code in the Brazilian Atlantic Forest.
The bad news is that about half of this area is seriously damaged and
must be restored immediately. This is 10,000 times the area of New
York City! Even worse, only 38% of this area can regrow by itself, while
62% will depend on tree planting to recover (Figure 2).
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Figure 2

Furthermore, forests that can regrow by themselves are concentrated
in a land-use category called Mosaic of Agriculture and Pastures that
provide livelihoods for the most vulnerable Brazilian citizens. However,
the area that can regrow by itself in huge plantations is ten times
smaller! Another shocking result of our research was that small rural
properties hold 2.5 times more areas that can regrow by themselves
than large rural properties.

So, if we opt for Plan 1 and let nature recover 15 million hectares in
the Brazilian Atlantic Forest, we would restore more places from the
Mosaic of Agriculture and Pastures than places in large plantations.
This would impact the farming activities of vulnerable people and small
farm owners, while large farming companies would continue their
business as usual.
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PLAN 2 IS THE BETTER WAY

Plan 2 is a fantastic way to help nature. Plan 2 aims at planting
new trees where needed to repair all the special places currently not
covered by forests. This is good for nature and for people. The restored
areas will be protected by the Brazilian Forest Code so that they will
be safe from damage, including future deforestation. Further, Plan 2
helps to reforest regions that do not have many trees left, which brings
animals and plants back to regions where they have been lost.

Plan 2 also makes sure that all landowners become involved, especially
those with enormous properties. Although Plan 2 costs more to
implement, it also saves money in the long term compared to just
letting nature do its thing. This is so because the money spent on
trees is less than when farmers stay a long time without farming. So,
it is smarter to choose areas that are not so good for farming to help
forests get better.

MOVING FORWARD

Saving forests is crucial for animals, plants, people, and the planet.
In this article, we showed that a mix of letting nature grow back on
its own and planting new trees is the best way to help the Brazilian
Atlantic Forest. This helps the environment, spreads costs fairly, and
does not cost too much. Now that we have a plan, itis time to putitinto
action! For that, we must figure out which trees to plant to help animals
affected by deforestation. There are some challenges, like making
sure we have enough seedlings for planting or checking how well the
restoration is going. Currently, we are developing procedures to check
how animals repopulate the regrowing forests. We also need to make
sure everyone joins in. Teamwork is key and, by working together, we
can make a big difference in saving our forests and helping all the
plants and animals that call these forests home!
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YOUNG REVIEWERS

EMANUELE, AGE: 15

I am Emanuele and | am at the third year at the GB Grassi scientific high school in
Latina. | found this work very interesting because the topic covered is very close to
my heart. | think it is very important to involve more kids with these initiatives.

GIORGIA, AGE: 15

Hi, my name is Giorgia and | am in my third year of scientific high school. | have
always had a passion for the world around us and | do not like the fact that it can
be destroyed by human beings at all. | think we should all, even if in a small way,
contribute to the recovery of our planet.

SAMUELE, AGE: 15

Hi, my name is Samuele. | live in Latina and | am in my 3rd year of scientific
high school at the G.B. Grassi. | am very passionate about scientific subjects such
as biology, math, and physics. | really liked this marine biology course and it
made me discover many things that | did not know, including how to review a
scientific paper.

SANTIAGO, AGE: 8

Hello, | am Santiago and | am 8 years old. | like to build 3D-puzzles, play video
games, and play at the park with other kids. | love reading adventure books
and drawing.
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EXPLORING THE CLIMATE PUZZLE: A SURPRISING
TWIST IN FIGHTING CLIMATE CHANGE

Matteo Giuliani™ and Andrea Castelletti
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AGE: 13

HADIL
AGE: 13

Sometimes, when scientists try to help people, they can end up with
a surprise ending in which things do not work out as expected.
Their "help” might even accidentally make the situation worse for
some people. We wanted to know if this could be true for a strategy
to slow down climate change: charging countries a fee when they
cut down forests to create farmland. We used computers to predict
what might happen if countries were charged different fees, to keep
things fair. Specifically, countries with less money would only have
to pay low (or no) fees, while rich countries would pay higher fees.
However, our computer model showed that this plan could have
unexpected negative consequences for water availability in some
places that pay low fees, like certain regions in Africa. This tells us
that, as we fight climate change, we must keep our eyes open for
unintended consequences that could result from our attempts to
help the planet.
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CLIMATE CHANGE

Long-term changes in
Earth's weather
patterns, including
rising temperatures,
shifting rainfall, and
more extreme weather
events, affecting all life
on our planet.

GREENHOUSE
GASES

Gases in Earth's
atmosphere, like
carbon dioxide and
methane, that help
keep our planet warm.
In excess, greenhouse
gases make the planet
too hot, causing
problems with the
weather

and environment.

GOOD DEEDS CAN HAVE SURPRISE ENDINGS

Have you ever tried to do a good deed that did not turn out the
way you planned? Maybe it had unintended consequences that were
not so helpful for some people? Imagine a schoolyard so overgrown
and messy that no one wants to play there. Weeds are popping up
through the pavement, paint is peeling on the playground equipment,
and kids have been carelessly throwing their trash on the ground.
The principal decides to take action, so she assigns each grade a
section of the schoolyard to tidy up and keep clean for the year.
But wait—younger kids cannot do as much work as older kids, can
they? To balance the workload, the principal assigns some of the
teachers to help the younger grades, while the older students handle
their areas without extra help. Sounds like a fair plan, right? A few
weeks later, the schoolyard is much cleaner... but then something
unexpected happens. The areas cleaned by the younger students end
up looking really great because of the extra help they received. These
areas become the most popular spots in the schoolyard, attracting
lots of students during breaks. With more kids hanging around, these
areas quickly get messy again. The younger students and their teacher
helpers find themselves dealing with even more cleanup than before!
Meanwhile, the areas cleaned by the older students remain less
crowded and neater.

This situation, in which a well-meant plan has unexpected side effects
for some groups, can happen in real life, too—with consequences
more serious than just a messy schoolyard! In the rest of this article,
we will explain how a similar situation might occur in our attempts to
slow down climate change, if we are not careful.

KEEPING EARTH'S ATMOSPHERE CLEAN

You probably already know that climate change is a huge problem
facing the entire world [1]. Earth’s climate has always been changing,
but now it is happening really quickly because of things humans
are doing, such as burning fossil fuels (coal, oil, and gas) to power
our cars or to generate electricity. Burning fossil fuels adds a lot of
carbon-containing greenhouse gases into the air—primarily carbon
dioxide and methane. These gases act like a blanket, trapping heat
close to Earth and warming up the planet. Global warming is causing
serious problems for all of Earth’s inhabitants, including humans. Seas
are rising; heatwaves, storms, and other weather events are getting
more extreme; and some animals and plants are struggling to survive
because their ecosystems are changing. Humans struggle, too. For
example, as the weather changes, it can become harder to grow crops
in some places, leading to food shortages.

As the need to take action against climate change became more
obvious, many countries decided to collaborate to try to limit
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MITIGATION
POLICIES

The actions that
countries around the
world are currently
taking to combat
climate change.

LAND USE CHANGE
FEES

Fees charged by
governments when
land is altered from its
natural state, like
converting forests to
farms or building areas,
to manage
environmental impacts
from resulting
greenhouse

gas emissions.

RIVER BASIN

An area that collects all
the rainwater and
snowmelt from the
surrounding land,
which eventually flows
toward a central river.

BIODIVERSITY

The quality of having a
lot of different living
things. “Bio” means life
and “diversity”

means variety.

global warming. One big plan created in 2015, called the Paris
Agreement, was supported by almost 200 countries. Supporting
countries promised to work together toward a clear goal: to limit
the global temperature increase in this century to 1.5-2°C above
the temperatures that were present before the Industrial Revolution.
Experts believe this target is critical if we want to avoid the most severe
effects of climate change. Meeting this target will be very challenging,
since the average global temperature increase recorded from 1991 to
2020 was 0.9°C.

PAYING THE PRICE FOR RELEASING CARBON

Since the Paris Agreement was signed, many mitigation strategies
have been proposed to decrease the amount of carbon released into
Earth's atmosphere [2]. In addition to switching to energy sources
like wind and solar power, one of the most discussed strategies for
reducing carbon emissions involves charging a fee, kind of like a
fine, when people or companies want to use land in a way that
harms the environment. These are called land use change (LUC) fees.
Some of the ways land is used can make climate change worse. For
example, trees store a lot of carbon as they grow. So, when a forest is
cleared to grow crops, less carbon can be stored on that land; and
lots of carbon is released into the atmosphere when the trees are
destroyed. LUC fees are meant to make people think more carefully
about how they use land and discourage countries from contributing
to climate change.

Some people think that charging the same LUC fees to everyone, all
over the world, would be unfair. Think back to our schoolyard example,
in which the younger kids needed more help to keep their section
clean. Some countries have less money than others and might not be
able to afford high LUC fees... but they might still need to convert land
to farms to feed their growing populations. Maybe it would be better if
these developing countries paid low (or no) LUC fees, right? After all,
high fees might make things really tough for them. Or, as we saw in
the schoolyard, might this good-hearted attempt to make things fair
end up having unintended consequences?

ZAMBEZ]| WATERCOURSE—A DEVELOPING REGION

Our study focused on a river basin in southern Africa called the
Zambezi Watercourse (ZW; Figure 1). The ZW is a good example of
a developing region where LUC fees would be low or non-existent
in some “fair” scenarios. The ZW is one of the largest river basins
in the world [3]. It is shared by eight countries and contains 82
important biodiversity areas that provide homes for lots of wildlife,
including migratory birds and threatened species like lions, hippos,
and wild dogs. As you might expect in an area with so much water
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HYDROELECTRIC
DAM

A big wall that holds
back a huge amount of
water in a river, creating
a reservoir. When water
is released, it turns
turbines to

generate electricity.

Figure 1

(A) The ZW is the name
for the area the
Zambezi River flows
through in southern
Africa. (B) The Zambezi
is one of Africa’s
longest and most
important rivers. The
ZW holds the entire
Zambezi River and its
tributaries, including
the Kafue River and the
Shire River. The ZW is
shared by eight
countries and contains
82 biodiversity areas,
home to lots of wildlife.

available, the ZW is a good place for farming. Common crops include
sugarcane, wheat, rice, and maize. Also, thanks to its rivers, the ZW
gets much of the electricity it needs to power businesses and homes
from hydroelectric dams, which is great because these dams do not
burn fossil fuels.

ZAMBIA

Zambezi
Watercourse

ZIMBABWE

NAMIBIA

'\ SBOTSWANA
¥ )

Figure 1

Currently, about 40 million people live in the ZW, but the region’s
population is rapidly expanding—it is estimated that the ZW will be
home to 70 million people by 2050! As the ZW's population grows, so
will the demands for food and electricity—both of which require water.
Right now, there is enough water for both of these critical purposes.
But what will happen in the future? The ZW faces a double threat: rapid
population growth and climate change. Climate change may lead to
drier conditions in the region, which could decrease the amount of
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COMPUTER
MODELING

Creating virtual
versions of a real
system on a computer,
to be used as a
“laboratory” for
experiments to explore
and predict things that
cannot be tested in the
real world.

water flowing through its rivers—at the same time that more water is
needed for power and agriculture.

MODELING THE FUTURE OF THE ZW

No one can see into the future to know exactly what will happen
to the ZW, but scientists can use a technique called computer
modeling to get a pretty good idea. Computer models are like
virtual versions of the system scientists are studying, which allow
scientists to experiment with various conditions to understand and
predict how things might happen in the real world. Predictions
generated using computer models can help policymakers make
informed decisions to protect people and the environment, and they
can also help to uncover any unintended consequences of human
choices. Our group used a computer model to investigate what
might happen to the ZW under many possible future conditions
by integrating models simulating future climate conditions, models
describing socio-economic development, and models showing the
resulting impacts in the ZW [4]. We also compared three mitigation
scenarios: no LUC fees at all; LUC fees that are the same all over the
world; and LUC fees that differ from region to region, with lower fees
in developing regions like the ZW.

When we used our computer model to look at the world as a whole,
we found what we expected: LUC fees helped to decrease greenhouse
gas emissions and limit global warming by the end of the century. At
first glance, you might think that is good news for regions like the
ZW—it might seem that the less the climate warms, the more water
should be available in the ZW's rivers to irrigate crops and produce
hydroelectric power for the growing population. But the story turned
out to be more complicated.

When some regions of the world have very low or no LUC fees, these
areas become attractive places for farming or other land uses. For
example, a wealthy country that has a high LUC fee might have to
pay a lot of money to change forest or grassland to farmland. But
instead, if that country invests in farming in a developing region that
has low or no LUC fees, clearing land to grow crops would be much
less expensive. If this happens too frequently, the amount of land used
for farming in developing regions could increase dramatically—and so
would the amount of water needed to irrigate all the new crops. In
fact, according to our computer model, the amount of water used in
the ZW under varying LUC fees could increase by more than 400% by
the end of the century. In contrast, under LUC fees that are the same
across the world, that increase would only be about 100%—similar to
the increase seen everywhere else in the world (Figure 2).

When too much water is removed from rivers and used for agriculture,
less water flows downstream, which can harm the animals and
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Figure 2

Giving the ZW a “break”
on LUC fees might not
be good for the ZW in
the long term. This
graph shows the
average increase in
future crop water use
under two different
scenarios, compared to
2015: globally uniform
LUC fees (the same all
over the world) and
LUC fees that differ
according to what
regions can afford.
When LUC fees are
globally uniform,
predicted water use in
southern Africa is about
the same as in the rest
of the world (green
bars). However, if
regions like the ZW pay
low or no LUC fees,
water use in these
regions may go up by
400%! This could have
serious negative
consequences for the
region.
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Figure 2

ecosystems that depend on that water to survive. Also, hydroelectric
dams need a strong flow of water to produce electricity, so if water
flow is reduced, some areas might not be able to produce enough
power for the people who live there, or they might need to switch to
less environmentally friendly methods that use fossil fuels.

THE IMPORTANCE OF LOOKING CLOSELY

Our research showed that, sometimes, what might seem like the
“fair" way to address climate change might actually harm the very
countries we are trying to help! At first glance, it might seem like we
are helping developing countries by giving them a “break” on LUC
fees. But when we look a little closer, we see that this strategy has
unexpected side effects on water use, which could be really bad for
the region overall.

The ZW is not an isolated situation—Africa alone has more than 60
international river basins and, in many of them, the population is
expanding, and industries are growing. While expansion is good for
the region’'s economy, more research is needed to find a fair way
to balance global development with protecting the environment and
limiting climate change for all. Along the way, researchers must keep
their eyes open for unintended consequences that might do more
harm than good for certain regions!
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YOUNG REVIEWERS

ALAE, AGE: 13

Hello, my name is Alae E, | am 13 years old, | love reading books, | read my first book
when | was 8 and that is what helped me ameliorate my English, | love writing too, |
write poems from time to time, and | also love drawing and painting, it is my way of
expressing. My favorite color is green, because it reminds me of nature, grass, trees,
flowers, and everything that is peaceful.

HADIL, AGE: 13

Hello everyone. | am Hadil, a Young Reviewer. | am very interested in natural and
geological phenomena that happen and | am curious to know more while remaining
with positive energy.
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WORKING WITH NATURE TO REDUCE THE IMPACTS
OF CLIMATE CHANGE

Petra Holden'" and Mark New 12
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Climate change is making extreme climate events, such as droughts

FOUNG REVIEWERS: and floods, more severe all over the world. Working with nature

@ MOMO could help reduce or completely remove these dangerous impacts of
AGE: 12 climate change. We developed a way to measure how much working
SEA CREST with nature can reduce the impacts of extreme drought on society.

SCHOOL We applied it to one of the worst water crises experienced by a
AGES: 12-13 city: the Cape Town day zero drought, in which the taps of city

dwellers almost ran dry. We found that clearing thirsty, non-native
trees from the mountains that provide the city's water could have
allowed more water to flow through rivers into the city’'s dams. But
it would not have removed the full climate change impact. This tells
us that working with nature is important in the fight against climate
change, but that other types of solutions are also needed to protect
societies, too.
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EXTREME WEATHER
AND CLIMATE
EVENTS

Unusual, intense
weather and climate

patterns like hurricanes,

floods, or heatwaves
that are much stronger
than normal, and can
cause big problems for
people and nature.

NATURE-BASED
SOLUTIONS

Using nature, like
planting trees or
restoring wetlands, to
solve environmental
and societal problems,
such as reducing
floods, cleaning the air,
or protecting animals
plants and people.

CLIMATE CHANGE IS MAKING EXTREME WEATHER AND
CLIMATE EVENTS MORE SEVERE

Extreme weather and climate events include droughts, floods,
heatwaves, and hurricanes. Some of the impacts from extremes
are loss of life, damages to property, famine, water shortages, and
disease outbreaks.

Scientists have shown that these extremes are happening more often,
lasting longer, and becoming more severe. Humans are the reason for
these changes—burning fossil fuels releases greenhouse gasses into
the atmosphere, changing Earth’s climate and affecting local weather
all over the world [1].

Working with nature can help reduce the impacts of extremes on
humans. This is because the local environment also plays a role
in how the impacts of extremes are felt. For example, heavy rain
falling on areas of bare soil cause more flooding and greater soil
loss compared to what would happen if the same area was covered
with grasses, shrubs, or trees. Working with nature to solve some
of the problems caused by climate change is called nature-based
solutions [2]. Examples include planting vegetation in urban areas
for local cooling; restoring vegetation along rivers, in wetlands, and
in mountains to reduce floods; restoring coastal wetlands to protect
against storms and sea-level rise; and planting trees and shrubs on
farms to help farmers grow more food.

In our study, we wanted to know how much nature-based
solutions could help fight changes in extreme weather and climate
events caused by climate change—something no one had ever
studied before.

STUDYING THE CAUSES OF EXTREME WEATHER
EVENTS

The reason scientists had never studied exactly how much nature-based
solutions could help to reduce the impact of climate change on
extreme weather events was because the methods to do so were
not yet available. Fortunately, since the early 2000's, the science of
figuring out the causes of changes in extreme weather events has
rapidly advanced [3]. This is a complicated topic to study because
every extreme weather event is unique. In a world without greenhouse
gasses in the atmosphere, extreme weather would come from natural
processes in Earth’s climate. But in the world we live in today,
extreme weather events have both natural and human causes, because
the Earth’'s climate has been warmed by greenhouse gases in the
atmosphere, which affects weather processes.
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DROUGHT

When an area does not
get enough rain for a
long time, causing
water shortages, dry
land, and problems for
plants, animals, and
people who

need water.

If we do not know how much an extreme weather event has
changed because of climate change, it is impossible to measure
the role of nature-based solutions in reducing or balancing out
these impacts.

We came up with a way to identify the factors responsible for the
impacts we experience from extreme weather and climate events.
This approach has three main steps (Figure 1). The first is to compare
what an extreme event would look like in a world with greenhouse
gas emissions and a world without them. The second step is to
determine how these changed extremes interact with local land
and environmental conditions. The third step is to determine what
happens if we deliberately change the local environment using
nature-based solutions. These three steps can help researchers to
answer two questions:

1. Has an extreme weather event changed due to human-caused
changes to Earth’s climate?
And if the answer is yes, then,

2. How much could nature-based solutions help to reduce or remove
the impacts due to climate change?

THE CAPE TOWN DAY ZERO DROUGHT

To test our ideas, we tried to identify the factors responsible for one of
the worst water crises experienced by a city in recent times: the Cape
Town day zero drought.

Cape Town, in South Africa, is a diverse multicultural city surrounded
by natural mountainous areas. Cape Town's water supply comes from
rivers that flow from these mountainous areas. When it rains, the
rainfall runs off the land and into the rivers, flows along the rivers, and
is finally captured and stored in six large dams. Water from these dams
is carried through an intricate system of pipes to people’s houses and
community access points in and around the city.

During a 3-year drought from 2015 to 2017, the city’'s dam levels
dropped to below 20% of their normal levels, which forced Cape Town
to prepare for no water—the day when the taps would run dry, which
was called day zero. The rains did finally come, and Cape Town averted
day zero, at least this time.

WORKING WITH NATURE BY CLEARING INVASIVE
NON-NATIVE TREES

The natural vegetation in the Cape Town mountains is called fynbos.
It is made up of shrubs and grass-like plants, with no large trees
exceptin ravines (Figure 2A). Fynbos grows in part of the Cape Floristic
Region, a global biodiversity hotspot with more than 9,000 plant
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Figure 1

There are three main
steps for identifying the
factors responsible for
changes in extreme
weather and climate
events. (A) First, we
must compare what
the extreme event
would look like in a
world with or without
climate change. Then
we compare what
extreme events would
look like (B) without
nature-based solutions
or (C) with
nature-based solutions.
This allows us to see
whether nature-based
solutions are helpful,
and how much

they might help
(Illustrations: Theresa
Wigley, Data
Visualization: Tali
Hoffman).

INVASIVE
NON-NATIVE
SPECIES

A plant or animal that
comes from a different
place, spreads quickly,
and harms the local
environment by taking
over and outcompeting
native species.
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Figure 1

species. Because 70% of these plant species are only found here and
nowhere else in the world, this region has been declared a UNESCO
world heritage site—an area with outstanding natural, historical, and
cultural value.

The mountains critical for Cape Town's water supply have been
invaded by non-native trees, like pine and eucalyptus (Figure 2B).
Non-native trees such as these are called invasive species because
they have escaped from plantations and replace natural vegetation.
These trees were introduced by people two centuries ago for timber
and because people thought they looked nice. The problem is that
these trees use substantially more water than the native fynbos
vegetation does [4]. This is because the trees are taller and have larger
leaf canopies and longer roots. They take up so much water that they
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Figure 2

(A) A natural fynbos
mountain slope in the
Cape Town mountains.
(B) Mountain slope
where the natural
fynbos vegetation has
been invaded by
non-native pine trees.
(C) In areas with natural
fynbos-type vegetation,
less water is used by
the plants so there is
more water available in
rivers to flow into dams.
(D) In ecosystems
where non-native trees
are growing, more
water is used because
the trees are tall and
have big leaves and
long roots, and they
lose lots of water to the
atmosphere [Photo
Credits: Petra Holden
(A); Martin Kleynhans
(B), Illustrations:
Theresa Wigley, Data
Visualization: Tali
Hoffman].

COMPUTER
MODELS

A virtual simulation that
uses math and data to
imitate real-world
processes, like weather,
river flows or how
diseases spread,
helping scientists
predict, and understand
complex systems.

WATERSHED

An area of land where
all the rainwater and
streams flow into a
common body of
water, like a river

or lake.

SIMULATIONS

Virtual experiments or
tests that use
computers to mimic
real-life situations, like
predicting weather or
river flows, helping
people test ideas, and
predict outcomes.

LESS WATER USED BY PLANTS
MORE WATER FLOWING IN RIVERS

HIGHER DAM LEVELS

MORE WATER USED BY PLANTS
LESS WATER FLOWING IN RIVERS

LOWER DAM LEVELS

Figure 2

reduce river flows to the dams that supply water to major cities (Figures
2C, D).

One nature-based solution is clearing these non-native trees from the
mountainous areas of South Africa, to increase river flows and reduce
extreme droughts. But does it work?

USING COMPUTER MODELS TO SIMULATE WORLDS

We used computer models to compare what river flows would be
like during the Cape Town day zero drought in a world with and
without greenhouse gasses in the atmosphere, and also in a world with
and without the nature-based solution of non-native tree clearing.
These computer models can predict water flows in and out of an
area of land and through river channels in watersheds. The models
were built based on data collected from the rivers themselves and
from space, using satellites. Data included river width and depth, soil
and vegetation properties, observed river flows, and the coverage
of invasive non-native trees in the area [5]. This information, along
with climate data, was used in the computer models to calculate the
river flows.

Once we were satisfied that our computer models could accurately

simulate the actual river flows in the mountains, we then used these
models to answer our research questions. We ran 290 simulations
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of the drought weather (rainfall and evaporation) for the day zero
drought through the computer models. Half of these simulations (145)
represented rainfall and evaporation (the drought weather) for our
current world, with greenhouse gases/climate change. The other half
(145) represented the drought weather in an “imaginary” world without
climate change.

We ran two further experiments using the computer models, by
varying the vegetation cover. The first experiment represented clearing
all the invasive, non-native trees and restoring the natural fynbos
vegetation. The second represented the entire watershed fully invaded
with non-native trees. We compared the river flows between all
the modeled worlds, which told us how much climate change
influenced the drought and whether nature-based solutions could
have reduced this.

WHAT DID OUR COMPUTER MODELS SHOW?

Climate change reduced river flows by 22% compared to our
computer model of a world without human-caused climate change
(Figures 3A, B). In other words, there would have been 22% more water
flowing in the rivers during the Cape Town day zero drought if there
had been no climate change.

If we had cleared the non-native trees before the Cape Town day zero
drought hit, we could have avoided 9% of the losses in river flows
due to climate change (Figure 3C). But clearing the trees would not
have completely balanced out the decrease in river flows caused by
climate change. Encouragingly, however, preventing non-native trees
from totally taking over the area avoided an additional 21% loss of river
flows (Figure 3D).

The 9% increase in water due to nature-based solutions is critical.
But we still would have 13% less water in the rivers because of
climate change under current levels of global warming (Figure 3C).
Higher levels of warming would lead to even less water in the rivers
during drought years. This highlights the importance of keeping global
warming levels below 1.5 and 2.0° to support nature-based solutions
in their job of protecting society from extremes.

CONCLUSION

Working with nature is important for reducing climate change
impacts on extreme weather and climate events. We found that
clearing non-native trees could have prevented some of the climate
change-driven losses of river flows experienced during the Cape
Town day zero drought—one of the worst water crises experienced
by a city in recent times. However, clearing non-native trees could
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Figure 3

We used our approach
to explore whether
Cape Town could have
used nature-based
solutions to reduce the
severity of its day zero
drought. We calculated
river water flowing to
dams under different
climate and land
scenarios. (A, B) When
compared with water
levels that might be
seen without climate
change, climate
change decreased river
flows. (C) Using a
nature-based solution
(clearing non-native
trees) could have
reduced this impact.
(D) Without any efforts
toward a nature-based
solution, the impact of
climate change would
have been even worse
(Illustrations: Theresa
Wigley, Data
Visualization: Tali
Hoffman).

A Scenarioa:

Without climate change
With 40% cover of non-native
trees

B Scenario b:

With climate change
With 40% cover of non-native
trees

C ScenarioC:

With climate change
With nature-based solutions
(native vegetation restored)

D Scenariod:

With climate change
With 100% cover of non-
native trees

Water flowing to dams without
climate change

22% less water

(than Scenario a)
from climate change

— Scenarioa

Scenario b

9% more water

(than Scenario b)
from nature-based solutions

— Scenario a

========== Scenario b

21% less water
(than Scenario b)
from no nature-based solutions

— s
Scenario b

Figure 3

not remove all the climate change impact, which highlights the
importance of working to combine nature-based solutions with other
types of solutions, like water demand management, improvement of
water transfer pipes, and desalination.
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YOUNG REVIEWERS

MOMO, AGE: 12

Momo loves to travel the world and see new places. Even so, she is a self-proclaimed
couch potato when she is at home. The two extremes can coexist in one person! Her
favorite couchmate is her fuzzy and affectionate dog, Lita.

SEA CREST SCHOOL, AGES: 12-13

We are a curious group of 6th grade science students who live in coastal California.
While we all have individual interests, we are united by a shared passion for
environmental stewardship and, in all things, we are determined to “leave it better
than we found it": our school's mantra. Our group members are guided by our
humanities teacher, Leslie G., and include: Oliver, Mackey, Rowan, Stella, Daphne,
Leena, Abigail, and Malina.
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YOUNG REVIEWERS:

Ammonia is a chemical commonly found in fertilizers, cleaning
products, and even animal waste. While this substance does have
some important uses, rising emissions of ammonia in the atmosphere
can pose serious risks to human health, plant and animal health, and
the environment. Therefore, measuring and tracking ammonia levels
in the air is crucial, especially as human activities, such as large-scale
farming and industrial processes, release more and more ammonia.
In this article, we will tell you about the main sources of ammonia
pollution, the dangers it poses to health and the environment, and
how scientists are using satellites to monitor ammonia levels from
space. By keeping a close eye on ammonia trends, researchers hope
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AMMONIA

A gas made of nitrogen
and hydrogen (NHz),
found in fertilizers,
cleaning products, and
animal waste. In excess,
it can be harmful to
human health, the
environment, and

air quality.

ANTHROPOGENIC

Caused by human
activities, such as
farming, industry, and
pollution.
Anthropogenic
processes often
contribute to
environmental issues
like climate change,
deforestation, and air
or water pollution.

Figure 1

(A) Ammonia is

made up of a nitrogen
atom (N) surrounded
by three atoms of
hydrogen (H), forming
a molecule with a
pyramidal shape. (B)
Main contributors to
ammonia emissions in
the air. You can see that
the vast majority of
ammonia emissions are
from anthropogenic
activities like farming
and industry.

to trigger ways to reduce emissions and protect the planet for
future generations.

AMMONIA IS NO JOKE!

What do some cleaning products, garden fertilizer, and chicken poop
have in common? While this might sound like the start of a corny “dad
joke”, there is no punchline—but there is a scientific answer! All three
of these substances contain a chemical called ammonia. Maybe you
have noticed the sharp, strong smell of ammonia in a recently cleaned
school bathroom or gym locker room, or while emptying a cat's
litterbox. Even if you have heard of (or smelled!) ammonia before, you
might not be aware that scientists are actively monitoring ammonia
levels in the air we breathe, both from land and from space. This is
important because too much ammonia can be harmful to humans,
animals, plants, and the environment. In the rest of this article, we will
tell you about the sources of ammonia, why scientists are concerned
about ammonia levels in the atmosphere, and how they monitor it
from space.

WHERE DOES AMMONIA POLLUTION COME FROM?

In its pure form, ammonia is a gas with the chemical formula
NHz, meaning that each molecule has a nitrogen atom surrounded
by three hydrogen atoms (Figure 1A). Ammonia is produced by
both natural sources and anthropogenic (human-caused) processes
(Figure 1B).

H / \'““H NH,

= Agricultural soils

= Manure management

= Oceans, natural soils & volcanoes
= Biomass burning

= Residential and other sectors

= Industry

= Agricultural waste burning

= Road transportation

= Others

Figure 1

When dead plants and animals decompose (break down) in nature,
ammonia is released into the soil and air. Living animals, including
humans and livestock like cows, chickens, and pigs, contribute to
ammonia production too, when their waste products (pee and poop)
are decomposed by bacteria. Oceans also emitammonia, and wildfires
can generate large amounts of this gas as they burn trees and
other plants.
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BIODIVERSITY

The variety of life in a
particular habitat or
ecosystem, including
all plants, animals, and
microorganisms. High
biodiversity helps
ecosystems stay
healthy and resilient to
changes or threats.

PARTICULATE
MATTER

Tiny particles in the air,
like dust, dirt, soot, or
chemicals, that can be
inhaled into the lungs.
Particulate matter can

cause health problems,

especially for the
respiratory and

cardiovascular systems.

EUTROPHICATION

A process in which
excess nutrients, like
ammonia, cause rapid
algae growth in water
bodies. This depletes
oxygen in water,
creating “dead zones”
where aquatic life
cannot survive.

Human activities, however, produce much more ammonia than
natural processes. The giant farms that grow our food are by far the
biggest anthropogenic source. Man-made fertilizers contain ammonia
because it provides a readily available source of nitrogen, which plants
need to grow. When farmers use large amounts of fertilizers on their
crops, some of the ammonia gets released into the air. Huge cow,
chicken, and pig farms also generate large amounts of ammonia
from animal waste, as we mentioned above. Overall, in Europe, the
United States, and China, livestock waste and fertilizer use account for
over 80% of total ammonia emissions.

Besides farming, other anthropogenic sources of ammonia include
industries that produce fertilizers, steel, explosives, and other
chemicals. Waste treatment plants and gas-powered vehicles also
contribute to ammonia pollution, though not nearly as much as
agricultural sources.

WHY SHOULD WE WORRY ABOUT AMMONIA?

So, what makes ammonia so bad? At high levels, there are
three main worries: human health problems, biodiversity loss, and
climate change.

Human Health Problems

When ammonia mixes with other pollutants in the air, it can form
tiny particles called particulate matter. These particles can be easily
inhaled into the lungs due to their small size, leading to a variety
of breathing issues like asthma, bronchitis, and other long-term
respiratory illnesses. Particulate matter can affect more than just the
lungs—it can also enter the bloodstream and impact other parts of the
body [1, 2]. This can increase the risk of heart disease, stroke, and other
serious health issues that can shorten people’s lives. Children and the
elderly are often the most vulnerable to health problems caused by
particulate matter pollution.

Biodiversity Loss

Ammonia released into the atmosphere can also settle back to Earth,
where it can change the chemistry of the soil and water. These
changes can harm and even kill plants and animals by disrupting the
natural balance in ecosystems, leading to a loss of critical biodiversity.
For example, too much ammonia can lead to nutrient overload in
water bodies, causing excessive growth of tiny plants called algae. This
process is called eutrophication. As they grow, the algae use up all
the oxygen in the water, creating “dead zones” where fish and other
aquatic life cannot survive. By altering the chemistry of soil, ammonia
can also affect the types of plants that can grow and thrive, further
decreasing biodiversity.
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CLIMATE CHANGE

A long-term change in
Earth’s climate,
especially a rise in
average global
temperatures, primarily
caused by human
activities like burning
fossil fuels,
deforestation, and
industrial processes.

Climate Change

Ammonia plays a relatively small but interesting role in climate
change, too. It has both cooling and warming effects on the climate.
One cooling effect relates to the formation of particulate matter,
mentioned above. These tiny particles are efficient at reflecting
sunlight back into space and thereby cool down our planet. Ammonia
also influences the way plants grow, which in turn affects how much
carbon dioxide (the main greenhouse gas responsible for climate
change) is absorbed by plants and removed from the atmosphere.
There are many other complex effects of ammonia on the climate.
After considering the most important ones, most scientists around the
world agree that ammonia cools down the climate a little, but not
nearly enough to stop global warming.

So, now you know why keeping ammonia levels in check is
important—but how do scientists monitor ammonia levels to
understand whether they are changing over time?

KEEPING TRACK OF AMMONIA WITH SATELLITES

One way to measure ammonia in the air we breathe is by using
instruments that can directly sample the air to check ammonia levels.
Ammonia-detecting instruments can be found in air-sampling stations
in various countries, and they can provide very accurate data. However,
ground-based instruments can only measure ammonia in the specific
places where they are located. There are not enough ground-based
instruments spread out all over the world to give scientists the “big
picture” of ammonia emissions.

To overcome this limitation, scientists can use satellites to monitor
ammonia levels from space. Satellites can carry advanced instruments
that can detect ammonia and other gases in the atmosphere by
measuring the specific colors of light that these gases absorb and emit.
Because they are “looking down” at Earth, satellites can show scientists
how ammonia is distributed over vast areas, including remote places
that cannot be measured with ground-based instruments.

For our study [3], we used 11 years of data (2008-2018) from a
satellite-based instrument called the Infrared Atmospheric Sounding
Interferometer (IASI). IAS| takes measurements all over the Earth twice
a day, and it is very sensitive, meaning it can accurately detect
much smaller amounts of ammonia than previous satellite-based
instruments could. We used data from IASI to understand where
atmospheric ammonia is coming from, how it spreads, and how levels
are changing over time.
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Figure 2

Examples of ammonia
mega-emitters seen
from space. (Top row)
Atmospheric ammonia
concentrations
measured using IASI,
overlaid on images of
the ground. The color
scale shows increasing
ammonia
concentrations, with
blue representing low
concentrations and red
representing high
concentrations.
(Bottom row) Close-up
view of the areas
outlined in black in the
top panels, showing
the ammonia emitter
(Image modified from
Clarisse et al. [4] and
Van Damme et al. [5]
with permission).

AMMONIA IS INCREASING IN EARTH’'S ATMOSPHERE

Data from IASI allowed us to pinpoint hundreds of ammonia sources,
including major “hot spots” where a lot of ammonia is being released
in a small area [4, 5]. Most of the hot spots were areas where
intensive livestock farming and industrial activities were happening
(Figure 2). We also created detailed maps of the Earth, showing
how ammonia emissions changed for countries and regions over the
11-year measurement period.

Marvdasht (Iran)

Eckley — Yuma (USA)

Milford (USA)

cattle feedlot

Figure 2

Looking at the whole world, we saw an increase in ammonia
levels by about 12.8% from 2008-2018. But this increase was not
consistent all over the Earth—some areas saw big increases while
others experienced decreases (Figure 3) [3]. East Asia, for instance,
showed the largest increase in ammonia levels, with an increase of
>75% over the observation period. Even in places like the European
Union that have policies in place to try to reduce ammonia emissions,
we still saw increases during the observation period.

WHY IS AMMONIA RISING?

A combination of two factors explains why ammonia concentrations
in the air are rising: increasing ammonia emissions and changes in
air pollution control measures that cause ammonia to last longer in
the atmosphere.

The most obvious reason for rising ammonia levels is simply
because more ammonia is being released into the air, primarily
through increases in farming and industrial activities. In East Asia, for
example, both factories and large-scale farming increased during the
observation period. Fires—both wildfires and fires used to clear land
for farming—also contribute to increased ammonia in the atmosphere.
For example, in Indonesia, extensive peatland fires in 2015 released
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Figure 3

(A) Changes in the
ammonia
concentration from
2008-2022 (relative to
2008 levels) as
monitored by IASI.
Trends are shown for
selected countries,
Europe (EU-28), and
the entire world. (B)
Trends for each country
over the same period.
Red means increase
and blue means
decrease of NHz in the
air. Relative trend
values (in %) are
included in black for
selected countries
(Image modified from
Van Damme et al. [3]
with permission).
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Figure 3

significant amounts of ammonia, and in Nigeria, “slash-and-burn”
forest clearing for agriculture contributed to rising ammonia levels
during the observation period.

The second reason, air pollution control, might not seem to make
sense at first. If ammonia is a type of air pollutant, why would
controlling air pollution make atmospheric ammonia levels worse?
The answer lies in the interaction between ammonia and other air
pollutants. Remember how we said that ammonia can react with
other pollutants to form particulate matter? The formation of those
tiny particles reduces ammonia levels in the air. However, many
countries have air pollution laws in place to reduce the pollutants
that pull ammonia out of the air. When levels of those pollutants are
reduced, ammonia stays in the atmosphere longer, leading to higher
overall levels.

WHY IS THIS WORK IMPORTANT?

As we have explained, understanding and addressing rising ammonia
levels is crucial for protecting both human health and the environment.
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MITIGATION

Actions taken to reduce
or prevent the harmful
effects of something,
such as limiting
emissions or improving
practices to lessen
environmental damage
or health risks.

Data from IASI show that current air pollution control policies are not
enough to keep ammonia emissions in check. Even in regions with
fairly strict air pollution laws, ammonia levels are still rising. This tells
us that new, more effective strategies are needed to mitigate (reduce)
ammonia emissions.

Mitigation could include better farming practices, such as using
more efficient fertilizers and improving animal waste management.
Industries could also adopt cleaner technologies and processes to
reduce the amount of ammonia they release. For example, advanced
filtration systems could be installed to help capture ammonia, keeping
it out of the air.

It is important to keep an eye on how well pollution-control efforts
are working. Satellite data, like that from IASI, help scientists monitor
ammonia levels all over the world. By watching these levels closely,
scientists can tell if efforts to reduce ammonia are actually making
a difference or if we need to make changes to our plans. Satellite
tracking is one way to ensure that ammonia mitigation efforts are
successful, helping countries do their best to keep humans, the
environment, and the planet safe from the dangers of air pollution and
ecosystems degradation.

ACKNOWLEDGMENTS

This study was co-written by Susan Debad Ph.D. graduate of
the UMass Chan Medical School Morningside Graduate School
of Biomedical Sciences (USA) and science communicator at SJD
Consulting, LLC. This study was supported by the BELSPO and
ESA-Prodex arrangements (IASI.Flow and HIRS), F.R.S.-FNRS, ULB
Foundation, Air Liquide Foundation (TAPIR project).

ORIGINAL SOURCE ARTICLE

Van Damme, M., Clarisse, L., Franco, B., Sutton, M. A., Erisman, J.
W., Kruit, R. W.,, et al. 2021. Global, regional and national trends of
atmospheric ammonia derived from a decadal (2008—-2018) satellite
record. Environ. Res. Lett. 16:055017.doi: 10.1088/1748-9326/abd5e0

REFERENCES

1. Plautz, J. 2018. Ammonia, a poorly understood smog ingredient, could be key to
limiting deadly pollution. Sci. News. doi: 10.1126/science.aav3862

2. Thangavel, P, Park, D., and Lee, Y. C. 2022. Recent insights into particulate
matter (PM, 5)-mediated toxicity in humans: an overview. Int. J. Environ. Res.
Public Health 19:7511. doi: 10.3390/ijerph19127511

kids Volume 13 | Article 1511863 | 60


https://doi.org/10.1088/1748-9326/abd5e0
https://doi.org/10.1126/science.aav3862
https://doi.org/10.3390/ijerph19127511
https://kids.frontiersin.org/
https://kids.frontiersin.org/article/10.3389/frym.2025.1511863
https://kids.frontiersin.org/article/10.3389/frym.2025.1511863
https://kids.frontiersin.org/article/10.3389/frym.2025.1511863

3. Van Damme, M., Clarisse, L., Franco, B., Sutton, M.A., Erisman, J.W., Wichink
Kruit, R., et al. 2021. Global, regional and national trends of atmospheric
ammonia derived from a decadal (2008—-2018) satellite record. Environ. Res.
Lett. 16:055017. doi: 10.1088/1748-9326/abd5e0

4. Clarisse, L., Van Damme, M., Clerbaux, C., and Coheur, P.-F. 2019. Tracking down
global NHz point sources with wind-adjusted superresolution. Atmos. Meas.
Tech. 12, 5457-5473. doi: 10.5194/amt-12-5457-2019

5. Van Damme, M., Clarisse, L., Whitburn, S., Hadji-Lazaro, J., Hurtmans, D.,
Clerbaux, C., et al. 2018. Industrial and agricultural ammonia point sources
exposed. Nature 564, 99-103. doi: 10.1038/s41586-018-0747-1

SUBMITTED: 15 October 2024; ACCEPTED: 21 January 2025;
PUBLISHED ONLINE: 17 February 2025.

EDITOR: Jc Burgelman, Vrije University Brussels, Belgium
SCIENCE MENTORS: Maaria Rosenkranz

CITATION: Coheur P, Van Damme M, Clarisse L, Whitburn S, Franco B and
Clerbaux C (2025) An Eye in the Sky — Tracking Ammonia Pollution From Space.
Front. Young Minds 13:1511863. doi: 10.3389/frym.2025.1511863

CONFLICT OF INTEREST: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

COPYRIGHT © 2025 Coheur, Van Damme, Clarisse, Whitburn, Franco and Clerbaux.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

YOUNG REVIEWERS

LAURI, AGE: 15
I am 15 and interested in natural sciences, especially chemistry, in the school. In my
free time | like hiking, climbing, and playing piano.

AUTHORS

PIERRE COHEUR

Pierre is a full professor in the chemistry department at the Université libre de
Bruxelles in Belgium. During his Ph.D., he specialized in spectroscopy, particularly
the study of the Cgp (buckyball) molecule. He later used this expertise to observe
Earth's atmosphere from satellites and, through this, he contributed to studies on a

kids Volume 13 | Article 1511863 | 61


https://doi.org/10.1088/1748-9326/abd5e0
https://doi.org/10.5194/amt-12-5457-2019
https://doi.org/10.1038/s41586-018-0747-1
https://loop.frontiersin.org/people/1242249
https://loop.frontiersin.org/people/211092
https://doi.org/10.3389/frym.2025.1511863
https://creativecommons.org/licenses/by/4.0/
https://kids.frontiersin.org/
https://kids.frontiersin.org/article/10.3389/frym.2025.1511863
https://kids.frontiersin.org/article/10.3389/frym.2025.1511863
https://kids.frontiersin.org/article/10.3389/frym.2025.1511863

range of environmental issues. In his free time, he likes spending time with his family,
being outside, and walking (easy) mountain trails. *pierre.coheur@ulb.be

MARTIN VAN DAMME

Martin is a postdoctoral researcher sharing his time between the Université libre de
Bruxelles and the Belgian Institute for Space Aeronomy. He discovered ammonia and
the superpower of satellite instruments to monitor environmental changes during his
master’s thesis. His scientific career has continued to focus on this topic. Outside his
research, he likes spending quality time with friends or family around a good meal,
and enjoying nature while cycling, walking, or simply lying down looking at the stars.
*martin.van.damme@ulb.be

LIEVEN CLARISSE

Lieven is a researcher at the Université libre de Bruxelles (Belgium). With a
background in math and physics, and a passion for the environment, he enjoys
researching new algorithms for measuring the atmosphere using satellites. He
applies these measurements to study various atmospheric emission sources such
as volcanoes, wildfires, farms, and industry. In his spare time, he enjoys listening to
music, cooking, and hiking.

SIMON WHITBURN

Simon is a postdoctoral researcher at the Université libre de Bruxelles and at the
Royal Meteorological Institute of Belgium. He started his scientific career with a
Ph.D. focused on the study of ammonia emissions from large vegetation fires, using
the observations from the IASI sounder. Continuing to rely on IASI data, he next
specialized in the study of climate through the analysis of changes in the energy
escaping from the Earth system into space. In his free time, he enjoys running with
friends and going on hikes with his family.

BRUNO FRANCO

Bruno is a postdoctoral researcher at the Université libre de Bruxelles (Belgium). He
began his academic journey studying physical geography before completing a Ph.D.
dedicated to modeling the melting of the Greenland ice sheet. Shifting his focus
to atmospheric composition, he now specializes in measuring the abundance of
atmospheric gas pollutants through infrared observations from both ground-based
and satellite instruments. In his free time, he enjoys reading science-fiction and
fantasy novels and going for rides on his mountain bike.

CATHY CLERBAUX

Cathy is a senior scientist at CNRS in Paris and a lecturer at the Université Libre de
Bruxelles (Belgium). She plays a key role in the development of satellite missions
aimed at monitoring pollutants and climate-related gases from space. Once the
satellite is operational, the data collected can also be used to track exceptional
events, such as wildfires, volcanic eruptions, and major pollution incidents. In
addition to her research, Cathy is passionate about science communication,
regularly giving public talks and writing popular science articles to engage a
broader audience.

kids Volume 13 | Article 1511863 | 62


mailto:pierre.coheur@ulb.be
mailto:martin.van.damme@ulb.be
https://kids.frontiersin.org/
https://kids.frontiersin.org/article/10.3389/frym.2025.1511863
https://kids.frontiersin.org/article/10.3389/frym.2025.1511863
https://kids.frontiersin.org/article/10.3389/frym.2025.1511863

a frontiers ‘ Frontiers for Young Minds

PROTECTING HEALTH THROUGH CLIMATE ACTION
IN EUROPE

Rachel Lowe?3, Kim R. van Daalen'#*, Josep M. Anto%’#4, Niheer Dasandi’®, Slava Jankin°,
Anil Markandya'!, Joacim Rocklovi?*34, Jan C. Semenza'?'4, Cathryn Tonne®’# and
Maria Nilsson*"

1Barcelona Supercomputing Center (BSC), Barcelona, Spain
2Catalan Institution for Research and Advanced Studies (ICREA), Barcelona, Spain

3Centre on Climate Change and Planetary Health and Centre for Mathematical Modelling of Infectious Diseases, London School
of Hygiene & Tropical Medicine, London, United Kingdom

4British Heart Foundation Cardiovascular Epidemiology Unit, Department of Public Health and Primary Care, University of
Cambridge, Cambridge, United Kingdom

*Heart and Lung Research Institute, University of Cambridge, Cambridge, United Kingdom
°Barcelona Institute for Global Health, ISGlobal, Barcelona, Spain

’University Pompeu Fabra, Barcelona, Spain

8CIBER Epidemiologia y Salud Publica, Madrid, Spain

9School of Government, University of Birmingham, Birmingham, United Kingdom

10Centre for Al in Government, University of Birmingham, Birmingham, United Kingdom

1 Basque Centre for Climate Change, Leioa, Spain

2 Heidelberg Institute of Global Health, University of Heidelberg, Heidelberg, Germany
Bnstitute of Interdisciplinary Scientific Computing, Heidelberg University, Heidelberg, Germany
MDepartment of Epidemiology and Global Health, Umea University, Umed, Sweden

kids Volume 13 | Article 1556941 | 63


https://kids.frontiersin.org/
https://kids.frontiersin.org/articles/10.3389/frym.2025.1556941
https://kids.frontiersin.org/articles/10.3389/frym.2025.1556941
https://doi.org/10.3389/frym.2025.1556941
https://kids.frontiersin.org/articles/10.3389/frym.2025.1556941
https://kids.frontiersin.org/
https://kids.frontiersin.org/article/10.3389/frym.2025.1556941
https://kids.frontiersin.org/article/10.3389/frym.2025.1556941
https://kids.frontiersin.org/article/10.3389/frym.2025.1556941
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TRICIA
AGE: 14

GREENHOUSE
GASES

Gases that act like a
blanket around Earth,
including carbon
dioxide, methane, and
nitrous oxide. In normal
amounts, they help
keep our planet warm
enough to live on.

FLOODS

When water overflows
from rivers, lakes, or the
sea onto the land that is
normally dry, like roads
or fields. This usually
results from a lot of rain
or melting snow.

DROUGHTS

Periods when
everything gets really
dry, usually due to long
periods without much
rain. Water sources can
dry up, making it hard
for plants, animals, and
crops to survive.

WILDFIRES

Big fires that spread
quickly over vegetated
areas like forests

or grasslands.

FOSSIL FUELS

Energy sources like
coal, oil, and natural
gas that formed
millions of years ago
from dead plants and
animals buried
underground.

Climate change is rapidly warming our planet, and Europe is heating
up twice as fast as the rest of the world. You may have heard about
polar bears being affected by melting ice caps, but did you know
climate change affects humans too? Extreme weather events, like
storms, droughts, floods, heatwaves, and wildfires, are becoming
more common — leading to a rise in health issues including injuries,
heart and lung disease, depression, diseases spread by mosquitoes,
and food and water shortages. To protect people’'s health from
climate change, we need to develop solutions to protect those who
are most affected, like older people, children, people with disabilities,
and people who have fewer opportunities and less support than
others. Climate change may seem like a problem too big to fix, but
together we can protect ourselves and each other and provide a
lot of health benefits. Climate action is a win-win for people and
the planet!

WHAT IS CLIMATE CHANGE?

Think about the Earth’s atmosphere as a big, cozy blanket. This blanket,
made up of gases like carbon dioxide and methane, keeps us warm.
The gases trap the sun's heat, so our planet does not get too cold.
When humans burn coal, oil, and gas for energy, we add more gases
to the air than should be there. It is like adding more and more layers
to the blanket. A thicker blanket is nice if we are cold, but if we are
already warm it can make us too hot. These extra gases are making
Earth too hot. This is called the greenhouse effect. A greenhouse is a
building made from glass, used to grow plants. Sunlight shines through
the glass and warms the air inside. The glass traps the heat, making
the air inside the greenhouse warm, even at night and during winter.
Therefore, the gases that warm the Earth are called greenhouse gases.
The Earth’s extra warmth is called global warming, and it is changing
weather patterns and making temperatures hotter, with more storms,
floods, droughts, and wildfires. These changes are harmful for people,
animals, and plants that are used to the weather patterns we had
before humans released so many greenhouse gases into the air.

UNEQUAL RESPONSIBILITY FOR CLIMATE CHANGE

Rich countries and big companies have caused a lot of the climate
problem by burning too much coal, oil and gas for energy, which are
called. But rich countries and most companies are not doing enough
to fix it [1]. For example, some European countries have produced
a lot of greenhouse gases compared to many other countries. In
2021, the greenhouse gases emitted by each person in Europe from
burning fossil fuels were six times higher than in Africa, and almost
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INFECTIOUS
DISEASES

Illnesses caused by tiny
germs like bacteria,
viruses, parasites, or
fungi that can spread
from one person to
another or from an
insect or tick to
another person.

three times higher than in Central and South America [2]. Even within
wealthy countries, there are big differences in how much pollution
people create. Richer people and businesses often burn more fossil
fuels compared to others. This is very unfair, as the people and places
that have not used as much fossil fuels are often the hardest hit by
climate change. Europe and other rich regions and industries must do
their part and burn less fossil fuels to protect the health of people,
animals, and plants all over the world.

HOW DOES CLIMATE CHANGE AFFECT HUMAN
HEALTH?

Over the last 50 years, scientists have discovered many ways that
climate change affects our health (Figure 1). For example, heatwaves
are happening more often, making it hard to keep our bodies cool.
Extreme heat can be dangerous, especially for older people, those who
already suffer from diseases, and people who work outdoors, such as
builders and farmers. In Europe, temperatures are becoming so hot
that it can be dangerous to exercise or play outdoors in the middle
of the day without proper shade [3, 4]. Combined with extreme heat,
air polluted with greenhouse gases and particles can lead to heart and
lung diseases. Droughts can lead to plants not getting enough water
to produce food, making it harder for people to eat and stay healthy.
At the same time, there may not be enough water for humans and
animals to drink or clean themselves. Droughts can also contribute
to wildfires that burn large areas of forests and create a lot of smoke.
Smoke contains tiny particles that can make it hard to breathe, cause
coughing, and irritate our eyes. Climate change can also shift and
lengthen the flowering season for trees, making pollen allergies and
asthma worse for longer periods of the year [3].

As if this is not enough, climate change can also make it easier
for infectious diseases to spread. Infectious diseases are illnesses
caused by tiny germs (e.g., viruses, bacteria, parasites) that can move
from person to person, or from an animal or insect to a person. As
the weather gets warmer, these diseases can spread to new places
that used to be too cold for them. Warmer weather creates better
conditions for ticks and many insects, like mosquitoes and sandflies,
which feed on the blood of both animals and humans. Bites from
these insects can transmit infectious diseases such as dengue, malaria,
West Nile virus, Lyme disease, and leishmaniasis, which can make
people very sick. As more people travel around the world in airplanes,
infectious diseases spread to new regions. Doctors, veterinarians, and
pest-control teams must be on the lookout for infectious diseases they
have not had to deal with in the past.
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Figure 1

How climate change
affects human health
(Figure credit: Lancet
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Figure 1

ADAPTING TO A CHANGING CLIMATE

In addition to reducing greenhouse gases, Europe needs to stop the
harmful health impacts of climate change from getting worse. This
is called climate change adaptation, and it includes creating early
warning systems that can warn people about things like heatwaves,
floods, or disease outbreaks. An early warning system, just like the
weather forecasts you see on the news, can help keep us safe
by letting us know about dangerous events before they happen. If
alerts are shared early, governments and individuals can prepare in
advance and try to minimize potential disruption, damage, and bad
health outcomes.

As more people move to cities, urban areas must be designed to
deal with higher temperatures and extreme weather. This could
include planting more trees to provide shade and creating green
spaces, like parks, gardens, or urban forests. Plants help the Earth
to fight climate change naturally by removing carbon dioxide from
the atmosphere. Cities can also reduce the amount of heat-trapping
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EMISSIONS

Release of gases into
the air, through burning
fuel to power cars and
make electricity, or
when cows digest

their food.

RENEWABLE
ENERGY

Energy that comes
from natural sources
like the sun, wind, or
water. Renewable
energy does not cause
pollution or
greenhouse gas
emissions like burning
fossil fuels does.

pavement and improve buildings to make them stronger and cooler.
Strong health systems are also important to adapt to climate change.
Doctors, nurses, hospitals, and healthcare centers need to be ready
to handle the new health challenges from climate change, including
heat-related illnesses and new infectious diseases.

HEALTH BENEFITS OF CLIMATE ACTION

Although the health harms from climate change may sound scary,
there is good news! Doing things to reduce greenhouse gas emissions
can have many positive effects, such as cleaner air, cleaner water, more
healthy food, stronger health systems, better public health, and more
environmentally friendly technologies (Figure 2). These changes will
also improve people’s health. Reducing greenhouse gas emissions is a
win-win situation for both people and the planet. This action slows
down climate change and its harmful impact on health, but it also
makes people healthier in other ways. For example, when we burn
fewer fossil fuels, the air becomes cleaner and fewer people get sick
from breathing polluted air. Walking or riding a bike instead of driving
a car helps keep the air clean and helps people keep fit and healthy.
Producing meat from cows and sheep (also called red meat) releases
large amounts of greenhouse gases. Eating less red meat and more
beans, whole grains, fruits, and vegetables reduces emissions and
improves our health at the same time. Healthy diets based mainly on
plants reduce the risk of heart disease and other health problems.

Ignoring climate change can be very expensive now and in years
to come. Extreme weather, such as storms and floods, can damage
buildings, roads, bridges, and homes. Health problems caused by
climate change can also be expensive for doctors and nurses to treat.
At the same time, investing in renewable energy, which is energy
generated by nature, like wind, water, and sunshine, can save money
in the long run. For example, switching to renewable energy could
create new jobs and opportunities. By preventing damage and health
problems caused by extreme weather, countries can save a lot of
money. This money can be used for other important things, like better
schools and hospitals.

Several infographics illustrating the various impacts of climate change
on human health, as well as the health co-benefits of climate action,
are available online; examples are shown in Figure 3.

TAKING ACTION TOGETHER

People are becoming more aware of the health harms of climate
change. However, individuals, businesses, and the news are not talking
enough about this important issue. In the European Parliament,
where politicians from multiple European countries make important
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Figure 2
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Figure 2

decisions, there is growing talk about climate change. However, more
attention is needed on how climate change affects people’s health.
When leaders understand this connection, they can make better
choices to protect both the environment and public health [3, 4].

Governments, businesses, and communities need to work together
to fight climate change. Governments can create laws that reduce
greenhouse gas emissions and help those whose jobs are affected
by less use of fossil fuels. Laws and other government actions
could include setting limits on how much greenhouse gases each
country can release, investing in renewable energy, supporting public
transportation, and building more bike lanes and green spaces. The
early cost of fixing climate change is worthwhile because it helps us
avoid larger expenses and damage in the long run.

Businesses can help by polluting less, by using more renewable energy,
and by creating products that are more environmentally friendly.
Scientists can help by communicating their findings on climate and
health in a clear, easy-to-understand way. People who share news,
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like journalists and social media users, can share more about how
climate change affects our health, to help everyone understand why
taking care of our planet is so important for keeping people healthy.
The public can help by making small changes in their daily lives, such
as eating less red meat and more fruit and vegetables, or by walking
or biking instead of traveling by car. You can also talk to your friends
and family about how climate change affects health and how taking
climate action can benefit health. The more people understand this
connection, the more they might want to help. By taking action against
climate change, we not only protect the planet but also make our lives
healthier and safer. Every action, both big and small, helps fight climate
change and protects our health. Together, we can and will make a
big impact!
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