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Foreword
For thousands of years, Indigenous communities 
of the Amazon have actively shaped and stew-
arded forest landscapes. Through sophisticated 
agroforestry systems, they cultivated reliable 
sources of food and medicine, enriched soils, 
increased biodiversity, and created highly resil-
ient landscapes, all while preserving the integrity 
of the forest ecosystems. Indigenous knowledge 
systems enabling this vitality reflect an under-
standing that the forest, its waters, its biodiver-
sity, and its people do not function in isolation, but 
as part of a connected whole. The health of each 
part directly impacts the other.

The third edition of the Planetary Health Check 
affirms this deep interconnectedness. Building on 
the Planetary Boundaries framework, it draws on 
the latest Earth system science to assess the state 
of the nine guardrails that define the Safe Operating 
Space for humanity. The result is the most current 
and integrated picture yet of how human pressures 
are affecting the stability, resilience, and future tra-
jectory of the whole Earth system.

This report focuses, in part, on how the capacity of 
the land biosphere to buffer climate change is weak-
ening and may be significantly overestimated. As 
biodiversity declines and ecosystems are degraded 
and eliminated, the biosphere is becoming less able 
to regulate climate, sustain essential ecological pro-
cesses, and support the resilience of the Earth sys-
tem upon which our societies depend.

The Amazon is one such ecosystem, under intense 
dual pressures from deforestation, degradation, 
wildfires, and climate change. If it crosses its tipping 
point, up to 70% of the Amazon forest could tran-
sition from lush rainforest to dry tropical savanna, 
releasing hundreds of billions of tons of carbon diox-
ide, irretrievably losing myriad species, and dimin-
ishing Earth’s natural heritage. The resulting impacts 
would extend far beyond the Amazon itself, with seri-
ous implications for climate stability, food and water 
security, and human health around the world, such as 
an increased risk of epidemics. Besides an ecologi-
cal catastrophe, losing the Amazon would be a moral 
injury: a sign that we had allowed one of Earth’s great 
living worlds to disappear under our care.

To avoid the tipping of the Amazon, it is urgent to 
implement nature-based solutions: zero deforesta-
tion, degradation, and wildfires; large-scale forest 
restoration with native species; valuing knowledge 
of Indigenous Peoples and local communities; and 

implementation of a socio-bioeconomy of healthy 
standing forests and flying rivers.

This year’s Planetary Health Check also draws 
attention to emerging risks whose full consequences 
remain uncertain. Human activities are now reach-
ing parts of the Earth system once thought insu-
lated from global environmental change, including 
the seafloor, where disturbance affects biodiver-
sity, nutrient cycling, and carbon storage in ways 
we are only beginning to understand. Similarly, we 
produce novel entities – human-made substances 
like synthetic chemicals, plastics, and other danger-
ous pollutants – much faster than we can study their 
effects on our Planet.

These findings reinforce the importance of ambi-
tious, precautionary, and immediate measures to 
protect planetary health. They also reveal a broader 
governance challenge: Earth’s climate, oceans, land, 
and biosphere are deeply interconnected, yet the 
institutions governing our emissions, pollution, fish-
eries, ecosystems protection, and development 
often remain fragmented. The Planetary Boundaries 
can help us understand our impacts on the whole 
Earth: They can guide us on our path to a sustain-
able and equitable world.

The Planetary Health Check reminds us that the 
future is not predetermined. The same ingenu-
ity, cooperation, and capacity for innovation that 
have transformed human societies can be directed 
toward safeguarding the living systems upon which 
all life depends. In doing so, we may rediscover an 
understanding long known by Indigenous commu-
nities and increasingly supported by Earth system 
science: Our well-being depends on the health and 
resilience of the living world.

Thank you for your engagement with this report – 
may it inspire the understanding, collaboration, and 
action needed to serve as guardians of our Planet 
for generations to come.

Carlos A. Nobre, 
Planetary Guardian 
Earth System Scientist; 
Co-Chair, Science Panel 
for the Amazon 
Full Professor for Climate 
and Sustainability, 
Institute for Advanced 
Study, University of  
São Paulo

1PBSCIENCE | PLANETARY HEALTH CHECK 2026



The science-based guardrails that show how far humanity can push the plan-
et’s natural systems while still keeping Earth stable, resilient, and able to sup-
port human wellbeing. The PB framework identifies nine major Earth system 
processes that help keep the Planet in a relatively stable state. For each pro-
cess, scientists define a boundary: a level of human pressure that should not 
be exceeded. Breaching these thresholds does not mean immediate disaster, 
but it does mean that the risk for serious harm increases.

The precautionary zone for human activity in which pressures on the Earth 
system remain within Planetary Boundaries. Staying within this space ensures 
Earth remains stable and supportive of life, and reduces the risk of crossing 
harmful large-scale tipping points.

The space just beyond a Planetary Boundary, where human pressure on an 
Earth system process is no longer considered within safe limits. In this zone, 
risks to Earth system stability, resilience, and life-support functions grow as 
pressure increases.

When conditions worsen beyond the Zone of Increasing Risk, they enter the 
High Risk Zone. Here, the risk of severe, irreversible damage to key planetary 
functions becomes not just possible, but likely. In this zone, immediate action 
becomes critical to prevent locking in permanent changes.

The measures (or proxies) used to check whether an Earth system process is 
staying within its Safe Operating Space (Planetary Boundary). Usually, scien-
tists track one or two control variables per boundary. For instance, atmospheric 
CO2 concentration is a control variable for climate change.

The set of interacting processes and components that determine how our 
Planet functions. It includes the atmosphere, oceans, land, ice, ecosystems, 
and human activities, all of which influence one another in complex ways. From 
climate and ocean circulation to biodiversity and the use of natural resources, 
these connections shape the conditions that support life and determine Earth’s 
future stability.

A tipping point is a threshold in the Earth system where small, gradual pres-
sures can trigger large changes, which are often impossible to reverse, and 
which can come on quite suddenly. Once crossed, self‑reinforcing feedbacks 
push the system further away from its previous state. For example, melting ice 
exposes less reflective ocean water, which absorbs more sunlight and accel-
erates melting, creating a self-reinforcing cycle. Parts of the Earth system that 
feature such a tipping point, such as the Amazon rainforest or Greenland ice 
sheet, are called “tipping elements”.

The capacity to absorb pressures, shocks, or disturbances while continuing to 
function. In the Earth science context, this term is used to describe the abil-
ity of ecosystems, other parts of the Earth system, or the Planet as a whole 
to cope with change and disturbance without losing their essential functions, 
structure, or ability to recover.

A feedback occurs when the effects of a change influence how that change 
develops. A positive feedback amplifies and reinforces the original change, 
while a negative feedback counteracts and weakens it. Here, the terms “pos-
itive” and “negative” describe the direction of the effect, not whether the out-
come is judged to be good or bad. In the Earth system, feedbacks play an 
important role in either accelerating change or promoting stability.

Planetary Boundary /  
Boundaries (PB/PBs)

Safe Operating Space

Zone of Increasing Risk

High Risk Zone

Control Variable (CV)

Earth System

Tipping Point, 
Tipping Element

Resilience

Feedback

Glossary
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1.	� The impacts of transgressing Planetary Boundaries are becoming increas-
ingly clear all around us. Results published in the last year show that climate 
change is progressing faster than previously expected, causing unprecedented 
heatwaves on land and in the ocean and fueling destructive extreme weather 
events. Tropical coral reefs have experienced their most severe mass bleach-
ing event to date, a shutdown of the main Atlantic overturning circulation is 
now considered a credible risk even under low- to medium-emission scenar-
ios, and major Antarctic ice masses may have already begun their slide into the 
ocean. With seven out of nine boundaries transgressed, we have pushed Earth 
outside of its Safe Operating Space – meaning that we are turning Earth from 
a safe home into one full of hazards that threaten people across the world.

2.	� Protecting and restoring nature is necessary to have a chance of a safe cli-
mate landing for humanity. In the recent past, half of our CO2 emissions have 
been absorbed by the ocean and nature on land. When scientists chart a path 
towards a manageable climate future, their calculations generally assume that 
forests, wetlands, and other ecosystems will continue to function as “carbon 
sinks” in this way. But today, the land carbon sink is already showing signs 
of weakening and stagnation. A new study has confirmed that even a small 
amount of additional deforestation in the Amazon would likely push the region 
past a tipping point under current climate projections, resulting in the loss of 
two-thirds of the remaining forest. The only way to bring Earth below 1.5°C of 
global warming is to phase out fossil fuels and, simultaneously, to reverse the 
transgression of the other Planetary Boundaries – especially by safeguarding 
the integrity of the biosphere.

3.	� We have to protect the seafloor. The seafloor ecosystems play a significant role 
in the Earth system, yet we are destroying them at an alarming rate. Fishing tech-
niques like bottom trawling produce long-lasting damage: Every year, 1-2% of the 
seafloor is trawled, with some of the most productive and diverse ocean regions 
being targeted most frequently. In addition, nascent seafloor mining activities are 
a looming threat to previously untouched regions of the deep ocean, with cur-
rently incalculable impacts on the Earth system. More effective mechanisms to 
protect these vital but underexplored ecosystems are urgently needed.

4.	�Microplastics, forever chemicals, and other chemical pollutants present both 
known and yet-unknown dangers. For example, (micro-)plastics contaminate 
the whole Planet today, from mountaintops to the deep sea, and forever chem-
icals like PFASs will not disappear from our environment for millennia. But this is 
only the tip of the iceberg: Humans are producing tens of thousands of chemi-
cals and mixtures at unprecedented and increasing rates. We are already start-
ing to see the harm these substances cause, from toxic effects on individual 
organisms to the disruption of Earth system processes. Even more dangerous 
are those effects that we can currently only guess at. Most of the substances 
we produce and release are not, or not sufficiently, tested for their impacts on 
the Earth system. We are flying blind: By the time we have a full picture of the 
danger, it might be too late to avoid it.

5.	� We still have a chance to turn towards a safer, sustainable future. The impacts 
of breached Planetary Boundaries are already all around us, and they will con-
tinue to become more severe. But today, we still have a narrow window of 
opportunity. If we manage to bend the curves within this decade, we can put 
our societies on a course towards a safer, more just future. We have the tools, 
and we have taken steps in this direction, but our current efforts are far from 
sufficient. Only by pursuing urgent, ambitious, and decisive action across all 
sectors of our societies, can we return to living within the Safe Operating Space 
on a healthy Planet.

5 Key 
Take-Aways
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About This Report

The annual Planetary Health Check presents the most up-to-date assessment 
of the state of the Planet. This year, for the first time, we are publishing this 
report in two versions. You are currently reading the full-length version, pre-
senting the science of human-induced planetary changes in depth. The report 
includes an introduction to the Planetary Boundaries framework and related 
topics, such as tipping points and extreme weather events; three spotlight 
chapters, each exploring a specific element or process of the Earth system in 
more detail; and chapters for each of the nine Planetary Boundaries, compris-
ing the latest data, relevant definitions, and information on drivers, impacts, 
and areas of current research.

For readers looking for the most important facts in a more condensed and acces-
sible form, we recommend exploring the Summary Version of the Planetary 
Health Check, available at planetaryhealthcheck.org.

  THE DYNAMIC PLANETARY HEALTH CHECK SYMBOL represents the summary of each year’s findings. The 
stylized boxplot (white lines and blue dot) describes the distribution of all PB control variables. The 
thin horizontal line represents the full range of all control variable values, while the thicker line repre-
sents the range that half of all control variable values fall into. The blue dot represents the median 
of all control variables

http://www.planetaryhealthcheck.org
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DIAGNOSING EARTH SPOTLIGHTSIMPACTS & RISKS INFO SHEETS SOLUTIONS & OUTLOOK TABLES & REFSHEALTH OF THE PLANET

The Planetary Health Check (PHC) provides an 
annual assessment of the state of the Planet. It is 
structured around the Planetary Boundaries: the 
nine critical processes that regulate stability, resil-
ience, and the conditions that support life on Earth. 
For each boundary, one or two indicators, known 
as control variables, are used to assess its status. 
These show whether conditions remain within the 
Safe Operating Space – the range in which the risk 
of destabilizing the Planet remains low. Beyond 
a boundary lies the Zone of Increasing Risk, fol-
lowed by the High-Risk Zone, where the risk of 
large-scale and potentially irreversible changes 
becomes high. The 2026 Planetary Health Check 
finds that seven of the nine Planetary Boundaries 
are transgressed, and trends for all seven continue 
to point in the wrong direction, indicating further 
deterioration in the conditions that support long-
term planetary stability.

Seven Out of Nine Planetary  
Boundaries are Transgressed

•	� Climate Change – strongly transgressed. 
Climate Change refers to the disruption of 
Earth’s energy balance, driven mainly by green-
house-gas emissions from fossil fuels and land-
use change, alongside other human influences 
on Earth’s energy balance, including aerosols. 
Atmospheric carbon dioxide and human-caused 
radiative forcing, the variables used to measure 
Climate Change in the Planetary Boundaries 
framework, have both exceeded their safe lev-
els. The consequences are clearly visible as rising 
temperatures, extreme weather, ecosystem dam-
age, sea-level rise, and growing risks to health, 
food, water, infrastructure, and economic stabil-
ity. Continued warming also increases the likeli-
hood of self-reinforcing changes and potentially 
irreversible tipping points.

•	� Change in Biosphere Integrity – strongly trans-
gressed. This describes the diversity and func-
tioning of life across land, freshwater, and ocean 
ecosystems, which are being degraded by habi-
tat conversion, resource extraction, pollution, cli-
mate change, and numerous other stressors. In 
the Planetary Boundaries framework, Change in 
Biosphere Integrity is measured through spe-
cies extinction rates, as well as the share of 
potential natural plant productivity appropriated 
by humans; both measures are in the High Risk 
Zone, far beyond safe levels. Further decline 
could weaken nature’s capacity to regulate car-
bon, water, nutrients, soils, and climate, under-
mining food security, clean water, livelihoods, and 

ecosystem resilience while increasing the risk of 
cascading Earth system change.

•	� Land System Change – transgressed. Land 
System Change is driven primarily by the loss 
and degradation of natural landscapes, espe-
cially forests, through agricultural expansion, log-
ging, infrastructure development, and, increas-
ingly, climate-related heat, drought, fire, and pest 
outbreaks. Remaining forest cover across the 
assessed forest biomes has fallen below the safe 
level, reducing carbon storage, moisture recy-
cling, soil protection, biodiversity, and regional 
cooling. Continued forest loss could intensify 
water stress, wildfire and flood risks, and raises 
the possibility of large-scale ecosystem shifts, 
including in the Amazon.

•	� Freshwater Change – transgressed. This bound-
ary covers changes to both freshwater flows in 
rivers, lakes, reservoirs, and groundwater, and 
water stored in soils and available to plants. 
Human-induced disturbances to both measures 
are beyond safe levels, increasing droughts, 
floods, ecosystem stress, groundwater depletion, 
crop losses, and pressure on drinking water and 
energy systems. Further disruption could weaken 
carbon storage, increase fire and flood risks, and 
contribute to large-scale ecosystem decline, as 
well as threatening drinking water availability and 
food production.

•	� Modification of Biogeochemical Flows – strongly 
transgressed. Human activity has greatly 
increased nitrogen and phosphorus flows, mainly 
through fertilizer use. Both nutrient cycles are in 
the High-Risk Zone, far beyond safe levels, caus-
ing polluted water, algal blooms, oxygen-depleted 
dead zones, biodiversity loss, and nitrogen-re-
lated air pollution. These disruptions damage 
freshwater and marine ecosystems and create 
risks for fisheries, drinking water, food systems, 
and health. Because excess nutrients can remain 
in soils and groundwater for decades, impacts 
may persist long after inputs are reduced.

•	� Ocean Acidification – transgressed. Ocean 
acidification occurs as the ocean absorbs 
human-produced carbon dioxide, changing sea-
water chemistry and making it harder for many 
organisms to build and maintain shells and 
skeletons. The global boundary has now been 
transgressed, with particularly strong changes 
in the Arctic and Southern Oceans. Shell dam-
age and dissolution are already being observed 
in pteropods, small planktonic snails that form 
an important part of marine food webs, while 
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deep-water corals are increasingly exposed 
to corrosive conditions. Continued acidifica-
tion could disrupt marine food webs, fisheries, 
coastal livelihoods, and biodiversity, while also 
weakening the ocean’s carbon uptake and its 
role in climate regulation.

•	� Atmospheric Aerosol Loading – within the 
Safe Operating Space globally, but with sig-
nificant regional transgression. Aerosols are 
airborne particles from fossil fuel combustion, 
industry, transport, biomass burning, dust, and 
smoke that influence sunlight, clouds, rainfall, 
and atmospheric circulation. The global mea-
sure remains within safe limits and has generally 
improved in recent decades. However, aerosol 
loading over South Asia exceeds the proposed 
regional boundary and may disrupt monsoon rain-
fall. Aerosols also cause severe health impacts, 
reduce crop productivity, and complicate climate 
policy because some particles temporarily mask 
greenhouse-gas warming.

•	� Stratospheric Ozone Depletion – within the 
Safe Operating Space. The stratospheric ozone 
layer protects life from harmful ultraviolet radi-
ation and has been severely damaged by long-
lived human-made chemicals, such as chloroflu-
orocarbons. International controls have enabled 
substantial recovery, bringing the global bound-
ary back within safe limits, although ozone lev-
els remain below mid-20th-century conditions and 
recent recovery may have slowed. Incomplete 
recovery or emerging pressures could increase 
risks to human health, crops, ecosystems, and 
atmospheric circulation.

•	� Introduction of Novel Entities – strongly trans-
gressed. Novel Entities comprise a broad and 
diverse range of chemicals, materials and other 
substances associated with human activity, 
including synthetic chemicals, plastics, pesti-
cides and PFASs, which are released into the 
Earth system faster than they can be adequately 
tested, monitored, or regulated. The boundary is 
transgressed because substances continue to 
enter the environment without adequate safety 
assessment while their production, diversity, and 
release grow rapidly. Many can persist, spread 
globally, accumulate in organisms, and cause 
long-lasting or irreversible harm to ecosystems, 
food and water systems, human health, and other 
Planetary Boundary processes.

For most of the past 11,700 years, humanity devel-
oped under the relatively stable conditions of the 
Holocene. This period supported the emergence of 

agriculture, cities, and complex societies. Since the 
mid-20th century, however, rapid growth in popu-
lation, resource and energy use, land conversion, 
and pollution has transformed humanity into a force 
capable of altering the Planet at a global scale – a 
shift often described as the Great Acceleration and 
the onset of the Anthropocene (CH. 1.1).

The consequences are becoming increasingly visi-
ble. Global warming has accelerated in recent years, 
while many extreme events such as heatwaves, 
floods, droughts, and storms are becoming more 
frequent and more intense, causing growing harm 
to ecosystems and human populations alike. At the 
same time, biodiversity continues to decline, fresh-
water systems are increasingly disrupted, pollution 
is accumulating across land and ocean, and nutrient 
overload is degrading ecosystems and water qual-
ity. Signs of weakening land carbon sinks further 
raise concerns that forests and other ecosystems 
may lose part of their capacity to absorb human-
caused emissions and could increasingly become 
sources of carbon. Together, these developments 
show that the Planet’s capacity to buffer human 
pressures cannot be taken for granted.

These pressures span the nine Planetary Boundaries 
and do not act in isolation. Climate, ecosystems, 
freshwater, land, oceans, and nutrient cycles inter-
act through complex feedbacks, so damage in one 
area can weaken resilience elsewhere and increase 
the risk of self-reinforcing or irreversible change 
(CHS. 2.2 AND 3.2). The 2026 report places partic-
ular focus on three examples of these wider risks: 
the fragility of the land carbon sink (CH. 4.1); the 
health and protection of the seafloor in the face of 
destructive fishing practices and prospective deep-
sea mining (CH. 4.2); and the potentially incalculable 
risks posed by pollution with human-made chemi-
cals and materials (Novel Entities), including effects 
that may remain unknown until damage is wide-
spread (CH. 4.3).

Taken together, the 2026 assessment shows broad 
and increasing pressure across the Earth system. 
Seven of the nine Planetary Boundaries are trans-
gressed, several control variables lie in the High-
Risk Zone, and all seven transgressed boundar-
ies show worsening trends. The farther and longer 
human pressures move beyond the boundaries, the 
greater the risk of large-scale and potentially irre-
versible Earth-system change. Earth’s biological, 
physical, and chemical resilience still provides an 
opportunity to reduce these risks and move back 
towards the Safe Operating Space, but accelerat-
ing warming and signs of weakening natural buffers 
show that this window is closing rapidly.
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DIAGNOSING EARTH SPOTLIGHTSIMPACTS & RISKS INFO SHEETS SOLUTIONS & OUTLOOK TABLES & REFSHEALTH OF THE PLANET

  PLANETARY HEALTH AT A GLANCE. Just as a blood test provides insights into a human body’s health and identifies areas of concern, this Planetary Health 
Check evaluates the 13 assessed control variables across the 9 Planetary Boundary (PB) processes to report on Earth’s stability, resilience, and life‑sup-
port functions – the overall health of our Planet. The 2026 assessment shows that seven of the nine PBs have been breached: Climate Change, Change 
in Biosphere Integrity, Land System Change, Freshwater Change, Modification of Biogeochemical Flows, Introduction of Novel Entities, and Ocean Aci-
dification. All of these show worsening trends, suggesting further deterioration in the near future. Two PB processes remain within the Safe Operating 
Space: Increase in Atmospheric Aerosol Loading (improving global trend) and Stratospheric Ozone Depletion (currently stable). The Planetary Health 
Check Symbol (   FIG. 5) summarizes all of these findings, showing the Planet’s overall health at a glance.
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DIAGNOSING EARTH SPOTLIGHTSIMPACTS & RISKS INFO SHEETS SOLUTIONS & OUTLOOK TABLES & REFSHEALTH OF THE PLANET

1.1 	 From Holocene to Anthropocene

Human pressures on our Planet take many forms: 
Fossil fuel combustion changes the climate. 
Deforestation and land conversion reduce ecosys-
tem functions. Freshwater extraction and river reg-
ulation alter water cycles. Fertilizer use disrupts 
nitrogen and phosphorus flows. Synthetic chem-
icals, plastics, and other pollutants accumulate 
across the environment. Biodiversity loss weak-
ens the living systems that help regulate the Planet.

The Safe Operating Space is an Earth sys-
tem state that allows humanity to advance and 
thrive.9–11 It includes conditions similar to those 
of the Holocene epoch, beginning around 11,700 
years ago. The Holocene epoch, during which agri-
culture and modern civilizations developed, was 
characterized by relatively stable and moderate 
planetary conditions, compared to the colder and 
more variable ice age conditions in the preced-

Today, the consequences of these pressures are 
becoming clearly visible. They are causing damage 
to ecosystems, reduced harvest security, strained 
water supplies, declining natural buffers, growing 
health risks, and increasing pressure on commu-
nities and infrastructure. Taken together, human 
actions are threatening to push Earth out of the rel-
atively stable state that has allowed human civili-
zations to thrive.

ing Pleistocene (● FIG. 1). 
12–14 Freshwater was con-

sistently available across many regions, although 
with pronounced regional patterns and intermit-
tent shifts in large-scale circulation patterns.15,16 
Biogeochemical cycles (such as carbon, nitrogen, 
and phosphorus) operated within balanced ranges, 
sustaining plant nutrients and ecosystem health. 
Biodiversity during the Holocene was subject to 
various fluctuations,17 but overall the Holocene is 
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  FIGURE 1: Humanity’s journey on Earth – Global temperature and the Great Acceleration from 500,000 years before present (BP) un-
til 2100. The figure is a composite of different data sets including paleo data estimates, recent measurements, and future projections. For a 
full detailed description of this figure, please see Supplementary Materials. Data from: Jouzel et al. 2007,1 Masson-Delmotte et al. 2010,2 Os-
man et al. 2021,3 PAGES 2k Consortium 2019,4 Morice et al. 2021,5 CRU 2026,6 IPCC Summary for Policymakers 2021,7 Steffen et al. 2015.8 
Key takeaway: For over 10,000 years, humanity lived in a very stable climatic period (the green corridor) in which human societies developed and 
adapted their technologies and cultures. By transgressing several Planetary Boundaries, including the one for Climate Change, we are moving beyond 
Holocene-like conditions and entering a new and dangerous terrain in which a rapidly changing global society must safeguard human well-being.

https://doi.org/10.48485/pik.2026.25
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FROM HOLOCENE TO ANTHROPOCENE

The Great Acceleration Socio-economic trends since 1750

  FIGURE 2: The Great Acceleration – Recent trends in the Earth system. This updated figure extends the original “Great Acceleration” analysis by Steffen 
et al. (2015)8 with the most recent data available for the 2026 assessment, incorporating new datasets and, in some cases, revised or additional indica-
tors. For a list of data sources, see Supplementary Materials. The left-hand side shows the rapid growth in socio-economic drivers such as population, 
GDP, and energy use. The right-hand side illustrates corresponding Earth system responses, including atmospheric CO2 levels, global temperature, 
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Biophysical trends since 1750

ocean acidification, and biodiversity decline. These coupled trends, which accelerated markedly after 1950, characterize the Great Acceleration and 
are a defining feature of the Anthropocene, highlighting the intensifying pressure humans place on the Earth system. Although a few indicators, such as 
marine fish capture, domesticated land, and stratospheric ozone depletion, show signs of flattening or recovery, most trends continue to rise steeply. 
Together, these trajectories reinforce the urgency of respecting the Planetary Boundaries to safeguard Earth’s resilience.
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considered an epoch of high biological resilience,18 
with ecosystems capable of adapting to external 
pressures and providing crucial services such as 
pollination and pest control. Natural regulatory 
systems, such as ocean currents and atmospheric 
patterns, played vital roles in stabilizing the envi-
ronment over long periods.

This period of relatively stable living conditions, 
combined with the agricultural revolution, enabled 
the global human population to grow from less than 
10 million at the beginning of the Holocene to over 
a billion by the beginning of the 19th century, and 
to more than 8 billion today.19 In recent decades, 
human activities have intensified,8 potentially sur-
passing Earth’s capacity to sustain its stability. The 
result is a new relationship between humanity and 
Earth. Human societies have become a planetary 
force, powerful enough to alter the conditions that 
made their own development possible. The term 
Anthropocene captures this shift: an era in which 
human actions are reshaping the atmosphere, 
oceans, land, freshwater systems, and biosphere 
at a global scale. This has led to rapidly increasing 
pressures on the planet, a phenomenon known as 
the “Great Acceleration” (● FIG. 2).

Today, we can see the impacts of these pressures 
picking up pace as well. Recent research finds that 
global warming has accelerated significantly since 
around 2015.20 During 2016–2025, global tempera-

ture increased at an observed rate of about 0.30°C 
per decade – nearly 60% faster than the average 
rate of 0.19°C per decade over 1980-2020.21 Earth’s 
energy imbalance has more than doubled since 
1976–1995, and the number of marine-heatwave 
days has more than tripled since 1991. In 2025, the 
largest coral bleaching event on record exposed 
84.4% of the world’s reef area to bleaching-level 
heat stress.22 Other extreme events are becom-
ing more frequent and more 
intense, as the severe floods, 
tropical storms and droughts of 
the last year demonstrate (SEE 

CH. 3.1). Accelerated warming 
moves the planet more quickly 
away from Holocene-like con-
ditions: It increases the urgency 
for reversing course towards a 
safe landing after overshooting 
temperature targets, narrows the time available for 
humans and nature to adapt, and exacerbates the 
likelihood of record-breaking extremes and cascad-
ing impacts.

These impacts are not isolated events, but expres-
sions of how human actions are pushing Earth out of 
the stable, Holocene-like state.8 To safely navigate 
the Anthropocene, and ensure sustainable develop-
ment for future generations in a stable and resilient 
Earth system, respecting the Planetary Boundaries 
is of critical importance.

In the current era of rapid environmental change, 
the Planetary Boundaries (PBs) framework helps 
define how to maintain the planet’s stability and 
resilience. It defines a Safe Operating Space, in 
which the conditions on Earth will remain reli-
able and civilization-friendly for generations to 
come. The framework complements, rather than 
replaces, local and sector-specific tools like eco-
logical footprints, chemical safety standards, 
and species protection measures. By providing 
global “health metrics” for the whole Planet, the 
Planetary Boundaries framework enables inte-
gration of local and global efforts to address 
mounting evidence of human-driven Earth sys-
tem destabilization.

The biophysical Earth system consists of all of 
the interconnected components of our planet: air, 
water, ice, land, and all living species. These compo-
nents constantly interact, forming a large network, 
where changes in one area can affect the others. 
Considering the Earth system this way helps us take 
better care of our Planet. In general, there are three 
major aspects of today’s Earth system that are cru-
cial for humanity to thrive:

The “Health of the Planet” refers to how well the Earth 
maintains these three key aspects, which are essen-
tial for keeping humanity within a “Safe Operating 
Space”. Scientists have defined this space by setting 
boundaries for critical processes that regulate stabil-
ity, resilience, and life-support functions.

Recent research finds 
that global warming 
has accelerated  
significantly since 
around 2015.

FROM HOLOCENE TO ANTHROPOCENE

1.2 	 The Planetary Boundaries Framework
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Rooted in Earth system science, Planetary 
Boundaries have been defined for the nine criti-
cal Earth system processes identified as crucial for 
maintaining the Earth system’s stability, resilience 
and life-support systems. The Planetary Boundaries 
framework also identifies zones of increasing and 
high risk (Info Box 1). Gradual changes, interactions, 
or tipping points (CH. 3.2) may occur within these 
zones, becoming more likely the further we move 
away from the Safe Operating Space. Societies are 
unprepared for the impacts of a destabilizing Earth 
system, underscoring the need for monitoring and 
maintaining PB statuses, in order to prevent further 
transgressions and ensure global stability. By estab-
lishing the objective of adhering to the Planetary 
Boundaries, Earth’s societies can safeguard our 
planet’s resilience and ensure a sustainable future 
for all life forms.9 However, the PB processes are 
significantly influenced by human activities, which 
have proliferated since the mid-20th century, 
resulting in the transgression of seven of the nine 
Planetary Boundaries. This “Great Acceleration”8 
(● FIG. 2) raises uncertainties about our global envi-
ronmental future and emphasizes the urgency of 
preventing further transgressions.

Recognizing the critical need to monitor and man-
age these transgressions, the Planetary Boundaries 
framework was introduced in 2009,9 and refined 
in 201511 and 202310 following significant scientific 
advancements across all disciplines involved. Since 
2024, Planetary Boundaries Science (PBScience) 
has published an annual report on the health sta-
tus of our Planet. This report encapsulates the most 
recent scientific advancements, provides updates 
based on new insights, and quantifies the status of 
each of the nine Planetary Boundaries annually. Its 
primary purpose is to maintain ongoing dialogue and 
awareness about our planet’s health.

Stability

The Earth system’s ability to main-
tain relatively constant conditions 
over long periods, as seen during 
the Holocene.

Resilience

The Earth’s capacity to withstand 
disturbances and recover from 
them, such as the ability of a for-
est to recover from a wildfire dis-
turbance and return to a compa-
rable pre-fire state.

Life-support functions

The essential processes provided 
by the Earth system that sustain 
life on our Planet, for example by 
maintaining temperature ranges 
suitable for abundant life in many 
regions or sustaining the water 
cycles.

Criteria for setting the posi-
tion of Planetary Boundaries

The position of Planetary Boundaries 
is determined through a comprehen-
sive assessment of various scientific 
factors. These assessments consider:

·	� Global scientific evaluations, such 
as those from the Intergovernmental 
Panel on Climate Change (IPCC) 
and Intergovernmental Science-
Policy Platform on Biodiversity and 
Ecosystem Services (IPBES).

·	� Deviations from the Holocene range 
of variability (SEE CH. 1.1).

·	� Analyses of ecological resilience.
·	� Earth System Model (ESM) simula-

tions.
·	� Expert identification of positive 

feedback mechanisms (e.g., inter-
actions between forest decline and 
the carbon cycle).

·	� Potential tipping points.

By integrating these diverse sources 
of information, PBs are set to ensure 
stability and prevent significant dis-
ruptions to planetary processes. 
This precautionary approach aims to 
maintain the resilience of the Earth 
system and avoid irreversible envi-
ronmental damage.
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THE NINE PLANETARY BOUNDARIES

1	 Climate Change
	� The alteration of Earth’s radiative balance, for example by accumulating green-

house gases in the atmosphere, affects global temperatures and climate patterns.

2 	 Change in Biosphere Integrity
	� The decline in the diversity, extent, and health of living organisms and eco-

systems affects the biosphere’s ability to co-regulate the state of the Planet 
by impacting the energy balance and chemical cycles on Earth.

3	 Land System Change	
	� The transformation of natural landscapes, such as through deforestation and 

urbanization, diminishes ecological functions like carbon sequestration, mois-
ture recycling, and habitats for wildlife, all crucial for Earth system health.

4 	Freshwater Change
	� The alteration of freshwater cycles, including rivers and soil moisture, leads 

to impacts on natural functions such as carbon sequestration and biodiver-
sity, and potential shifts in future precipitation levels.

5 	Modification of Biogeochemical Flows
	� The disruption of natural nutrient cycles, such as nitrogen and phosphorus, 

affects land biodiversity and water quality, potentially triggering dead zones 
in freshwater and marine systems.

6 	Ocean Acidification
	� Changes in ocean acidification, impacting marine biodiversity and the 

ocean’s capacity to regulate climate.

7 	� Increase in Atmospheric Aerosol Loading
	� The rise in airborne particles from human activities or natural sources influ-

ences the climate by altering temperature and precipitation patterns.

8 	Stratospheric Ozone Depletion
	� The thinning of the ozone layer in the upper atmosphere, primarily due to 

human-made chemicals, increases harmful UV radiation that can reach 
Earth’s surface.

9 	 Introduction of Novel Entities
	� The introduction and accumulation of human-made substances, such as 

plastics and synthetic chemicals, along with the mobilization of naturally 
occurring elements, can disrupt important Earth system processes and pose 
risks of permanent damage to life in the biosphere.

For more detailed information on each PB, please refer to their respective 
Information Sheets included later in this report (CH. 5).

1.3 	 The Nine Planetary Boundaries

Nine processes have been scientifically identified as key 
in regulating the stability, resilience, and life-support func-
tions of the Earth system; these are known as the Planetary 
Boundaries (PBs) processes. To describe the state of these 
9 processes, PBs assessments use representative variables, 

called “control variables”. The colors (green for “within the 
Safe Operating Space”, yellow for “Zone of Increasing Risk”, 
and red for “High Risk Zone”) refer to the state of boundary 
transgression; SEE ● FIG. 4. To date, the PBs framework uses 
1–2 control variables per PB (SEE ● TABLES IN CH. 7).
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Seven out of the nine Planetary Boundaries (PBs) 
have been breached, indicating significant environ-
mental stress and potential for irreversible changes 
(● FIGS. 3 & 4). These boundaries include:

•	 Climate Change:
	� Both the atmospheric concentration of CO2 as 

well as the total anthropogenic radiative forcing 
at the top of the atmosphere have exceeded their 
safe levels.

•	 Change in Biosphere Integrity:
	� Both the loss in genetic diversity as well as in 

the functional integrity of the biosphere have 
exceeded their safe levels.

•	 Land System Change:
	� The globally remaining forest areas for all three 

biomes (tropical, boreal and temperate) have 
fallen below the safe levels.

•	 Freshwater Change:
	� Human-induced disturbances of both blue (refer-

ring to water in lakes, rivers and reservoirs) and 
green water (water in soil available to plants) 
flows have exceeded the safe level.

•	 Modification of Biogeochemical Flows:
	� Both the global phosphorus flow into the ocean 

as well as the industrial fixation of nitrogen (the 
extraction of nitrogen from the atmosphere) are 
disrupting the corresponding nutrient cycles 
beyond the safe level.

1.4 	� Planetary Health Check 2026 at a Glance

Info Box 1

Planetary Boundaries Diagrams

The current state of each control variable is visual-
ized by the length of the wedge in the diagram, show-
ing whether it is within the Safe Operating Space or 
beyond its PB (indicating PB transgression). Key visual 
markers are the PB (dark green circle) and the High-
Risk Line (thin orange line).

The  GREEN area represents the Safe Operating 
Space that provides a high chance of keeping the 
respective boundary process in a healthy state that 
can support good, livable conditions on Earth – as 
long as the control variable’s status stays within the 
PB (dark green circle).

To account for the degree of transgression (the risk 
level) along with uncertainties arising from limita-
tions in data availability, model capabilities and cur-
rent understanding of Earth system processes, the 
range beyond the PB is split into two zones:

The  YELLOW to  ORANGE zone indicates a zone of 
increasing risk, where the respective boundary in ques-
tion has been surpassed, but the current status of the 
control variable has not yet reached the High-Risk Zone. 
Specifically, the likelihood for damage increases as the 
boundary transgression continues, but it is not yet pos-
sible to give a precise description of this increasing risk.

The  RED to  PURPLE zone illustrates a high-risk 
situation, for example a high probability of destabi-
lizing the Earth system due to a very strong bound-
ary transgression.

The potential damage resulting from such a trans-
gression involves losing a Holocene-like Earth sys-
tem state or substantially eroding Earth system resil-
ience, potentially causing regional to global regime 
shifts or crossing tipping points (SEE CH. 3.2). Even if 
the crossing of tipping points can be prevented, PB 
transgressions may destabilize Earth’s life-support 
systems, undermining their functions across regional 
to global scales.

For some PB processes, the Zone of Increasing Risk has 
either not been quantitatively defined (Introduction 
of Novel Entities), or current values remain uncer-
tain (Change in Biosphere Integrity). To emphasize 
this uncertainty, the outer edges of the correspond-
ing wedges are blurred. Nevertheless, existing knowl-
edge is sufficient to place the current values of these 
control variables for Introduction of Novel Entities and 
Change in Biosphere Integrity in the High-Risk Zone.10
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  FIGURE 3: The iconic Planetary Boundaries (PBs) diagram visually represents the current status of the nine PB processes that regulate our planet’s 
health. Each process is quantified by one or more control variables based on observational data, model simulations and expert opinions.

·	 Introduction of Novel Entities:
	� The amount of human-made substances that are 

released into the environment without adequate 
testing is above the safe level.

·	 Ocean Acidification:
	� The world’s oceans are acidifying to an unsafe 

degree. After recent data and methodological 
updates, we assess for the first time that the 
Ocean Acidification boundary has been trans-
gressed.

The two remaining PBs that are not transgressed are:

·	 Increase in Atmospheric Aerosol Loading:
	� The difference in atmospheric aerosol loading 

between the two hemispheres of the Earth is 
within the Safe Operating Space.

·	 Stratospheric Ozone Depletion:
	� The current total amount of stratospheric ozone 

is within the Safe Operating Space, but values are 
still below the mid-20th century levels.

The 2026 Planetary Boundaries and 
Planetary Health Check diagrams

Since the framework was first introduced, the iconic 
Planetary Boundaries graphic (often called ‘radar 
plot’ or ‘spider diagram’) has been used to show the 
status of Planet Earth (● FIG. 3). By rearranging the 
Planetary Boundaries diagram into a collection of 
bar charts resembling a blood test result, the offi-
cial Planetary Health Check Diagram (● FIG. 4) opens 
the possibility to include more details, and further 
indicators of concern. Extending its list of variables 
is in the scope of future Planetary Health Checks. 
The dynamic PHC symbol (● FIG. 5) is a summary of 
this diagram, in the form of a box plot. How to read 
the diagrams is explained in Info Box 1.
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  FIGURE 4: Planetary health at a glance. Just as a blood test provides insights into a human body’s health and identifies areas of concern, this Planetary 
Health Check evaluates the 13 control variables across the 9 Planetary Boundary (PB) processes to report on Earth’s stability, resilience, and life-sup-
port functions: the overall health of our planet. On the lower colorbar, a classic boxplot summarizes the distribution of all 13 control variable values at 
once. The boxplot is the dynamic core of the Planetary Health Check symbol (   FIG. 5) and denotes the distribution of all current values of PB control 
variables with the thin line representing the full range, the thicker line the inner 25–75% of control variable values and the dot representing the median 
of all control variable values.
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Planetary Health Check 2026

PLANETARY HEALTH CHECK 2026 AT A GLANCE

The dynamic Planetary Health 
Check symbol

Our overall assessment of all nine Planetary 
Boundaries shows that the Planet’s health in 2026 
lies near the upper end of the Zone of Increasing Risk, 
close to the High-Risk Zone (● FIG. 5). At this level, the 
likelihood of large-scale and potentially irreversible 
changes across the Earth system is already sub-
stantial. Earth’s remarkable biological, physical, and 
chemical resilience still leaves a window for return-
ing to the Safe Operating Space, but evidence of 
accelerating warming and signs of weakening car-
bon sinks show that this window is closing rapidly.

  FIGURE 5: The dynamic Planetary Health Check symbol represents 
the summary of each year’s findings. The stylized boxplot (white 
lines and blue dot) describes the distribution of all PB control va-
riables (which are individually shown in   FIG. 3 and 4). The thin line 
represents the full range of all control variable values, the thicker 
line represents the 25–75% range of all control variable values and 
the dot represents the median of all control variable values.

Each Planetary Health Check updates the formal 
Planetary Boundaries assessments where suitable 
new data or methodological advances are avail-
able. It also presents new supporting evidence and 
explores scientific developments that may inform 
future revisions of the framework.

The advances in the 2026 edition fall into three cate-
gories. First, report-wide advances concern the for-
mat, analytical transparency and overall framing of 
the assessment. Second, three Spotlights provide 
deeper syntheses of emerging Earth-system risks 
that extend beyond the annual boundary assess-
ments. Third, the boundary-by-boundary overview 
summarizes the specific changes made to each infor-
mation sheet, distinguishing updates to control-vari-
able data and methods from additional evidence, 
visualizations and future research directions.

Report-wide advances

The following developments affect the presenta-
tion, evidence base or analytical approach of the 
report as a whole:

·	� Two complementary report formats: For the 
first time, the Planetary Health Check is pub-
lished as both a comprehensive scientific report 
and a shorter Summary Version designed for a 
broader audience. The two versions present the 

same assessment but provide different levels of 
methodological detail and scientific context.

·	� A broader and more transparent evidence base: 
Several information sheets now present multi-
ple independent datasets or indicators alongside 
one another. Examples include additional esti-
mates of Human Appropriation of Net Primary 
Production for Biosphere Integrity and four annu-
ally updated ocean-carbonate datasets for Ocean 
Acidification. A growing share of the underlying 
data-processing workflows is also being incor-
porated into a digital assessment platform that 
combines the data, methods analysis steps used 
in the Planetary Boundaries assessment (PB 
Analyzer23). This makes the annual updates more 
transparent, traceable and reproducible.

·	� Clearer distinction between the current assess-
ment and future development: The 2026 report 
more clearly separates changes to the formal 
Planetary Boundary assessments from emerging 
scientific directions that could inform future revi-
sions. These include marine biosphere indicators, 
atmospheric moisture-recycling analyses, broader 
measures of ocean integrity and more actionable 
approaches to assessing Novel Entities.

·	� Greater attention to regional Earth-system risks: 
Alongside the global assessment, the report intro-
duces a regional aerosol assessment for South 

1.5 	� What’s New in the 2026  
Planetary Health Check
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  TABLE 1.1: Boundary-by-boundary: What’s new in the 2026 information sheets. The table distinguishes updates to control-variable data from additional 
datasets, methodological changes and expanded scientific discussion. The middle column identifies what has changed in each information sheet, inclu-
ding whether new data, additional data sources, methodological revisions or expanded scientific discussions have been introduced. The final column 
clarifies whether these changes affect the formal boundary definition, current control-variable value or risk classification.

Planetary 
Boundary What is new in 2026? Assessment implication

Climate 
Change

· �Updated control-variable data: CO2 concentration is 426 ppm and 
radiative forcing is +3.10 W/m2.

· �New supporting data: A CERES time series shows Earth’s energy 
imbalance from March 2000 to January 2026; the CO2 emissions map 
now has a resolution of 0.1° instead of 1.0°.

Both control variables remain beyond their 
respective Planetary Boundaries.

Change in 
Biosphere 
Integrity

· �Additional data sources: Several HANPP estimates are now shown, giv-
ing a range of 21–30%; all place functional integrity in the High-Risk Zone.

· �Future development: Selected IPBES indicators and approaches for 
including marine biosphere integrity are presented.

The broader evidence base does not change the 
risk classification. The IPBES and marine indicators 
are not yet part of the formal assessment.

Land System 
Change

· �No new control-variable data: The satellite forest-cover data still 
extend to 2022.

· �Improved classification and data use: Mixed potential forest is 
now divided more accurately into boreal and temperate forest using 
temperature data. Two previously omitted ESA forest-cover classes 
are also included, increasing the estimated current forest cover from 
approximately 59% to 64%.

· �Corrected global boundary: Double counting in the aggregation of 
biome thresholds has been removed, changing the global boundary 
from 75% to 78%.

The methodology, current value and global thresh-
old have been revised, but the boundary remains 
transgressed. The improved numerical status re-
flects the corrected calculation and more complete 
use of existing data, not actual forest recovery.

Freshwater 
Change

· �Updated publication basis: The same 1901–2019 analysis and values 
of 22.6% for blue water and 22.0% for green water are now based on 
the published Virkki et al. (2026) study and data release.

· �New discussion: Operationalization, impact assessment, regional 
validation and moisture recycling are addressed.

Both control variables remain beyond their respec-
tive Planetary Boundaries. The evidence base is 
more traceable, but the data period and formal 
assessment are unchanged.

Modification of 
Biogeochemical 
Flows

· �No new control-variable data: Current values remain 165 Tg N/yr and 
18.2 Tg P/yr.

· �Refined analysis: The nitrogen Zone of Increasing Risk map has been 
recalculated using nitrogen surplus; new research topics include 
ammonia fuel, phosphorus assessment and freshwater deoxygenation.

Both nutrient boundaries remain strongly trans-
gressed. The spatial analysis has improved, but the 
formal global assessment is unchanged.

Ocean  
Acidification

· �Additional data sources: CMEMS-LSCE-FFNN, ETHZ OceanSODA and 
JMA-MLR are now shown alongside UExP-FNN-U.

· �Updated synthesis: All four products extend through 2024; new maps 
compare 1750 and 2024, and the discussion considers broader Ocean 
Integrity indicators.

The additional products strengthen the evidence 
base. The boundary remains transgressed, with a 
current value of approximately 2.85.

Increase in 
Atmospher-
ic Aerosol 
Loading

· �New regional assessment: South Asian AOD is approximately 0.32, 
exceeding the proposed regional boundary of 0.25; a new figure shows 
global AOD.

The global boundary remains within the Safe Oper-
ating Space, while the proposed regional boundary 
for South Asia is transgressed.

Stratospheric 
Ozone 
Depletion

· �No new control-variable data: The series still ends in 2022, with a 
current value of 285.7 DU.

· �Expanded discussion: New material addresses Southern Hemisphere 
trends, vertical ozone structure and emerging risks such as space-
debris re-entry.

The boundary remains within the Safe Operating 
Space. The control variable and formal assessment 
are unchanged.

Introduction of 
Novel Entities

· �Updated supporting data: Antibiotic-production data have been 
replaced by antimicrobial resistance data and a new graph.

· �Methodological development: The chapter discusses a more 
actionable future control variable.

The boundary remains transgressed. The new 
dataset provides supporting evidence but does not 
constitute a numerical update of the formal control 
variable.

Asia, where high aerosol loading can disrupt mon-
soon rainfall even though the global boundary 
remains within the Safe Operating Space.

·	� A stronger Earth-system perspective: The 
report places greater emphasis on how the 
Planetary Boundaries interact and jointly shape 

Earth-system resilience. This includes the 
dependence of climate stability on functioning 
land, freshwater, ocean and biosphere systems, 
as well as links among nutrient pollution, deox-
ygenation, atmospheric circulation and ecosys-
tem functioning.
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Spotlights: Emerging risks and 
Earth-system responses

Alongside the annual assessment of the nine 
Planetary Boundaries, the 2026 report includes 
three spotlight chapters. These chapters do not 
introduce new formal boundaries or control vari-
ables – instead, they synthesize emerging evidence 
on important Earth system processes and pressures 
that cut across several boundaries or indicate prior-
ities for governance and future research.

·	� Earth Resilience: When Land Stops Buffering 
Climate Change examines evidence that the land 
carbon sink may be weakening and explains why 
current Earth system models could overestimate 
the capacity of ecosystems to continue absorb-
ing carbon under intensifying climate and ecolog-
ical pressures.

·	� Seafloor Integrity: Why the Bottom of the Ocean 
Matters synthesizes emerging evidence on the 
seafloor’s role in biodiversity, nutrient cycling and 
carbon storage. It assesses growing pressures 
from bottom trawling, mining and infrastructure, 
and reviews the governance challenges involved 
in protecting the seafloor.

·	� Novel Entities: Known Impacts and Unknown 
Planetary Threats traces the pathway from the 
production and release of chemicals and mate-
rials to environmental exposure and ecosystem 
impacts. It highlights both established damage 
and the potentially larger risks posed by chemi-
cal pollution that remain poorly understood.

Boundary-by-boundary updates

The extent and nature of the updates differ among 
the nine Planetary Boundaries because the under-
lying datasets are released at different frequencies. 
For some boundaries, new annual observations or 
updated control-variable values are available. For 
others, the 2026 assessment adds independent 
datasets, improves the use or classification of exist-
ing data, corrects a calculation, or expands the sci-
entific interpretation without extending the under-
lying observation period.
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2 Challenges of Diagnosing 
the Earth System
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Assessing Planetary Boundaries requires combining 
many different kinds of scientific evidence. No sin-
gle observing system can capture all nine boundary 
processes. Some control variables can be measured 
relatively directly, while others must be estimated 
by combining observations with models. Scientists 
therefore use instruments ranging from satellites 
orbiting high above the Earth’s surface to sensors 
deployed in soils, rivers, oceans, and the atmo-
sphere, together with simulations performed on 
high-performance computers.24 The choice of meth-
ods depends on several factors, such as the com-
ponent of the Earth system under assessment and 
the availability of observational data. Since obser-
vational records are often short, with historical data 
frequently lacking, model simulations become nec-
essary to extend temporal coverage and generate 
consistent estimates of PBs over longer periods.25

Essential data sources for assessing and monitor-
ing our planet, particularly within the PBs frame-
work, are:

·	 Earth system modeling
	� Earth-system models simulate the physical 

behavior and interactions among the atmosphere, 
oceans, land, ice, and biosphere. They help scien-
tists estimate variables that cannot be measured 
directly, fill gaps between observations, and 
examine changes over periods extending beyond 
the observational record. Models are essential for 
assessing several PBs, but the accuracy of their 
results depends on the processes represented, 
the input data used, and the assumptions made.26

·	 In-situ observations
	� These measurements are collected directly at the 

location of interest. For example, at weather sta-
tions, from soil-moisture sensors, through riv-
er-gauging networks, or from instruments measur-
ing ocean chemistry. Because of this direct, on-site 
collection, they can provide highly detailed and 
accurate information at specific locations. However, 
in-situ observation networks are unevenly distrib-
uted, can be expensive and labor-intensive to 
maintain, and often provide limited coverage of 
remote regions and the open ocean.27

·	 Satellite-based remote sensing
	� Remote sensing (RS) refers to collecting data 

using satellites, aerial, or ground-based platforms. 
For example, RS techniques can be used to moni-

tor variables such as forest cover and ecosystem 
health. Among the range of observation scales, 
satellite-based RS is particularly relevant for PB 
assessments, since these are conducted at the 
global scale. RS provides extensive and continu-
ous coverage in both space and time, with some 
records spanning several decades. Nevertheless, 
some variables cannot be observed directly and 
are therefore considered hybrid, requiring inte-
gration with other methods to obtain a compre-
hensive assessment.28

·	 Reanalysis data
	� Reanalysis integrates observations from many 

sources (e.g., including satellite-based RS and 
in-situ measurements) with a numerical model 
to produce a spatially and temporally complete 
reconstruction of past environmental condi-
tions. Reanalysis products are particularly valu-
able where direct observations contain gaps. 
However, they are not observations alone, since 
their results reflect both the available measure-
ments and the model used to integrate them.29

Using geospatial artificial intelli-
gence to monitor the planet

Geospatial artificial intelligence (GeoAI) pres-
ents a promising avenue for integrating geospa-
tial data and supporting more timely and detailed 
Earth system assessments.30–32 These novel tech-
niques can process high-frequency, high-volume 
data streams from satellites and ground sensors, 
as well as socio-economic data, to identify anoma-
lies, forecast changes, and uncover patterns across 
vast areas. GeoAI-supported systems are already 
transforming how we monitor key environmental 
changes. Applications include near-real-time daily 
CO2 emissions estimates,33 above ground biomass 
mapping,34 ecosystem stress detection, and more. 
Using GeoAI techniques to combine satellite data, 
historical climate records, and information on human 
activities could improve how quickly and precisely 
we can monitor changes across the land, ocean, 
atmosphere, and biosphere.

Realizing this potential, however, requires scien-
tific rigor, transparency in the choice of methods 
and data, high interpretability, and high reproduc-
ibility. It also requires closing observational gaps, 
especially in low- and middle-income regions. This 

2.12.1 	 Assessing Planetary Boundaries
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can be achieved through a more equitable data 
infrastructure as well as by including local stake-
holders in the infrastructure design process. These 
aspects become even more relevant in high-
stakes situations, such as climate-related hazards, 
where decisions can directly affect people’s lives.35 
Therefore, validated, open access, and harmonized 
data streams whose uncertainties are known and 
quantified will be imperative to build trustworthy 
AI-supported insights as we move toward more 
timely monitoring of Planetary Boundaries.

In this context, one of the primary objectives of the 
Planetary Boundaries Science (PBScience) Lab is 
the evolution of the PBAnalyzer into a full Planetary 
Boundary intelligence system.36 This system aims 
to harness advanced AI approaches (e.g., large 
language models and GeoAI models) to analyze 
and integrate different types of data – delivering 
annual, and ideally near-real time, assessments of 
PBs. Thus, such a functional and integrated sys-
tem can provide the best available evidence to 
researchers, policymakers, and stakeholders across 
all Planetary Boundaries. In doing so, it can serve 
as a decision-support aid to better protect human-
ity and the Planet.

From atmosphere to biodiversity:  
illustrative remote sensing  
applications
Remote sensing provides a powerful set of tools for 
monitoring environmental changes relevant to the 
Planetary Boundaries. The following examples focus 
on satellite-based remote sensing, while recogniz-
ing that some of the resulting datasets also incor-
porate in-situ observations, modeling, or reanalysis.

Atmospheric CO2 concentration: This dataset pro-
vides atmospheric CO2 observations derived from 
satellite measurements. With a spatial resolution of 
5° × 5°, corresponding to approximately 555 km × 
555 km at the equator, with the longitudinal dimen-
sion decreasing with increasing latitude. The data 
captures how atmospheric CO2 is distributed and 
evolving across the globe over time as shown in 
●  FIGURE  6. It offers a single representative CO2 
value averaged across the entire atmospheric col-
umn referred to as XCO2 (i.e., observed CO2 from the 
Earth’s surface to the top of the atmosphere). These 
satellite-based observations, which have been val-
idated through comparison with in-situ measuring 
stations, extend coverage to large parts of the world 
that are otherwise unobserved.

  FIGURE 6: Panel (A) presents the global mean column-averaged atmospheric CO2 concentration (XCO2) over land from 2003 to 2023, based on satellite 
observations with a spatial resolution of 5° × 5°. Panel (B) shows the spatial distribution of XCO2 across both land and ocean for the year 2023. Overall, 
the data shows a sustained increase in atmospheric CO2 concentrations between 2003 and 2023. The use of land-only XCO2 in panel (a) is motivated 
by data availability, as earlier satellite-based observations are primarily restricted to land surfaces, while combined land and ocean coverage becomes 
consistently available from 2009 onward. Additionally, the dataset is currently updated through 2023; more recent years will be incorporated once the 
corresponding processing and validation steps are completed. See reference 37 for the data and additional information.
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Global Ecosystems Atlas: This dataset represents 
the distribution of the world’s ecosystems, devel-
oped through a synthesis of existing geospa-
tial datasets, in-situ observations, and satellite 
remote-sensing data. GeoAI techniques are used to 
help classify ecosystems and fill spatial gaps in the 
available information (SEE ● FIG. 7). The Atlas aims to 
provide a map with a spatial resolution of 100 m × 
100 m, covering 110 ecosystem classes across all 
realms of the biosphere (terrestrial, marine, sub-
terranean, and freshwater). The deployed GeoAI 
techniques are exploiting a globally distributed set 
of ecosystem functional group occurrence records 
using the forthcoming “EcoTrain” open access train-
ing and validation dataset. The Atlas currently rep-
resents the distribution of ecosystems at a particu-
lar point in time rather than changes through time. 
Once completed, it could provide an important spa-
tial basis for assessing ecosystem extent and sup-
porting future monitoring.

The way forward

Due to the size and complexity of observing the 
whole planet, PBScience collaborates with partners 
across the different Earth-observation communities 
to access data, methods, and expertise. One of our 
main goals is to ensure that the PHC is based on 
frequent, high-quality data streams for each of the 
PB control variables. Annual updates are the imme-
diate priority, while more frequent status updates 
may become possible for some variables as obser-
vation systems and analytical methods continue 
to improve. In this report, we present some of the 
most up-to-date data sources currently available 
(SEE ALSO ● TABLE 7.2 IN CH. 7). We are committed to 
improving and increasingly automating the assess-
ment and monitoring workflow, and are actively 
seeking new partners for Earth system analysis. 
Therefore, PBScience welcomes collaboration with 
partners who can help close observational gaps, val-
idate emerging indicators, and strengthen the long-
term monitoring of the Planetary Boundaries.

  FIGURE 7: The figure shows the ongoing Global Ecosystem Atlas (GEA) effort to map 110 ecosystems across all realms of the biosphere (terrestrial, ma-
rine, subterranean, and freshwater) with the spatial resolution of 100 m × 100 m. This product is synthesized based on collected ground surveys as well 
as satellite-based RS data supported by AI methods. At the time of writing, approximately 58% of the intended global coverage has been completed, and 
work towards full global coverage is continuing.38
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The nine Planetary Boundaries are often presented 
as separate segments of a circle. This separa-
tion is useful: it allows scientists to identify critical 
Earth system processes, select measurable con-
trol variables and assess where risks are increas-
ing. In the Earth system itself, however, there are no 
walls between the boundaries. Climate, water, land, 
the ocean, the atmosphere and the biosphere are 
continuously connected through flows of energy, 
moisture, carbon, nutrients and living organisms.9–11 
The Planetary Boundaries framework has recog-
nized this interdependence from the beginning. 
Boundary levels are precautionary guardrails for 
individual processes, but their positions have largely 
been assessed under the simplifying assumption 
that other boundaries are not substantially trans-
gressed.9,10 In reality, transgressing one boundary 
may increase pressure on another or change the 

level of risk associated with it. A network analy-
sis of the nine boundaries found that their interac-
tions and feedbacks predominantly amplify human 
impacts, potentially narrowing the Safe Operating 
Space compared with an assessment that treats 
every boundary independently.39

Shared drivers,  
different consequences

Planetary Boundaries are connected in two import-
ant ways. First, several boundaries share the same 
underlying human drivers. Burning fossil fuels, for 
example, contributes directly to Climate Change 
and Ocean Acidification, and is a major source of 
Atmospheric Aerosol Loading. Agriculture and land 
conversion affect Land System Change, Biosphere 

  FIGURE 8: Planetary Boundaries form an interconnected causal network. The diagram shows the most significant and best-understood interactions among 
Planetary Boundary (PB) processes, together with major human drivers of boundary transgression. Arrows indicate the direction of an interaction, with their 
color identifying the source PB process. Arrow width represents the estimated relative strength of the interaction, while line style distinguishes reinforcing, 
dampening, and mixed or context-dependent effects. Numbered drivers can affect several PB processes simultaneously. The network is selective rather 
than exhaustive and reflects current scientific understanding. 

KEY TAKEAWAY: Planetary Boundaries can be assessed separately, but they do not function independently. Interactions can amplify risks across the Earth 
system, while shared drivers can push several boundaries at once. Understanding these connections is therefore essential for identifying actions that 
create benefits across multiple boundaries without shifting pressure from one part of the Earth system to another.

2.2 	� One Earth System: Why Planetary  
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Integrity, Freshwater Change and Modification of 
Biogeochemical Flows while also contributing to 
Climate Change.10,11 Material production and waste 
introduce Novel Entities that can affect organisms, 
ecosystems and biogeochemical processes.

Second, the Earth system processes represented 
by the boundaries interact with each other after 
these pressures have been introduced. Climate 
Change alters rainfall and temperature and changes 
the frequency and intensity of disturbances such 
as droughts, wildfires, floods, storms and pest 
outbreaks, affecting forests, freshwater systems 
and biodiversity. In turn, forest loss changes car-
bon storage, evapotranspiration, surface reflectiv-
ity and regional moisture recycling, feeding back on 
climate and water availability.40–42 Nutrient loading 
can degrade rivers, lakes and coastal seas, trigger 
oxygen loss and alter biological processes that reg-
ulate carbon and nutrient cycling.

Distinguishing these two forms of connection is 
important. Two boundaries may deteriorate together 
because they share a human driver, because one 
physically affects the other, or through a combina-
tion of both. Understanding the mechanism helps 
identify whether an intervention is addressing the 
root cause, interrupting a damaging feedback or 
merely treating one visible symptom.

Interactions can amplify risk

Recent modeling studies provide increasingly quan-
titative evidence of these relationships. Simulations 
of the Climate Change and Land System Change 
boundaries show that maintaining atmospheric car-
bon dioxide within its safe boundary can help sta-
bilize the extent of major forest biomes. Increasing 
transgression of the Climate Change boundary, in 
contrast, causes progressively larger shifts in forest 
distributions and pushes the Land System Change 
boundary farther into the risk zone. These changes 
also affect habitat structure and soil moisture, and 
in turn influence the climate through carbon, water 
and energy exchanges.43

Complementary Earth system simulations show 
the other side of this relationship: extensive 
land-system transgression can produce warmer 
and drier conditions, reduce vegetation carbon 
stores and alter the exchange of water and energy 
between the land and atmosphere. Scenarios in 
which pressures on both climate and land were 
reduced produced benefits for carbon storage and 
global temperature.44

These results do not yet allow scientists to recal-
culate every Planetary Boundary as a precise func-
tion of the other eight. Many interaction strengths 
remain uncertain, and some effects vary among 
regions and over time. They do, however, support 
a crucial conclusion: The risk associated with the 
state of one boundary can depend on the state 
of others.

Multiple pressures weaken resilience

Interactions also matter because several pressures 
can converge on the same component of the Earth 
system. A forest may simultaneously experience 
warming, changing rainfall, clearance, fragmenta-
tion, fire and biodiversity loss. Marine ecosystems 
may face warming, acidification, deoxygenation, 
nutrient loading, overexploitation and chemical pol-
lution at the same time. Together, these pressures 
can reduce the system’s capacity to absorb the oth-
ers and recover from disturbance.45–47

This connects Planetary Boundaries directly to 
Earth system resilience and tipping risk. Boundaries 
identify conditions intended to keep risk low; resil-
ience describes the capacity of Earth system com-
ponents to withstand pressure; and tipping points 
describe potentially self-reinforcing changes once 
that capacity is overwhelmed.48,49 A major review 
of climate tipping interactions concluded that the 
documented links among ice sheets, ocean circu-
lation, forests, monsoons and permafrost are pre-
dominantly destabilizing. Tipping cascades cannot 
be ruled out, although their likelihood, sequence and 
timing remain highly uncertain.49

The significance of these interactions is therefore 
not that every boundary transgression will imme-
diately trigger an abrupt change. Rather, multiple 
transgressions can progressively erode the buf-
fers that have helped maintain a relatively stable 
Earth system.

Solutions can create synergies –  
or shift pressure elsewhere

Interconnections are not only a source of risk. They 
also mean that well-designed interventions can gen-
erate benefits across several boundaries. Protecting 
ecosystems can conserve biodiversity while sup-
porting carbon storage, moisture recycling and 
water regulation.40,50 Transforming food systems 
can reduce land conversion, fertilizer losses, water 
demand and greenhouse-gas emissions.51,52 Phasing 
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out fossil fuels simultaneously reduces pressure on 
climate, ocean chemistry and air pollution.

However, an intervention that benefits one bound-
ary is not automatically safe for the Earth sys-
tem as a whole. A 2025 modeling study found 
that land-based climate-mitigation measures – 
including increased bioenergy supply, the pro-
tection and restoration of forests and peat-
lands, and improved agricultural management 
– reduced transgression of the Climate Change, 
Land System Change, Biosphere Integrity and 
nitrogen boundaries but, through greater irri-
gation demand, increased freshwater boundary 
transgression by 94%. Adding dietary change and 
reduced food waste improved outcomes across all 
five assessed boundaries.53

A broader scenario analysis similarly found that 
coordinated action on climate, diets, land, water 
and nutrient efficiency could substantially reduce 
pressure across eight assessed boundaries. 
Nevertheless, Climate Change, Biosphere Integrity 
and Modification of Biogeochemical Flows remained 
outside their Safe Operating Space in 2050, partly 
because environmental systems respond slowly 
and some losses cannot be rapidly reversed.52 The 
Montreal Protocol offers an encouraging exam-
ple of positive cross-boundary action. Controlling 
ozone-depleting substances enabled recovery of the 
stratospheric ozone layer while also avoiding sub-

stantial additional warming, since many of these sub-
stances are powerful greenhouse gases.54

Maintaining the Safe Operating 
Space as a whole

The Planetary Boundaries should continue to be 
measured individually: combining them into a single 
score would conceal important differences in mech-
anisms, spatial patterns, uncertainty and reversibil-
ity. But they cannot be managed as nine indepen-
dent policy targets.

Understanding their connections helps us to:

1.	� recognize when a transgression increases risk 
elsewhere;

2.	�address shared drivers rather than isolated symp-
toms;

3.	�identify interventions that create benefits across 
several boundaries;

4.	�detect trade-offs before pressure is transferred 
from one Earth system process to another.

The Safe Operating Space is ultimately a property of 
the Earth system as a whole. Safeguarding it there-
fore requires keeping all Planetary Boundaries in 
view – using their individual assessments as com-
plementary indicators of the health, resilience and 
stability of one interconnected planet.

ONE EARTH SYSTEM: WHY PLANETARY BOUNDARIES ARE CONNECTED
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Building on the Planetary Boundaries frame-
work, the Earth Commission published its con-
cept of “Safe and Just Earth System Boundaries” 
in 2023.55 This framework adds the dimension 
of justice – establishing additional thresholds 
designed to avoid significant harm to people and 
ecosystems, while safeguarding Earth’s resilience. 
Furthermore, it defines minimum levels of access 
to essentials for a dignified life. Together, these 
three elements (safe and just boundaries, as well 
as access levels) define the safe and just space 
where humanity can equitably thrive, reflecting 
the deep connection between planetary health 
and human well-being.

The addition of justice considerations effectively 
results, for a few of the boundaries, in more strin-
gent quantifications compared to the “safe” thresh-
olds that are designed to ensure only the stability of 

the Earth system. For example, while a global tem-
perature rise of 1.5°C is defined as the safe bound-
ary to avoid irreversible changes on Earth due to 
Climate Change, vulnerable communities already 
face severe climate-related impacts below this 
threshold. Accordingly, the just boundary is set 
at 1.0°C of warming, which is already significantly 
higher than the warmest temperature on Earth since 
human civilization began evolving.

Though the Safe and Just Boundaries are based 
on the Planetary Boundary domains, the corre-
sponding control variables, boundary thresholds 
and measurements were developed independently. 
Despite this difference in implementation, a com-
parison of the respective results (SEE● FIG. 9) shows 
that the frameworks broadly agree on boundary 
transgressions – demonstrating the robustness of 
the two approaches.

  FIGURE 9: Safe and Just Earth System Boundaries. This framework was developed by the Earth Commission based on the Planetary Boundaries and so 
far has only assessed 5 of the 9 PBs.55 This figure uses a different normalization strategy than the Planetary Boundaries diagram shown in this report. 
However, it is clear that both frameworks agree which boundaries are transgressed.

2.3 	� From Safe to Safe and Just  
Operating Space
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Extreme weather events are one of the stark-
est signs that we are bringing Earth out of bal-
ance. Floods, droughts, heatwaves, and storms are 
becoming more frequent or more intense in many 
parts of the world, demonstrating the concrete and 
destructive consequences of changes in the Earth 
system. They show that the effects of transgress-
ing Planetary Boundaries are not confined to dis-
tant projections: They are already shaping condi-
tions today and, in many cases, increasing the risks 
faced by societies and ecosystems.

Whether, and by how much, human-induced cli-
mate change has altered the likelihood or intensity 
of a particular extreme is answered by the science 

of extreme event attribution. Many methods have 
been developed, differing in detail.56,57 However, 
they all compare the likelihood and/or intensity of 
an extreme weather event today, in a world with cli-
mate change, and the same event in a world with-
out human-induced climate change. These esti-
mates are based on climate models and weather 
observations.56,58 The science has developed rap-
idly over the last decade, highlighted by the AR6 
Synthesis Report of the IPCC, which states “evi-
dence of observed changes in extremes such as 
heatwaves, heavy precipitation, droughts and trop-
ical cyclones, and, in particular, their attribution to 
human influence, has further strengthened”.59

The effects of Climate Change are relatively easier 
to quantify, largely because greenhouse gases are 
well mixed in the atmosphere, irrespective of where 
they are emitted. Their climatic influence is there-
fore global and can be modeled with a reasonable 
degree of consistency and confidence. In contrast, 
the effects of other Planetary Boundary transgres-
sions – such as Land System Change, Change in 
Biosphere Integrity, or Freshwater Change – tend to 
have more local effects on extreme events. Although 
no less dangerous, their impacts can be more chal-
lenging to disentangle in attribution studies.

To give an overview of recent extreme weather 
events, we identify the ten highest-impact events 
from April 2025 to April 2026, based on three cat-
egories: (i) total number of deaths, (ii) total number 
of people affected, and (iii) total economic damage. 
The result is a set of 21 unique events, which are 
listed in ● TABLE 3.1 and mapped in ● FIG. 10. For each 
event, we assess whether human-induced Climate 
Change has increased its likelihood or intensity. 
This assessment is based on event-specific attri-
bution studies where available, and otherwise on 
evidence from similar events (referred to as “causal 
field” attribution).

The lists show some overlap: Several events appear 
in multiple impact categories, and some entries 
describe the same event spanning multiple coun-
tries. Most notable among these are the floods in 
Pakistan and Tropical Cyclone Senyar, which struck 
Indonesia and surrounding countries and had huge 
impacts across all three categories. Interestingly, no 
heatwave appears in the top ten of any category this 

Data source

The analysis presented here is based on 
the Emergency Events Database (EM-DAT), 
maintained by the Centre for Research on 
the Epidemiology of Disasters. EM-DAT is 
the longest-running and most widely used 
global disaster database.61,62 Established in 
1988, it systematically records disasters 
worldwide, providing standardized data on 
fatalities, affected populations, and eco-
nomic losses across meteorological, hydro-
logical, geophysical, climatological, and 
biological hazards. EM-DAT applies clear 
inclusion criteria to ensure consistency over 
time. Despite its global coverage, EM-DAT 
has important limitations.63,64 It relies on 
official statistics, which often lag behind by 
years and vary substantially across coun-
tries and event types. For example, EM-DAT 
records 60,000 and 50,000 European heat 
deaths in 2022 and 2023, respectively, 
but hardly any heat deaths in the rest of 
the world for those years. Consequently, 
heat-related death tolls and economic 
damages are severely underestimated in 
the database, probably by orders of magni-
tude. Nevertheless, EM-DAT remains a key 
resource for global disaster risk research 
and international assessments.

3.1 	� Extreme Weather Events  
of 2025 and 2026
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year. This could simply be due to chance, but it may 
also point once again to reporting bias, as heat waves 
are still dramatically under-reported in most of the 
global South.63,65 More broadly, it is striking how few 
events have not been made more severe by climate 
change. This is especially true since “causal field” 
attributions are more likely to underestimate the influ-
ence of climate change than to overestimate it.60 For 
example, the influence of climate change on tornado 
formation remains somewhat uncertain, and gaps in 
data collection (e.g., due to political instability such 
as in the Democratic Republic of the Congo) some-
times make firm conclusions difficult.

Some patterns echo last year’s assessment.23 In par-
ticular, the Philippines continues to be repeatedly 
hit by typhoons, underscoring how climate change 
is increasingly shaping risk in the region. Another 
standout event is Hurricane Melissa, which caused 
very high economic losses and affected large num-
bers of people with a comparatively moderate death 
toll. This highlights both the effectiveness of early 
warning systems and early action in saving lives, and 
the hard limits of adaptation. Entire islands, along 
with their buildings and infrastructure, cannot sim-
ply be moved out of harm’s way.

While Melissa highlights what action can achieve, 
most disasters continue to highlight human inac-
tion.66 Repeated exposure to disasters and con-
sequences of climate change is testing limits of 
adaptation of communities and infrastructures. 
The 2025 floods in Pakistan highlight how recov-
ery and adaptation efforts are challenged and push 
vulnerable communities even further as the coun-
try is still recovering from the 2022 floods.67,68 In 
other parts of the world, such as East Africa, the 
combination of ongoing droughts and conflicts is 
driving large-scale food insecurity for millions of 
people.69 Further, while heatwaves may not be in 
the worst disasters reported for 2025/26 accord-
ing to EM-DAT, they continue to threaten lives and 
livelihoods globally. Many forms of loss and dam-
age – such as loss of land and cultural heritage and 
impacts on mental health – are not recorded or can-
not readily be quantified.

Climate Change is making extreme weather events 
more frequent and intense, significantly heighten-
ing global risks. However, the severity of these 
events’ impacts also depends substantially on other 
Planetary Boundary transgressions, including Land 
System Change, Freshwater Change, Change 

  FIGURE 10: Approximate locations of the most impactful weather events between April 2025 and April 2026. Events which can be clearly attributed to 
human-induced Climate Change are shown in red, events categorized based on evidence from similar events (“causal field”) are shown in orange. Events 
indicated in gray have either no causal field, or the literature in the causal field is ambiguous. Adapted from Otto and Raju (2023).60
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in Biosphere Integrity and Atmospheric Aerosol 
Loading. These factors also amplify the vulnerabil-
ity and exposure of communities, especially among 
marginalized and socio-economically disadvantaged 
groups. Intersectional vulnerabilities, which are 
based on disadvantages stemming from multiple dif-
ferent sources (e.g., gender, occupation, migration, 
and socioeconomic status) must be addressed in 
particular. Without prioritizing these considerations 
in adaptation strategies, extreme weather events 
will continue to disproportionately devastate the 

most marginalized populations, undermining global 
resilience and equity goals. Extreme event attribu-
tion helps us to understand hazards and their driv-
ers, highlighting that human activities have pushed 
us beyond safe Planetary Boundaries. To mitigate 
disaster impacts effectively, Climate Change and 
other Planetary Boundary transgressions must be 
understood and addressed collectively, not in iso-
lation. This holistic approach is essential to building 
resilience, safeguarding vulnerable populations, and 
ultimately securing planetary health.

  TABLE 3.1: The most impactful extreme weather events (04/2025–04/2026), and their attribution to Climate Change. Attributions are based either on 
an event-specific attribution study (“AS”) or on a “causal field,” meaning evidence from comparable events and general scientific understanding of that 
event type (“CF”). Note that only the impact metrics that lead to inclusion in this list are reported here: E.g., a missing death toll means that the event 
does not rank among the ten deadliest of the period, and does not imply that no deaths occurred.

No. Event Country Time Impact metric 
[Deaths/People Affected/Cost]

Made more likely or 
more intense by human 

environmental changes?

1 Tropical storm “Senyar” Indonesia 11/2025
1,109 confirmed deaths 
3.2 million people affected 
USD 4.0 billion

Yes (AS)

2 Flooding in Mokwa Nigeria 05/2025 1,100 confirmed deaths Yes (CF)¹

3 Floods Pakistan 06/2025–09/2025
1,037 confirmed deaths 
7.0 million people affected 
USD 3.0 billion

Yes (AS)

4 Tropical cyclone “Ditwah” Sri Lanka 11/2025 1,823 confirmed deaths 
USD 4.1 billion Yes (AS)

5 Typhoon “Kalmaegi” (Tino) Philippines 11/2025 372 confirmed deaths 
5.5 million people affected Yes (CF)

6 Flood Thailand 11/2025 276 confirmed deaths  
4.0 million people affected Unclear

7 Flood Niger 06/2025–10/2025 238 confirmed deaths Yes (CF)

8 Flood Mozambique 01/2026–03/2026 201 confirmed deaths Yes (AS)

9 Flood DRC, Kinshasa 04/2025 165 confirmed deaths Inconclusive (AS)

10 Flood DRC, South Kivu 05/2025 154 confirmed deaths Inconclusive (CF)

11 Hurricane Melissa Jamaica, Cuba 10/2025 7.5 million people affected  
USD 10.0 billion Yes (AS)

12 Flood China 07/2025 USD 5.8 billion Yes (CF)

13 Tornado US, Kentucky 05/2025 USD 5.2 billion Unclear

14 Drought Brazil 01/2025–06/2025 USD 4.8 billion Yes (CF)

15 Floods US, Tennessee 04/2025 USD 4.6 billion Yes (AS)

16 Drought US 2025 USD 4.1 billion Unclear

17 Drought Syria 06/2025 16.2 million people affected Yes (CF)

18
Typhoons “Wipha” (Crising), 
“Francisco” (Dante), and 
“Co-May” (Emong)

Philippines 07/2025 11.1 million people affected Yes (CF)

19 Typhoon “Fung-wong” 
(Uwan) Philippines 11/2025 7.7 million people affected Yes (CF)

20 Typhoon “Bualoi” (Opong) Philippines 09/2025 6.9 million people affected Yes (CF)

21 Drought Kenya 2025–ongoing 2.2 million people affected Yes (CF)

¹ Note: the high death toll was caused by a broken dam.
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The behaviors of the interconnected components of 
the Earth system – the major ocean and atmospheric 
circulations, for example, or the polar ice sheets, or 
large terrestrial biomes, among others – all influ-
ence and respond to changes in Earth’s climate. 
Our understanding of the fundamental functioning 
of these systems has significantly improved over 
the last decades, and from it, the current picture of 
an interwoven and ever-adapting Earth system has 
emerged. The resilience of Earth system compo-
nents determines their capacity to absorb and buffer 
recurring small or low-magnitude changes and dis-
turbances. Earth’s climate system components have 
often responded to these perturbations – think of a 
prolonged drought, for example, or an extreme pre-
cipitation event – by balancing and buffering out the 
disturbance, thus helping to maintain the remarkably 
stable Earth system conditions of the Holocene over 
the past 11,700 years.
 
This stability is not a given, however, and when a 
system is placed under consistent strain, its contin-
ued functioning can no longer be guaranteed. When 
a system is so critically perturbed that it transitions 
from one resilient state into another, reorganiz-
ing itself such that instead of absorbing or buffer-
ing perturbations, the system actually self-ampli-
fies them, we say the system has crossed a tipping 
point. Tipping points are thus thresholds in indi-
vidual, large-scale Earth system components, the 
crossing of which leads to a fundamental shift in 
the system’s dynamics, often taking it from a set of 
feedbacks that keep the system stable to another 
set that force it into an entirely new state.22,70,71 
These can be triggered both by relatively small-
scale (in either space or time) perturbations in a 
strained system – like extreme weather events – as 
well as by larger-scale disruptions. And indeed, at 
other points in Earth’s history, specific systems – the 
Atlantic Meridional Overturning Circulation (AMOC), 
for example – are believed to have fundamentally 
reorganized or ceased functioning altogether due 
to external pressure. In the case of the AMOC and 
Subpolar Gyre, a major release of freshwater about 
8200 years ago from the Canadian Shield during the 
retreat of the Laurentide Ice Sheet led to a reduc-
tion in its strength and a consequent cooling of the 
North Atlantic.72

 
Planetary Boundaries are not tipping points. To 
set a Planetary Boundary at a tipping point would 
bring us far too close to the brink, ignoring the pre-

cautionary principle used to set each of the nine 
boundaries. You can instead think of a tipping 
point as an upcoming hazard on a highway, and 
the Planetary Boundary as a warning sign placed 
before it, alerting you to the danger if you keep 
driving down the road. In that sense, transgress-
ing a Planetary Boundary – as we have, already, 
in seven of the nine boundaries – does not mean 
imminent disaster. It does, however, mean we are 
in a risk zone beyond the safe operating space, and 
that we may be increasing the risk of approaching 
or crossing tipping points.

While Planetary Boundaries are not tipping points, 
some Planetary Boundaries are strongly informed by 
the tipping points of known or suspected tipping ele-
ments because transgressing these boundaries can 
increase the risk of large-scale, non-linear transi-
tions. The Climate Change and 
Change in Biosphere Integrity 
boundaries provide some of 
the clearest examples of how 
tipping points science informs 
Planetary Boundaries, as they 
are designed to reduce the 
risk of triggering tipping transi-
tions in these systems or large-
scale ecosystem collapse. The 
risk of crossing several tipping 
thresholds increases substan-
tially between approximately 
1–2°C of global warming above pre-industrial tem-
peratures.71 At the same time, atmospheric CO2 
concentrations of around 426 ppm are already far 
beyond the proposed safe level of 350 ppm, illus-
trating how strongly the Climate Change boundary 
is transgressed.
 
Further, crossing one Planetary Boundary can 
increase pressures on other systems and raise 
the likelihood of additional tipping events through 
cascading interactions. In this sense, tipping 
points and Planetary Boundaries are linked in 
both directions: exceeding a Planetary Boundary 
can increase the probability of triggering tip-
ping behavior, while tipping in one sub-system 
can amplify changes elsewhere and contribute to 
the transgression of additional boundaries. These 
interactions mean that Earth system risks cannot 
be understood by examining individual boundaries 
or tipping elements in isolation. Tipping point sci-
ence therefore informs Planetary Boundaries not 

Planetary Bounda
ries are not tipping 
points, but some 
are strongly infor-
med by known or 
suspected tipping 
elements.

3.2 	� Tipping Points
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only by helping identify dangerous thresholds, but 
also by emphasizing the importance of resilience, 
feedbacks, and cascading change within the cou-
pled Earth system.

What is a tipping system?  
What systems can tip?

Tipping systems, as presented here, are compo-
nents of the Earth system wherein changes in exter-
nal forcing or internal dynamics can induce irrevers-
ible shifts when a critical threshold (tipping point) is 
crossed. Simply put, just like camels’ backs loaded 
with weight, these are systems that, under pres-
sure, can be pushed “over the edge” into a funda-
mental reorganization by a comparatively small trig-
ger – a piece of straw, if you will. Strictly speaking, 
many systems, from individual glaciers to whole ice 
sheets, can exhibit these tipping behaviors. But in 
the context of global change, Planetary Boundaries, 
and the functioning of the Earth system, we are pri-
marily concerned with the large-scale features of 

the climate system susceptible to tipping. These 
are those systems which, if they tipped, would have 
far-reaching consequences for the functioning of 
the whole Earth, as well as those who live on it.

Many of these systems tip because they respond 
non-linearly to external stimuli. This means that 
a gradual change to the external conditions may 
not lead to a gradual change in the system state. 
Think about adjusting the volume of your car’s 
speaker system – a reasonable expectation is that 
the volume increases an amount proportional to 
the knob’s rotation. Non-linear system responses 
are complicated and difficult to anticipate because 
they do not respond with such equal proportional-
ity. Imagine if turning the volume knob from six to 
seven increased the volume ten times the amount 
that turning it from five to six did. Tipping systems 
respond similarly. These behaviors make anticipat-
ing the consequences of changes to the system 
difficult, underscoring the urgent need to reduce 
the pressures on the Earth system by returning to 
within the Planetary Boundaries.

  FIGURE 11: Stylized stability landscape of the Earth system. Tipping points and Planetary Boundaries are interconnected – both address Earth system 
stability, but they serve distinct roles. Beyond a tipping point, a system fundamentally changes due to a shift in feedback dynamics: When stabilizing 
feedbacks are dominated by destabilizing ones, they drive the system to a qualitatively different state, often abruptly and/or irreversibly. Where quan-
tifiable, the Planetary Boundaries are set in a safe distance away from risks of crossing tipping points.
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With that in mind, there are several large-scale 
“tippable” Earth system components (we call these 
major tipping systems “tipping elements”) of criti-
cal concern. The AMOC, as mentioned, as well as 
parts of the Subpolar Gyre in the North Atlantic and 
the overturning of the Southern Ocean.22,70,71 From 
the cryosphere, the polar ice sheets, high-latitude 
permafrost, as well as sub-ice sheet scale glacial 
systems all exhibit feedbacks that make them sus-
ceptible to tipping dynamics. Certain terrestrial 
and marine biomes are likewise believed to exhibit 
tipping behavior. Included among those are the 
Amazon rainforest, boreal forests, and warm-wa-
ter coral reefs. Warm-water reefs, it’s worth noting, 
are likely already in the process of tipping.22

 
The Global Tipping Points Report 2025 provides 
a comprehensive overview of the current state of 
Earth system tipping points science.22

How do tipping elements interact 
within the Earth system?

As interconnected components of the climate sys-
tem, the different tipping elements interact with 
each other – changes to one, and in some cases 
the tipping of one, could lead to tipping or wide-
spread change in the behavior of another.49 Take the 
AMOC, for example, a key element when consider-

ing tipping cascades. This critical circulation delivers 
warm water from the South Atlantic and tropics to 
the North Atlantic which contributes to the relatively 
mild climates in northern Europe. Intensifying climate 
extremes are increasing precipitation in the North 
Atlantic, while warming Arctic temperatures are are 
reducing sea ice extent and accelerating melting 
of the Greenland Ice Sheet. All of these increase 
the total freshwater delivered to the North Atlantic, 
diluting the salty ocean water, making it less dense, 
thus weakening the density-driven circulation that 
powers the AMOC. As a density-driven circulation, 
the AMOC is highly sensitive to both temperature 
increase and fluctuations in freshwater delivery. 
Changes in the AMOC can in turn trigger tipping in 
other systems, or amplify its impacts. For exam-
ple, a weaker AMOC could alter rainfall and atmo-
spheric circulation patterns in highly vulnerable 
regions like the Amazon. There, the impacts of a 
weakened AMOC vary by region. By provoking a 
southward shift of the precipitation band known as 
the Intertropical Convergence Zone (ITCZ) a weak-
ened AMOC may lead to increased precipitation in 
the southern and eastern Amazon73,74 while decreas-
ing total precipitation in the North.75 Such a spatial 
reorganization of precipitation patterns may in turn 
weaken the moisture recycling process that today 
accounts for up to 50% of local precipitation, espe-
cially in the western Amazon.76 The potential dieback 
of parts of the Amazon rainforest would reduce its 

TIPPING POINTS
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carbon storage capacity, turning it into a source of 
carbon dioxide, rather than a sink, and thus reinforc-
ing global warming.
 
More globally, recent investigations have shown 
that a collapse or slowdown of the AMOC could have 
considerable consequences for the Earth’s monsoon 
systems.77,78 “Monsoon” refers to seasonal precip-

itation patterns where oceanic 
conditions drive precipitation 
patterns alternating from wet 
summer seasons with high 
precipitation to very dry win-
ter seasons. They are found 
within the tropics of all conti-
nents, as well as in the tropi-
cal oceans of the western North 
Pacific, eastern North Pacific, 
and the southern Indian Ocean, 
where they are the primary fac-
tor affecting climate variability. 
Studies investigating the effect 

of AMOC slowdown on monsoon systems are lim-
ited. That said, the current understanding suggests 
that AMOC slowdown reorganizes interhemispheric 
sea surface temperature gradients and provokes 
a southward shift of the ITCZ. As a consequence, 
monsoons north of the equator (the Indian, south-
east Asian, and West African monsoons) weaken, 
while the South American monsoon wet season 
strengthens and relocates.77 Together, these find-
ings further emphasize the need to investigate how 
this relationship extends to other monsoon regions.
 
A weakened AMOC furthermore can impact heat 
distribution in the Southern Hemisphere, potentially 
accelerating ice loss in parts of Antarctica, creat-
ing further feedbacks through sea-level rise and 
additional freshwater input into the oceans. Global 
warming and a weakening of the AMOC may initi-
ate a decrease in northward oceanic heat transport, 
resulting in increased sea-surface temperatures in 
the Southern Ocean and a reduction in the area 
covered by sea ice422. Enhanced ice shelf melting 
can destabilize marine ice sheets by initiating rapid 
grounding line retreat and thinning which results in 
ice sheet mass loss and sea-level rise. Ice shelf melt 
rates are predominantly controlled by the tempera-
ture of Circumpolar Deep Water which circulates 
ice shelf cavities,79 but they are also sensitive to 
changes in surface air temperatures.80 Increases in 
the Southern Ocean heat reservoir, therefore, have 
the potential to contribute to the destabilization of 
the West Antarctic Ice Sheet. Additionally, AMOC 
resilience in turn may be impacted by additional 
freshwater input to the Southern Ocean caused by 
increased melting of the Antarctic Ice Sheet, further 

complicating the feedbacks between ocean circula-
tion and Antarctic ice sheet dynamics.81

 
Changes to the AMOC, and its consequent impacts 
on ice sheets, large biomes, monsoons and related 
systems may have long-term and dramatic conse-
quences for the people and societies that rely on 
them. The world’s monsoon regions are home to 
half of the world’s population, who rely vitally on 
the monsoon’s wet season to sustain agriculture 
and fisheries. Disturbances to monsoon regimes 
pose a severe threat not only to regional stability, 
but potentially to global food security. In parts of 
the Amazon, for example, these hydrological sys-
tems are already undergoing significant changes.82 
Model simulations further show that disruptions 
associated with an AMOC collapse could severely 
affect water availability and food security across 
multiple countries.83

These impacts and interactions illustrate how a 
tipping element – here exemplified by the AMOC 
– can act as both a trigger and amplifier within a 
network of tipping elements and associated compo-
nents of the climate system. Feedback loops raise 
the risk of cascading changes across the Earth sys-
tem. Freshwater and heat weaken the AMOC, which 
reshapes the climate in ways that promote further 
carbon release – driving more warming, which weak-
ens the AMOC further. Because many of these links 
are destabilizing, even gradual changes in one could 
significantly increase the likelihood of crossing mul-
tiple tipping points, underscoring the urgent need to 
better understand tipping points and dynamics in 
order to anticipate long-term climate risk.

Summary

The science of tipping points builds on our under-
standing of a deeply interconnected Earth system, 
demonstrating how changes in one component can 
reverberate across others in ways that are difficult 
to predict and potentially impossible to reverse. 
Breaching a Planetary Boundary does not guar-
antee that a tipping point will be triggered – but it 
increases the risk, and each additional boundary 
breached narrows the margin further. What emerges 
from this picture is not a set of isolated thresholds 
to be managed independently, but a coupled sys-
tem in which gradual pressure can give way to rapid, 
self-reinforcing change. Reducing that risk requires 
not only staying within Planetary Boundaries, but 
understanding the feedbacks and cascades that 
connect them – because the interactions between 
tipping elements mean that Earth system risks can-
not be assessed in isolation.

Reducing tipping 
risk requires not 
only staying within 
Planetary Boundar-
ies, but understan-
ding the feedbacks 
and cascades that 
connect them.
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Earth resilience describes the capacity of the Earth 
system to absorb disturbances while maintain-
ing stable, habitable conditions for human societ-
ies and the wider living world.10,84 A great example 
is that the Earth system has shown a remarkable 
capacity to redistribute CO2 from the atmosphere 
into the land and oceans. So far, about half of the 
emissions humans have added to the atmosphere 

since the industrial revolu-
tion have been absorbed by 
land and ocean carbon sinks, 
vastly reducing the warming 
that would otherwise have 
occurred.85,86 In other words, 
the climate change we see 
today would be significantly 
stronger without those carbon 
sinks. The CO2 buffering of the 
Earth system is described in the 
global carbon budget as a bal-
ance between anthropogenic 

CO2 sources, atmospheric growth, and uptake by 
land and ocean sinks (●  FIG. 12). But this buffering 
capacity is not guaranteed. It depends on the bal-
ance between processes that add carbon to these 
sinks, and processes that remove carbon from them. 
Today, the global land sink appears to be weaken-
ing, and it is important to better understand why.87,88

What makes land a carbon sink?

A useful way to understand the land sink is as a 
balance between gains and losses. In carbon bud-
get terms, land carbon uptake, excluding direct 
land-use change, has generally exceeded land-use 
change emissions, so the combined land balance 
has remained a net carbon sink globally.85 However, 
recent carbon-budget assessments indicate that 
land carbon uptake, excluding direct land-use 
change, has been relatively stagnant since around 
2000.85,89 This suggests that, while the land bio-
sphere is still buffering climate change, it does so 
less reliably than before.

On the gain side, several processes strengthen 
the land carbon sink by increasing carbon uptake 
and storage. This includes the fertilizing effect of 

higher CO2 levels on plants, forest regrowth in some 
regions, longer growing seasons in some climates, 
changes in land management, and carbon accumu-
lation in vegetation and soils.89–91 But none of these 
gains are unlimited. They depend on water availabil-
ity, nutrient supply, suitable temperatures, healthy 
soils, ecological recovery and connectivity, and time 
(see also Info Sheets on Climate Change, Biosphere 
Integrity, Land System Change, and Freshwater 
Change).92–96 Forests and soils also face basic bio-
mass limits: They cannot accumulate carbon indef-
initely because growth slows as forests mature, 
turnover continues, and additional carbon must be 
retained in long-lived pools.90,97,98

On the loss side, many factors weaken the land 
carbon sink by directly or indirectly increasing the 
amount of carbon released into the atmosphere. 
Climate change is one of the leading reasons: 
Warming can reduce plant productivity, increase 
ecosystem respiration, intensify drought stress, and 
amplify disturbances such as fire, disease outbreaks 
and mortality.87,88,94–96,99–103 In other words, the same 
land biosphere that has buffered climate change is 
increasingly being stressed by it.

Declining ecological integrity and functioning also 
play a considerable part in reducing the land car-
bon sink. The current land sink is carried dispropor-
tionately by the few remaining relatively intact and 
recovering ecosystems (SEE ● FIG. 13).85,90 Meanwhile, 
human societies appropriate a large share of global 
plant productivity for their own purposes, leaving 
less energy available for natural ecosystems. Today, 
roughly one quarter of potential terrestrial plant 
productivity is appropriated for human use.104,105 
Alongside and beyond this redistribution of energy, 
ecosystems are losing area, quality, and biodiver-
sity, as well as connectivity. Habitats are being con-
verted, fragmented, degraded, polluted, simplified, 
and disrupted by infrastructure, resource extraction, 
and other forms of interference.10,11,106–109

Hence, the continued existence of the global net 
land carbon sink should not be mistaken for a 
healthy and resilient biosphere. So far, carbon gains 
are still outweighing carbon losses in the global bal-
ance, but only by a limited margin. These gains can 

Authors: Boris Sakschewski and Jonathan F. Donges, Potsdam-Institute for Climate Impact Research
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mask ecosystem degradation and make the land 
system appear more stable than it really is. The cen-
tral concern is not only that the land carbon sink 
could weaken; it is that the living systems that make 
the sink possible are being undermined at the same 
time, gradually losing their ability to store additional 
carbon or hold the carbon they already store.

The complexity of the system shows that the land 
sink is not simply the sum of independent gains and 
losses. Many of the processes involved are inter-
connected through feedbacks, linking Climate 
Change, Change in Biosphere Integrity, Land 
System Change, Freshwater Change, and the 
Modification of Biogeochemical Flows (SEE ALSO 

CH. 2.2).10,11,107,110 Some feedbacks help stabilize the 
system, while others amplify ongoing change. Earth 
resilience therefore depends not only on the cur-
rent balance, but also on which feedbacks become 
stronger over time. As losses increase and carbon 
is released, these feedbacks become particularly 
important, because they can further reinforce the 
very processes that weaken the sink.

Historically, several land processes have acted as 
stabilizing, or negative, feedbacks. CO2 fertilization 
is the clearest example: Higher atmospheric CO2 can 
enhance photosynthesis and water-use efficiency, 
increasing carbon uptake and partially offsetting 
emissions.89,91 This has helped slow the rate of atmo-
spheric CO2 accumulation and warming. Yet stabiliz-
ing feedbacks have limits. In the case of CO2 fertiliza-
tion, nutrient constraints, water stress, heat stress, 
ecosystem degradation, and saturation effects can 
reduce its effectiveness.92–96,98,101,102,111 Importantly, a 
weakening negative feedback already means more 
warming than expected, even if it never fully disap-
pears: The land system does not need to become a 
net carbon source for resilience to decline.

There is also a hidden vulnerability in this buffering 
effect. Additional carbon stored through past CO2 fer-
tilization has increased biomass and soil carbon stocks 
in many regions. This can be viewed as a kind of eco-
logical credit: carbon that has been kept out of the 
atmosphere for now. But larger carbon stocks also 
create more carbon that can potentially be released 
later through drought, fire, pests, mortality, or land-
use disturbance. In that sense, successful buffering 
today can increase what is at risk tomorrow.97,98,101–103

Other feedbacks work in the opposite direc-
tion. Climate extremes provide a clear exam-
ple of change-amplifying, or positive, feedback. 
Heatwaves and droughts reduce productiv-
ity directly, but they also increase mortality risk, 
fire weather, pest outbreaks, and recovery times 

(SEE ALSO CH. 3.1).94–96,99–101,103 These impacts can 
release carbon to the atmosphere, contributing 
to further warming and increasing the likelihood 
of future extremes. Mortality and repeated distur-
bance reduce biomass and can shift ecosystems 
toward lower-carbon states with weaker recov-
ery potential.101,102 Such feedbacks are not neces-
sarily runaway processes. They may eventually be 
constrained by ecological limits or by the amount 
of carbon available to lose. Nevertheless, extreme 
events will become even more intense and fre-
quent under future climate change,86,112 and they can 
cumulatively worsen the situation and push Earth 
towards less habitable states.

Feedbacks are also the precondition for known or 
suspected tipping elements: critical, large-scale 
components of the Earth system characterized by 
threshold behavior (SEE ALSO CH. 3.2). The global land 
carbon sink as a whole may not show tipping behav-
ior, but it is certainly linked to tipping elements, 
including tropical forests, boreal forests, and per-
mafrost regions.49,113,114 Weakening land sinks can 
therefore increase the risk of crossing tipping points 
elsewhere, while tipping-like change can in turn fur-
ther reduce land carbon storage.49,115

In summary, the land carbon sink is integral to Earth 
resilience, but Earth resilience can erode long before 
the land sink disappears entirely. Gains can weaken, 
losses can increase, and stabilizing feedbacks can 
lose strength while change-amplifying feedbacks 
become more important. The result is not neces-
sarily a runaway collapse, but a gradual reduction 
in the Earth’s capacity to buffer human pressures. 
In such a world, atmospheric CO2 rises faster than 
expected, ecosystems recover more slowly, and the 
Earth system may settle into less resilient configu-
rations than current expectations assume.

Why our models are probably  
too optimistic

Current Earth system models have improved sub-
stantially and represent exceptional scientific 
achievements in our understanding of the Earth sys-
tem. However, they still simplify many of the pro-
cesses that determine land carbon resilience.116,117 
One important example is the representation of nat-
ural vegetation, because vegetation currently plays 
a major role in the global net land carbon sink.

Many models rely on a small number of average rep-
resentative plant types rather than locally adapted, 
demographically structured, species-rich communi-
ties.118 In practice, this often means simplified tree 



PBSCIENCE | PLANETARY HEALTH CHECK 2026 43

DIAGNOSING EARTH SPOTLIGHTSIMPACTS & RISKS INFO SHEETS SOLUTIONS & OUTLOOK TABLES & REFSHEALTH OF THE PLANET

morphology, forest structure, and “big leaves” oper-
ating on grid cells that can span tens to hundreds of 
kilometers.116–118 A whole biome may be represented 
by an average plant with broadly constant traits over 
space and time. These simplifications can still repro-
duce reasonable large-scale biome patterns, but they 
smooth away exactly the ecological frictions that 
matter for resilience: local adaptation, dispersal lim-
its, recruitment failure, age structure, pests, hydrau-
lic failure, cumulative damage, and mortality.99,103,116–120

This makes many modeled ecosystems behave like 
fertilized, teleporting, generalist biomass blobs. 
Modeled vegetation can creep into suitable cli-
mate space, respond smoothly to elevated CO2, 
and recover after disturbance more easily than 
real ecosystems. Real species depend on seed 
sources, establishment conditions, landscape con-
nectivity, soils, mutualists, and community reassem-
bly.96,99,101,103,118–120 Real forests also do not fail as one 
collective biomass. Trees die as individuals, through 
interacting water, carbon and defense failures, 
including xylem embolism and hydraulic failure, car-
bon starvation, impaired defense against insects and 

pathogens, heat stress, fire, and repeated drought. 
These mortality spirals are much harder to represent 
than gradual changes in average productivity.99,101,103

Such simplifications become especially problem-
atic under extreme events. Observations show that 
droughts and heatwaves can have strong and per-
sistent effects on productivity, mortality, and recov-
ery.94–96 Yet model evaluations repeatedly point to 
difficulties in reproducing the magnitude, duration 
and legacy effects of such events.116,117 Climate mod-
els can capture broad changes in many extremes, 
especially heat, but droughts, storms, and circula-
tion-driven compound events are harder to cap-
ture. If the physical event is underestimated, or if 
the modeled ecosystem response is too resilient, 
carbon losses and recovery times will be underes-
timated. The greatest risk arises when both biases 
occur together: underestimated extremes acting on 
overly resilient ecosystem models.86,112

Some missing processes might also make models 
underestimate resilience. Vegetation diversity, local 
adaptation, acclimation, selective survival, and suc-

  FIGURE 12: The global carbon budget and the fragile land sink. Panel A shows annual anthropogenic CO2 emissions and their partitioning between atmo-
spheric growth, ocean uptake and land uptake, based on the Global Carbon Budget 2025.85 Positive values indicate emissions from fossil fuels and land-
use change, while negative values show the fraction of emissions taken up by land and ocean sinks. Panel B translates this accounting into a simplified 
balance: Anthropogenic sources are partly offset by ocean uptake and land uptake excluding direct land-use change, with the remainder accumulating in 
the atmosphere; the budget imbalance is shown as a residual accounting term, not as a physical sink. Panel C zooms into the green land-sink term. This 
inset is conceptual and not to scale. It shows that land uptake excluding direct land-use change is not one process, but the residual of competing gains, 
limits, and losses. Gains such as CO2 fertilization, longer growing seasons, forest regrowth, improved management, and soil carbon storage strengthen 
uptake. At the same time, drought and heat stress, soil and permafrost carbon loss, biodiversity loss, habitat degradation, loss of connectivity, and hu-
man appropriation of plant productivity weaken sink capacity and recovery. The key message is that the land sink is still tilted toward uptake, but only 
slightly: The global carbon buffer depends on ecological processes that are increasingly under stress.
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cession can buffer ecosystems in some contexts.45 
But these processes are not free-floating safety 
mechanisms. They are slow, uneven, and con-
strained by dispersal, seed supply, soils, mutual-
ists, competition, disturbance history, and fragmen-
tation.96,101,103,109,118–120 Local adaptation is especially 
ambiguous: It can increase fitness under familiar 
conditions, but also make real populations vulner-
able when climates, soils, seasonal rhythms, and 
biotic interactions shift beyond past experience. 
If models currently reproduce broad biomass and 
productivity patterns without representing these 
details, this does not mean the details are unim-
portant. It may simply mean that today’s large pat-
terns can be approximated without the ecological 
machinery that will determine future sensitivity.

The conclusion is not that Earth system models 
are unreliable. They remain indispensable tools. 
The concern is more specific: Current models may 
overestimate the resilience of the land carbon sink 
because they represent ecosystems as more contin-
uous, more flexible and more recoverable than they 
are in reality. In that case, projections can be broadly 
useful and still too optimistic about how long the liv-
ing land system can keep buffering climate change.

Implications for Earth resilience

The limitations and potential over-optimism of cur-
rent land-carbon modeling matter, because many 
mitigation scenarios and remaining carbon budget 

estimates rely on land carbon sinks remaining func-
tional throughout the transition to net-zero emis-
sions.86,116 If this assumption proves too optimistic, the 
effective remaining carbon budget would be smaller 
than expected, warming during the transition could 
be higher, tipping risks would increase, and reliance 
on future carbon dioxide removal would grow despite 
uncertainties about feasibility, permanence, land 
competition, and biosphere integrity.49,86,102,115,121,122

Within the Planetary Boundaries framework, this 
highlights the tight coupling between Climate 
Change, Change in Biosphere Integrity, Land 
System Change, Freshwater Change, and 
Modification of Biogeochemical Flows (SEE ALSO CH. 

2.2).10,11 Human appropriation of net primary produc-
tion, land degradation, soil disturbance, biodiversity 
loss, and disrupted vegetation-water interactions 
directly undermine land carbon storage.104–108,110,123 
Healthy ecosystems store carbon while regulat-
ing soil moisture, evapotranspiration, cooling, and 
moisture recycling. Protecting and restoring them 
is therefore not only a matter of conservation, but 
part of maintaining Earth-system stability.122

In summary, Earth resilience cannot be assessed by 
climate forcing alone. It also emerges from the integ-
rity of living systems that regulate carbon, water, 
and energy flows. Maintaining a stable climate tra-
jectory requires safeguarding these systems and 
acknowledging the limits of current models in rep-
resenting their response to rapid and compound-
ing change.49,124

  FIGURE 13: Spatial patterns of forest carbon stocks and net forest carbon fluxes. The left-hand map shows ecosystem carbon stocks in vegetation and 
upper soil layers, highlighting regions where large carbon stores are concentrated and where degradation or disturbance could turn existing carbon 
assets into future liabilities. The right-hand map shows net forest carbon fluxes from Global Forest Watch / Harris et al.125 It represents the balance 
between forest carbon removals from growth and regrowth and forest carbon emissions from deforestation and stand-replacing disturbances. This is 
not a complete map of the global terrestrial land carbon sink: Full land carbon fluxes could look different when non-forest ecosystems, soils, peatlands, 
permafrost, lateral fluxes, and ecosystem respiration are included. Nevertheless, it gives a sharp and intuitive picture of where living forests are currently 
acting as carbon sinks or sources, illustrating that the forest component of the land sink is spatially uneven and linked to land use, ecosystem integrity, 
disturbance, and climate stress.

EARTH RESILIENCE: WHEN LAND STOPS BUFFERING CLIMATE CHANGE



PBSCIENCE | PLANETARY HEALTH CHECK 2026 45

DIAGNOSING EARTH SPOTLIGHTSIMPACTS & RISKS INFO SHEETS SOLUTIONS & OUTLOOK TABLES & REFSHEALTH OF THE PLANET

“I believe there is not a portion of the ground but 
what the trawl destroys. I have dragged 50 miles 
off Aberdeen. I have got fast there and brought up 
coral about 2.5ft in circumference, lumps of soft 
coral, and I am prepared to say that whatever is in 
the way of the trawler will not escape.” The state-
ment of a Scottish fisherman, which was part of an 
article entitled “Bottom trawling: how to empty the 
seas in just 150 years” (The Guardian, 10 February 
2014),126 dramatically illustrates how anthropogenic 
pressures can modify the seafloor to a degree that 
it threatens its integrity.1 Because when we disturb 
the seafloor, we do not just scrape mud. We damage 
habitats, alter nutrient cycling, and in some places 
may even weaken one of the ocean’s long-term car-
bon stores.

The hidden foundation of the ocean

The ocean covers two-thirds of Earth’s surface. 
Below the water, and thus veiled from our eyes, 
lies a world most people never see: the seafloor, 
on average nearly four kilometers down. The sea-
floor is difficult to access, and exploration requires 
seagoing expeditions and the use of highly spe-
cialized technologies. For decades, its remoteness 
has secured it from anthropogenic disturbance. 
Today, this protection is diminishing as techno-
logical advances bring the global seafloor within 
reach of humans.

At the same time, there is growing recognition 
that the seafloor is far from inert. It hosts vast and 
diverse ecosystems, maintains benthic food webs, 
and plays a central role in regulating how carbon 
and nutrients move through the ocean. Because of 
its sheer size, processes at the seafloor can scale 
up to global consequences. However, while many 
of the underlying processes have been identified, 
their exact interactions and thresholds are still being 
resolved. This makes it difficult to define clear lim-

its or control variables that define a Safe Operating 
Space for seafloor integrity.

Protecting this crucial and underexplored part of the 
Earth system is urgent. In many cases, once disturbed, 
seafloor systems may not recover on human times-
cales. At the same time, scientific understanding and 
governance frameworks are struggling to keep pace 
with the growing demand for marine resources.127

The stabilizing effect of the seafloor 
for the Earth system

The seafloor as habitat: Benthic ecosystems
The seafloor is not empty. In many places it is living 
architecture composed of biogenic reefs, sponge 
grounds, kelp, shell habitats, burrowing communi-
ties, and microbial systems. These benthic ecosys-
tems – communities of organisms living on or within 
the seabed – build food webs, recycle nutrients, and 
regulate how carbon is stored at the seafloor. Many 
benthic habitats are threatened by increasing human 
use of the seafloor. Today, bottom trawling phys-
ically disturbs around 1–2% of the global seafloor 
each year – an area about half the size of Europe. 
Although much of this disturbance repeatedly affects 
the same fishing grounds, it is concentrated on con-
tinental shelves, which cover only a small fraction 
of the global ocean but support much of its biologi-
cal productivity, fisheries, nutrient cycling, and long-
term carbon burial.128 In the future, mining for deep-
sea mineral resources could add substantial new 
areas of disturbance with more than 200 km2 per 
polymetallic nodule mining operation.129 The direct 
effects on the seafloor may be best understood by 
comparison to terrestrial deforestation: In places that 
are trawled frequently, structurally complex benthic 
landscapes that were once rich in biodiversity are 
turned into “marine deserts” of sand or mud.130

What is lost is not only biodiversity, but a whole eco-
logical machinery: Burrowing animals, microbes, and 
sediment chemistry together regulate how nitrogen, 
phosphorus, and carbon move between sediments 
and the overlying water. When these exchanges are 

Guest authors: Jacob Geersen, Leibniz Institute for Baltic Sea Research Warnemünde 
Nele Matz-Lück, Walther Schücking Institute for International Law at Kiel University 
Levke Caesar, Potsdam Institute for Climate Impact Research

1	� SEAFLOOR INTEGRITY means that the seabed retains the 
physical structure, ecological communities, and chemical func-
tioning needed to support the stability of the Earth system.

4.2 	� Seafloor Integrity:  
Why the Bottom of the Ocean Matters
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disrupted, the consequences can cascade to marine 
ecosystems and food webs.131 Many shelf and coastal 
seas have already experienced the loss of their 
“marine forest”, reducing habitat complexity, nursery 
areas for commercially important fish, biodiversity, 
sediment stabilization, and nutrient cycling, and leav-
ing these ecosystems less resilient to future distur-
bances. By contrast, the deep sea has until recently 
remained largely beyond direct human disturbance. 
Experimental studies show that even limited distur-
bances here can suppress ecosystem functioning for 
decades132 or even lead to their permanent loss.133

The seafloor as carbon store
 
Marine sediments form one of the largest active car-
bon reservoirs in the Earth system, with continental 
shelf sediments storing around 360 billion tonnes of 
organic carbon in their upper meter, accounting for 
75–90% of global marine carbon burial.134 Before the 
Anthropocene, these sediments were out of reach 
for humans and only subject to natural disturbance. 
In the modern ocean, however, some of these sedi-
ments are repeatedly suspended through anthropo-
genic stressors such as bottom trawling,130 marine 
mining,133 anchoring,135 and shipping.136 When sedi-
ments come into contact with oxygen-rich waters, 
the stored carbon can be broken down and released 
as CO2. Global modeling suggests that bottom trawl-
ing may release 160–400 million tonnes of carbon per 
year, with part of this potentially reaching the atmo-
sphere.137,138 While these estimates are still uncertain, 
they highlight an important point: Anthropogenic pro-
cesses that disturb seafloor sediments may weaken 
a natural carbon store that would otherwise keep 
carbon locked away for geologic times.

Together, these functions show why the seafloor 
matters far beyond the ocean bottom itself. It is hab-
itat, carbon store, and biogeochemical processor 
at the same time. When its integrity is lost, biodi-
versity declines, carbon storage may weaken, food 
webs are disrupted, and nutrient cycling shifts. In 
other words, damage to the seafloor may not always 
remain veiled as the seafloor itself, but propagate 
through the Earth system.

Ways to protect the global seafloor

Protecting seafloor integrity requires a precau-
tionary approach. Anthropogenic alteration of the 
seafloor may affect Earth system stability through 
impacts on carbon storage, nutrient cycling, marine 
food-web dynamics, and potentially atmospheric 
CO2 concentrations. Scientific understanding of 

these processes, however, remains limited, par-
ticularly in the deep ocean, and the magnitude and 
spatial extent of the impacts are not yet resolved. 
Nevertheless, the loss of these functions may per-
sist for decades to centuries, and in some cases 
recovery may not occur at all, underscoring the 
need for precautionary and carefully targeted man-
agement approaches.

Managing anthropogenic pressures – by limiting 
their spatial extent, frequency, or intensity – can help 
maintain the seafloor’s role in supporting Earth sys-
tem stability. A primary priority is to minimize phys-
ical disturbance in areas where the seafloor plays 
a particularly important role in Earth system func-
tioning. These include continen-
tal shelves and other low-en-
ergy depositional environments 
where organic carbon accumu-
lates and is stored over long 
timescales. Such regions are 
not only hotspots of biological 
productivity but also key sites 
for long-term carbon sequestra-
tion and nitrogen removal. At the same time, some 
seafloor areas should remain off-limits to destructive 
activities. In particular, ecosystems that are slow to 
recover, such as deep-sea habitats or fine-grained 
sediments rich in organic carbon, require strong pro-
tection. Applying the precautionary principle is espe-
cially important here, as scientific understanding of 
impacts and recovery remains limited.

Marine spatial planning offers an important tool to 
balance use and protection. However, effective plan-
ning must go beyond biodiversity alone and account 
for the seafloor’s role in Earth system processes, 
including carbon storage and nutrient cycling. This 
requires integrating scientific knowledge about sedi-
ment vulnerability, recovery rates, and biogeochem-
ical functioning into decision-making.

Finally, governance and monitoring need to keep 
pace with expanding human activities in the ocean. 
International agreements and conservation tar-
gets are beginning to address these challenges, 
but significant gaps remain – particularly in areas 
beyond national jurisdiction and in the deep sea. 
Strengthening protection, improving monitoring, and 
closing knowledge gaps are essential steps toward 
safeguarding seafloor integrity.

Governance of seafloor integrity

Legal governance of marine spaces depends upon 
the relevant maritime zone. The different zones are 

Protecting seafloor 
integrity requires  
a precautionary  
approach.
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established by the UN Convention on the Law of 
the Sea (UNCLOS) and are recognized by custom-
ary international law. They indicate who enjoys the 
competencies to enact and enforce laws for the use 
and protection of the marine environment, includ-
ing the seafloor.

The seafloor up to the outer boundary of the terri-
torial sea – a maximum of 12 nautical miles from a 
state’s coast – is part of the territory of that state, 
which enjoys full sovereignty over the waters, the 

seabed, and the subsoil. It can therefore enact and 
enforce national laws to protect the seafloor from 
damaging activities and pollution.

Beyond the territorial sea, the legal picture changes. 
In the Exclusive Economic Zone (EEZ) and, particu-
larly, concerning activities on the continental shelf, 
coastal States hold exclusive rights over seabed 
resources and are exclusively responsible for instal-
lations and structures, such as offshore wind parks. 
Yet, these zones do not form part of their territory. 

  FIGURE 14: Human pressures on the global seafloor and the water column. Six global maps illustrating the spatial extent of human activities and indus-
trial interests in the marine environment, from the coastal shelf to the abyssal plains. (A) Global bathymetry and pelagic depth zones, highlighting the 
principal vertical domains of the water column, together with major basins, mid-ocean ridges, and oceanic trenches.141 (B) Non-hydrocarbon marine 
infrastructure including submarine telecommunications cables (blue lines),142 major commercial ports (blue dots),143 offshore wind farms and their 
associated vessel activity (green density),144 together with major sea-crossing bridges and submerged tunnels.145 Offshore wind farms remain largely 
confined to the epipelagic shelf (typically <60 m for fixed foundations, extending to several hundred meters for floating systems). Combined with ship-
ping lanes and coastal engineering, this network of non-extractive built infrastructure spans the full water column from the shoreline to the deep ocean 
floor (0 to >6,000 m). (C) Bottom-contacting fishing effort: trawlers and dredges. Apparent fishing effort (hours) by industrial bottom trawlers and dred-
gers, 2020–2025, based on vessel tracks derived from Automatic Identification Systems (AIS).146 Bottom trawling currently impacts the seabed from 
the coastline to roughly 4,000 m depth, and the operating depth has been steadily increasing as continental shelves are depleted and gear is adapted 
for deeper grounds. The footprint highlights chronic seabed disturbance along continental shelves, slopes, and seamounts. (D) Global shipping densi-
ty. Cumulative density of commercial vessel traffic, revealing the principal trans-oceanic shipping corridors and choke points.146–148 Although vessels 
themselves operate at the surface (epipelagic), shipping lanes are sustained by a coastal-to-deep-sea infrastructure footprint (ports, dredged channels, 
anchorages, cables, and pipelines) extending from 0 to more than 6,000 m. (E) Polymetallic nodule fields and exploration contracts. Composite map of 
abyssal areas geologically favorable to manganese-nodule formation (beige areas);149 documented nodule occurrences enriched in iron (blue dots) and 
manganese (red dots);150 and polymetallic-nodule exploration contract areas issued by the International Seabed Authority in the high seas (black poly-
gons).151 Whereas seabed mining as a whole could potentially affect any depth from the shore to 6,000 m, commercial interest in polymetallic nodules is 
concentrated in the abyssopelagic zone, between approximately 4,000 and 6,000 m. (F) Offshore hydrocarbon system: extraction, transport, and export. 
End-to-end footprint of the marine hydrocarbon value chain, from wellhead to liquefaction terminal: offshore oil-and-gas platforms and their associated 
vessel activity (brown density, 2017–2021);144 submarine oil and gas pipelines (red lines);152 LNG export and import terminals (red dots) and the global 
density of LNG tanker traffic linking them.153 The hydrocarbon system reaches from coastal LNG terminals through the epipelagic, mesopelagic, and 
bathypelagic zones into the abyssopelagic, with platforms now operating at depths exceeding 3,000 m. 
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States enjoy only sovereign rights, not full sover-
eignty. Both the EEZ and the continental shelf mea-
sure up to 200 nautical miles. While the continen-
tal shelf can be extended in certain circumstances, 
the EEZ cannot. Where the EEZ and continental shelf 
coincide, the coastal State may regulate not only 
general environmental protection but also fishing 
practices that damage the seafloor, as well as the 
exploitation of non-living seabed resources.

Beyond zones of full or partial national jurisdiction, 
the deep seabed begins: “the Area”. UNCLOS desig-
nates the Area as the “common heritage” of human-
kind. States may not appropriate its mineral resources 
unilaterally. The International Seabed Authority (ISA), 
established by UNCLOS, holds the mandate to license 
seabed activities and to develop binding rules – the 
so-called Mining Code – governing conditions for 
access and liability. The ISA is only responsible for 
mineral resources and has no general mandate for 
seafloor protection and the regulation of bottom 
trawling. So far, consensus on commercial mining 
regulations has proved elusive, and the ISA has only 
issued exploration licenses. It has set aside areas of 
particular environmental interest for which no licenses 
are granted, although its mandate is restricted to min-
eral resources and does not extend to other poten-
tially damaging activities. Over 40 states have called 
for a moratorium on commercial seabed mining pend-
ing further environmental research.

The most recent addition to the legal framework 
is the Agreement on Marine Biological Diversity 
of Areas Beyond National Jurisdiction (BBNJ), or 
the High Seas Treaty, which entered into force in 
January 2026. It aims to protect marine biodiversity 
beyond national jurisdiction, including the deep sea-
bed, among other things by enabling the creation of 
marine protected areas and strengthening environ-
mental impact assessment requirements. Its prac-
tical effectiveness, however, depends on political 
will and concrete implementation. For the deep sea-
bed, close cooperation with the ISA will be required.

The main governance challenges are structural. 
Fragmentation between additional legal regimes 
– covering fisheries, shipping, seabed mining, and 
biodiversity in separate silos – makes integrated 
governance of cumulative impacts on the sea-
floor especially difficult. Monitoring and enforce-
ment capacity is also highly uneven across States. 
The recent US executive order claiming the right 
to issue unilateral deep seabed mining licenses 
under a 1980 domestic statute – bypassing the 
ISA entirely – illustrates a broader risk: If unilateral 
licensing spreads, the “common heritage” princi-
ple and the institutional architecture built around 

it could be fundamentally undermined at the very 
moment when agreed international standards are 
most urgently needed.

The formal legal role of non-State actors remains lim-
ited, since international law binds States rather than 
individuals or companies directly. Nevertheless, civil 
society advocacy, scientific advice, and corporate 
due diligence can exert real influence. Ultimately, 
however, effective protection of the seafloor beyond 
national jurisdiction remains predominantly a ques-
tion of multilateral governance and political com-
mitment. Protecting seafloor integrity will therefore 
require stronger international cooperation, includ-
ing effectively managed marine protected areas, 
safeguards against destructive activities in vulnera-
ble habitats, cumulative-impact assessments, and a 
precautionary approach to emerging industries such 
as deep-sea mining.

Case study

Loss of seafloor integrity  
in the Baltic Sea

The Baltic Sea has a long history of anthro-
pogenic disturbance, which began earlier 
than in most other oceans and marginal 
seas.139 Today, the health state of the Baltic 
Sea is disastrous. Considering morphology, 
biogeochemistry, and the benthic ecosys-
tem, there is not a single square meter of 
Baltic seafloor that is not anthropogeni-
cally altered. Decades of bottom trawling, 
eutrophication and oxygen depletion have 
transformed large parts of the Baltic sea-
floor, reducing habitat quality, biodiversity 
and benthic ecosystem functioning. These 
changes reinforce one another, making 
recovery increasingly difficult even if indi-
vidual pressures are reduced.139,140 Studying 
the loss of seafloor integrity in the Baltic Sea, 
and its link to declining ecosystem health, 
can provide insight into how environmen-
tal conditions and marine ecosystems may 
change more broadly in the Anthropocene, 
as increasing technological access brings 
larger parts of the global seafloor within 
reach of human activities.

SEAFLOOR INTEGRITY: WHY THE BOTTOM OF THE OCEAN MATTERS
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  FIGURE 15: In bottom-contact fishing, weighted nets are dragged across the seafloor at speed, destroying bottom-dwelling life indiscriminately 
and swirling up great amounts of sediment. Top: Photographed from inside a trawl net, which is churning up the sediments as it is being dragged 
across the seafloor. Middle left: Intact seabed off the island of Arran, Scotland, with juvenile cod swimming over a healthy seagrass meadow. Midd-
le right: The same area, recently devastated by scallop dredge fishing. Bottom: Aerial view of churned up sediments from bottom-contact fishing. 
Top and bottom images as featured in Ocean with David Attenborough; credit: Open Planet Studios, Silverback Films, and the Open Planet library. Middle 
images, credit: Howard Wood/COAST. 
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NOVEL ENTITIES: KNOWN IMPACTS AND UNKNOWN PLANETARY THREATS

Can’t live without them, but some 
can’t live because of them

Novel Entities present a paradox – many are essen-
tial and irrevocably embedded in modern society. 
And yet many are also causing short- to long-
term, irreversible impacts, including serious harm 
to ecosystems that provide critical Earth system 
functions.

Novel Entities comprise a very large and diverse 
basket of “new”, human-synthesized chemicals and 
materials such as pesticides, plasticizers, per- and 
polyfluoroalkyl substances (PFASs) and plastics that 
have become enmeshed in daily use, especially since 
the 1950s. Depending on the definition, they also 
include naturally occurring metals and other elements 
whose natural cycling and chemistry humans have 
altered,154,155 as well as genetically modified organ-
isms. In this article, we will focus on human-synthe-
sized or -mobilized chemicals and materials.

To date, hundreds of thousands of chemicals have 
been registered for use globally, with new ones 
continuously entering the market. Materials, such 
as plastics, are diverse and complex as well. The 
rapid rise in the number and diversity of Novel 
Entities contributes to the “great acceleration” that 
is modifying the planet.8 There is no place on Earth 
untouched by Novel Entities, from the bottom of the 
sea to orbiting “space junk”.

Too little is known about the vast majority of Novel 
Entities, even including their identity, let alone their 
safety. Nevertheless, growing evidence shows that 
many Novel Entities seriously impact the Earth’s bio-
physical processes at local to planetary scales, with 
concerns mounting over the extent and irrevers-
ibility of those impacts. ● FIG. 16 summarizes some 
of the better-known impacts on ecosystems and 
human populations. It also highlights the consider-
able unknowns and uncertainties along the path-
way from the production of Novel Entities to their 
presence in the environment, associated exposures, 

and resulting impacts. Below, we highlight key les-
sons learned from those impacts to ecosystems and 
present some solutions for consideration.

Novel Entities are eroding ecosys-
tem health and resilience

Novel Entities cause impacts along their life cycle, 
from resource extraction and manufacturing to 
their use, and finally their disposal. Those impacts 
come from physical, chemical, and biological dis-
ruptions, which may interact with other boundaries 
– notably Climate Change, Stratospheric Ozone 
Depletion, Atmospheric Aerosol Loading, Change 
in Biosphere Integrity, Land System Change, and 
Modification of Biogeochemical Flows. For exam-
ple, Novel Entities include fluorinated gas refrig-
erants that play a key role in accelerating Climate 
Change, and in some cases also contribute to 
Stratospheric Ozone Depletion.

Furthermore, evidence is clear and compelling 
that pollution from many Novel Entities is toxic 
to the biosphere, disrupting ecosystem function-
ing, and reducing the resilience of ecosystems 
to respond to other assaults from, for example, 
Climate Change and Ocean 
Acidification. Chemical pollu-
tion has been named as one of 
the five major drivers of global 
biodiversity loss156 by the 
Intergovernmental Science-
Policy Platform on Biodiversity 
and Ecosystem Services 
(IPBES). Nearly 14% of the 
84,000 animal species on the 
“Red List” of threatened spe-
cies kept by the International 
Union for Conservation of Nature (IUCN) have 
been considered to be affected by pollution.157 
Human populations are also widely exposed to 
Novel Entities, with mounting evidence of wide-
spread harm.

Guest authors: Miriam L. Diamond, Department of Earth Sciences &  
School of the Environment, University of Toronto 
Anna Shalin, Department of Earth Sciences, University of Toronto 
Zhanyun Wang, Department of Green Technology &  
Danish Institute for Advanced Study, University of Southern Denmark

There is no place 
on Earth untouched 
by Novel Entities, 
from the bottom of 
the sea to orbiting 
“space junk”.

4.3 	� Novel Entities: Known Impacts and  
Unknown Planetary Threats
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Some of the impacts to ecosystems lead to extreme 
disruption. For example, over 45,000 sites worldwide 
are disturbed by mining activities, with thousands 
more disturbed by oil and gas extraction, and waste 

dumping and burning. In mining 
and oil extraction, these disrup-
tions often arise from bringing 
toxic substances to the Earth’s 
surface and from the use of haz-
ardous chemicals and materials 
in the extraction process, along-
side physical disturbance of the 
land. These activities contami-
nate surrounding air, soils, and 
water, poisoning nearby eco-
systems and rendering them 
unusable for agriculture and 
human habitation.

Additionally, there is a long 
list of Novel Entities that 
are slowly eroding ecosys-

tem integrity and resilience. For example, the 
widespread use of agricultural pesticides has 
been linked to declining populations of pollina-
tors, other “non-target” insects, amphibians, and 
aquatic biota, with cascading effects on insec-
tivorous birds.158–161 Polychlorinated biphenyls 
(PCBs), chemicals that were widely used in elec-
trical transformers and capacitors between the 
1940s and 1980s, are now contributing to the slow 
demise of Orca populations.162

Due to the complexity of ecosystem processes, 
some impacts take decades to become evident. 
For example, despite early observation of acid rain 
in the mid 1800s, it took nearly a century for sci-
entists to identify and understand its connection 
to industrial emissions from mining, mineral pro-
cessing, and fossil fuel combustion. By then, acid 
rain had caused large-scale declines and even col-
lapse of some freshwater fish communities, par-
ticularly in Northern regions where clear waters 
lack buffering capacity. Fortunately, many of these 
declines have now been reversed by concerted 
efforts to control those industrial emissions. But 
acid rain from past and continuing emissions is still 
reducing the growth and resilience of some forests, 
including reduced carbon sequestration, as acids 
have depleted nutrients in soils. These changes are 
taking decades to reverse.163

Plastics raise a new set of concerns. Every year, 
between 19 and 23 million tonnes of plastic waste 
enter streams, lakes, and oceans.164 No place on 
Earth remains untouched by plastic pollution, and 

this pollution will persist because of the extraordi-
nary longevity of plastics.165 Most plastics fragment 
over time, but take hundreds to thousands of years 
to mineralize into CO2. Large plastic debris threat-
ens marine birds, turtles, and mammals with entan-
glement. Small plastic debris can accumulate in the 
stomachs of some marine birds, impairing feeding, 
which can lead to starvation. Very small particles, 
known as micro- and nanoplastics, are now in virtu-
ally every organism, including humans. The impacts 
of micro- and nanoplastics remain insufficiently 
understood – but this uncertainty is itself a serious 
concern, given their growing presence and potential 
risks to ecosystems and human health. This is partly 
due to the release of many plastic additives and 
other chemicals therein, only some of which have 
been well-researched in terms of toxicity. Initial evi-
dence also suggests that plastic debris might inter-
fere with the Earth’s natural carbon cycling and the 
biological carbon “pump”,166 which moves carbon 
from the surface ocean to deep waters and ulti-
mately to the seafloor. This potential impact is under 
further investigation.

Taken together, ubiquitous pollution from Novel 
Entities, including plastics, is challenging the func-
tioning of global ecosystems that are already 
severely impacted by Change in Biosphere 
Integrity, Climate Change, and Land System 
Change, pushing them toward or beyond the 
Planetary Boundary. Importantly, the illustrative 
examples discussed above represent only the tip 
of the iceberg. Many other known impacts exist, and 
still more are likely to arise in the future since most 
Novel Entities and their effects remain poorly under-
stood. Furthermore, these examples do not account 
for the interactions among different Novel Entities. 
The overall impacts of Novel Entities are therefore 
very likely more extensive and severe than observa-
tions of better-known ones currently suggest.

Challenges in reversing the global 
impacts of Novel Entities

The danger of many Novel Entities lies in their stay-
ing power. Some resist degradation to a remarkable 
degree, while others only partially degrade, forming 
additional chemicals and materials that can persist 
for decades. Once released, they can spread across 
the globe, accumulating in the environment as pro-
duction and use continue to increase.

Among chemicals infamous for their persistence, 
global distribution and toxic effects are persistent 
organic pollutants (POPs). PCBs, among the most 

Polychlorinated 
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widely used in elec-
trical transformers 
and capacitors bet-
ween the 1940s 
and 1980s, are now 
contributing to the 
slow demise of  
Orca populations.
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prominent examples of POPs, illustrate how long 
these impacts can endure: Although most produc-
tion stopped by the 1980s, they remain at high levels 
in the environment today and continue to contrib-
ute to the decline of long-lived whale populations. 
Soils to which DDT was applied decades ago can still 
retain high concentrations, which move through the 
food web to harm bird populations.167 Many PFASs 
contaminate surface and groundwater worldwide, 
with this pollution expected to last for centuries to 
millennia, risking very long-term harm to exposed 
ecosystems and human populations.

Toxic metals are inherently persistent and can pose 
risks. For example, just in Europe, a million wildfowl 
are estimated to die annually from lead exposure 
leaching from spent ammunition, with over three mil-
lion more experiencing sub-lethal effects.168 Mercury 
provides another example: Human activities have 
tripled atmospheric mercury levels since 1850, 
increasing long-term exposures to global wildlife 
and causing effects such as lower reproductive suc-
cess169 and behavioral changes in some populations.

Even natural materials, subject to chemical alter-
ation by humans, can persist in the environment and 
pose a long-term source of exposure and potential 
risk to ecosystems. Human-modified indigo denim 
fibers from blue jeans are found in the sediment of 
Arctic waters, thousands of kilometers from their 
point of release,170 where they can enter the aquatic 
food chain and could cause harmful effects,171 partly 
due to the chemicals they carry.

Poorly reversible impacts can also come from the 
evolutionary pressure that chemicals can exert on 
ecosystems. Biocides and antimicrobials, such as 
antibiotics used in humans and farm animals, are 
increasing the abundance of antimicrobial resis-
tant genes in surface water ecosystems receiving 
treated and untreated wastewater. Globally, anti-
biotic concentrations exceed safe thresholds in an 
estimated 6 million kilometers (at low flow) of rivers 
from human antibiotic consumption alone.172

Even the more short-lived Novel Entities provide 
significant challenges. Economic, political, social 
and technological factors may be very resistant to 
change, and “lock-in” continued production, release, 
and destructive impacts.173,174

Overall, society’s ability to reverse the global 
impacts of Novel Entities is limited. Many persist 
in the environment, cause damage that outlasts 
their release, or are sustained by social and indus-
trial systems that are hard to unwind. These condi-
tions demand early and decisive action to reduce 

impacts, even while major knowledge gaps remain 
about the full range of Novel Entities and their 
impacts on the Earth system.

Society can reduce harms from 
Novel Entities

The Planetary Boundaries are intended to be guard-
rails that ensure Earth system processes remain in 
a Holocene-like, civilization-friendly state. Evidence 
continues to mount that global pollution by Novel 
Entities is approaching or exceeding these guard-
rails.175,176 But it is not inevita-
ble that societies continue to 
poison themselves and their 
environment. After over a cen-
tury of inventing, producing, 
using, and disposing of chem-
icals and materials through a 
largely technology-centered 
approach, societies must fun-
damentally rethink their rela-
tionship with Novel Entities. This broader rethinking 
can begin with specific applications, asking where 
hazardous chemicals and materials are truly nec-
essary and where they can be avoided or replaced.

Pulling back from current unsustainable prac-
tices to safer conditions will require ambitious 
changes. Fortunately, some solutions are available 
today. Actions can start with reversing the trend 
of ever-increasing rates of Novel Entity produc-
tion, which currently exceed the rate of population 
growth. For example, the production of basic pet-
rochemicals, from which many industrial chemicals 
and plastics are derived, dou-
bled between 1990 and 2010. 
Continuing business as usual, 
production of these basic pet-
rochemicals could more than 
triple by 2030 compared with 
2010.177 However, global pro-
duction has recently stagnated 
because of structural over-
capacity,178 highlighting the 
potential to reduce produc-
tion to better align with actual 
demand. Part of the demand 
can be further reduced by 
addressing overconsumption in high-income 
countries. For example, the material footprint of 
high-income countries is six times higher than that 
of low-income countries. Notably,179 this overcon-
sumption among high-income countries comes with 
disproportionate environmental impacts in low-
er-income countries.180,181

Overall, society’s 
ability to reverse 
the global impacts 
of Novel Entities is 
limited.

Pulling back from 
current unsustai-
nable practices to 
safer conditions will 
require ambitious 
changes. Fortuna-
tely, some solutions 
are available today. 

NOVEL ENTITIES: KNOWN IMPACTS AND UNKNOWN PLANETARY THREATS
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Next, the rate of Novel Entities proliferation needs 
to be tamed. Currently, more than 350,000 individ-
ual chemicals and mixtures have been registered for 
large-scale production and use in different parts of 
the world,182 with new chemicals and materials con-
tinually introduced to the market. This proliferation 
could be addressed through simplification, i.e., using 
fewer and less diverse Novel Entities to achieve the 
same functions. One potential pathway is to advance 
the development of Novel Entities that are Safe and 
Sustainable by Design (SSbD),183 coupled with effec-
tive mechanisms to phase out other chemicals and 
materials used for the same applications, particularly 
those that are known to be problematic.

Determining which Novel Entities may continue to 
be used, and for which applications, will be chal-
lenging. However, we take inspiration by seeing 
the progress with POPs listed under the Stockholm 
Convention – through dedicated restriction/elimina-
tion efforts, levels of these chemicals are declining 
worldwide.184 This approach needs to be taken fur-
ther to reduce, or better yet, eliminate the non-es-

sential use of other hazardous Novel Entities. The 
concept of “essential use” was first introduced in the 
1970s during discussions about restricting the use 
of ozone-depleting substances. It was then incor-
porated into the Montreal Protocol that has effec-
tively reduced the production of ozone-depleting 
substances. Recently, the essential use concept has 
been introduced to guide the phase-out of PFASs,185 
and could be applied to other hazardous chemicals 
and materials.

In closing, the evidence is staring humanity in the 
face – many Novel Entities are causing significant 
harm to the Earth’s biophysical processes, includ-
ing ecosystems, and hence are threatening plane-
tary health. The situation is worsening and demands 
urgent action. More evidence can strengthen societ-
ies’ understanding of the matter, but it should not be 
used to delay actions. Rather, greater ambition and 
decisive measures are needed now to curb these 
threats and to pull humanity back from breaching 
this Planetary Boundary. In this context, less can 
indeed be more.

  FIGURE 16: Novel Entities pose significant threats to the functioning of the planet, as well as for human well-being. Much is already known about wide-
spread contamination with various substances, and observations of additional destructive impacts are emerging. However, some of the greatest risks 
lie in the “unknowns”: impacts of pollution that we are not yet aware of, but which may already be causing grave harm, or may do so in the future. By the 
time these effects become widely recognized and understood, it may be too late to reverse them.158,160,161,172,182,186–193
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Impacts

~350,000 chemicals and 
mixtures registered globally 182

~20,000 chemicals measured 
in the environment, but top 
2.5% account for more than 
half of studies186

Pesticides and active 
pharmaceutical ingredients, 
including antibiotics, 
frequently exceed safe 
thresholds in rivers
worldwide 187,188,172

Billions of people exposed to 
“unsafeˮ levels of pesticides 
and toxic metals 189,190

Major declines in pollinators, 
other insects, amphibians and 
insectivorous birds linked to 
pesticides 158,160,161

Signals of widespread 
impacts from fetal to later life 
exposures, such as 
neurological disorders, 
cancers and other 
non-communicable
diseases 191,192

1/3 of chemical  and mixture 
structures not known or 
publicly available 182

~95% of chemicals and 
mixtures registered for use 
globally not measured186

Exposures not known for 
most chemicals, especially in 
low-income countries

No on-going global 
monitoring of toxic pressure 
on biota

No global burden of disease 
evidence for Novel Entities, 
except for a few well-studied 
cases 193
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5.1 	� Climate 
Change

Climate Change is disrupting the Earth’s climate system in ways that threaten the founda-
tions of human well being. By burning fossil fuels, clearing forests, and altering the land, 
humanity is releasing large amounts of greenhouse gases that trap extra heat in the atmo-
sphere. This is pushing the planet beyond its natural limits. As a result, global temperatures 
are increasing, ice sheets are melting, and weather patterns are becoming more extreme. 
Sea levels are rising, and ecosystems are under stress.

These changes increase the risk of crossing dangerous tipping points – irreversible shifts 
in Earth’s systems that could lock in long-term damage. Communities around the world are 
already experiencing more heatwaves, droughts, floods, and storms. Without urgent action, 
continued climate disruption risks triggering irreversible changes in Earth’s systems, under-
mining ecosystems, human health, and societal stability for generations to come.

Definition

Climate Change refers to long-term shifts in tem-
perature and weather patterns. The Planetary 
Boundary for Climate Change is defined to avoid 
transgressing levels of climate-system change 
beyond which the risks of triggering irreversible 
changes, such as large-scale melting of polar ice 
sheets, increase significantly. A necessary condition 
for the overall stability of the climate system is to 
limit the accumulation of heat within the Earth sys-
tem. This accumulation results from persistent per-
turbations to Earth’s energy balance, i.e., the bal-
ance between incoming solar radiation and outgoing 
energy. Today, human activities are the dominant 
cause of these perturbations, most notably through 
the emission of greenhouse gases, such as CO2, 
which reduce the loss of heat to space and thereby 
destabilize the climate system.

2026 Status

The atmospheric concentration of CO2 (426 ppm) 
and the total anthropogenic radiative forcing at 
the top of the atmosphere (+ 3.10 W/m²) have long 
exceeded their safe levels (350 ppm and 1 W/ m², 
respectively). This transgression is dangerously 
increasing global temperatures, intensifying climate 
impacts, and increasing the likelihood of crossing 
critical tipping points in Earth’s climate system.
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CLIMATE CHANGE

DEFINITION	

UNIT		

HISTORICAL	

RANGE

PLANETARY 

BOUNDARY 

(PB)

CONTROL VARIABLE

Atmospheric CO2 Concentration (CO2)

Atmospheric CO2 is a primary greenhouse gas emitted by human activities such 
as fossil fuel combustion, deforestation, and cement production. It is a key driver 
of Climate Change.11 CO2 is relatively straightforward to monitor through atmo-
spheric measurements, satellite observations, and carbon budget assessments.

Parts per million (ppm)

Over the course of Earth’s history, CO2 levels have naturally fluctuated between 
about 180–200 ppm during ice ages and around 280 ppm during the pre-in-
dustrial Holocene period.194

Scientists have proposed a PB for CO2 at 350 ppm, based on paleoclimate evi-
dence and climate modeling. This threshold represents a point beyond which 
the risks of triggering irreversible changes, such as large-scale melting of polar 
ice sheets, increase significantly.71,195–197 It also aligns with the internationally 
recognized goal of limiting global warming to 1.5°C above pre-industrial lev-
els, as agreed upon in the Paris Climate Agreement.10

  FIGURE 17: Atmospheric CO2 concentration far exceeds the safe level. This figure illustrates the steady increase in the 
atmospheric CO2 concentration, as one of the Climate Change boundary’s control variables. The blue line represents 
annual mean values from 1959 to 2025 at the Mauna Loa Observatory in Hawaii, operated by the National Oceanic and 
Atmospheric Administration (NOAA).198 The dark violet line shows globally averaged CO2 concentrations from mul-
tiple international monitoring sites,198 including Mauna Loa. The green and red lines indicate the baseline (safe) value 
(280 ppm) and the Planetary Boundary threshold (350 ppm) for this control variable, respectively.

KEY TAKEAWAY: CO2 continues to rise and remains the dominant driver of climate change, with current levels approxi-
mately 50% above pre-industrial concentrations.
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DEFINITION	

UNIT		

HISTORICAL	

RANGE

PLANETARY 

BOUNDARY 

(PB)

The net radiative forcing sums up all the ways human activities impact the 
global climate. This includes emissions of greenhouse gases such as carbon 
dioxide (CO2), methane (CH4), and nitrous oxide (N2O), as well as aerosols and 
land-use changes. Radiative forcing is a key measure of how much additional 
heat energy is added to the Earth system. It integrates the effects of all human 
activities that influence the planet’s energy balance and therefore represents 
the overall strength of human-induced climate change.11 While changes in TOA 
fluxes can be measured via satellites, estimating the human-caused compo-
nent depends on climate models. This makes it a powerful, system-level signal, 
but also more abstract and less directly observable than CO2 or temperature.

Watts per square meter (W/m²)

During the pre-industrial Holocene, the radiative forcing remained relatively sta-
ble with small fluctuations due to land cover changes and volcanic activity,199,200 
indicating a stable energy balance under which human civilizations developed. 
Significant positive forcing began with the Industrial Revolution, as greenhouse 
gas concentrations rose due to fossil fuel combustion and land conversion.201

Scientists have proposed a PB for total anthropogenic radiative forcing at +1.0 
W/m², relative to pre-industrial levels. This threshold is based on the climate 
system’s sensitivity to greenhouse gas forcing, observed responses of polar ice 
sheets to warming, and growing evidence of climate instability at forcing levels 
above +1.5 W/m².9 Exceeding this boundary increases the risk of irreversible 
climate impacts and triggering long-term destabilizing system feedback loops.

CONTROL VARIABLE

Total Anthropogenic Radiative Forcing at the 
Top of the Atmosphere (TOA)

  FIGURE 18: Disturbance of our planet’s energy balance. This figure shows the global average of human-induced radia-
tive forcing at the top of the atmosphere from 1750 to 2025.21,202 The values were calculated using observational data 
and established climate models, based on methods from the IPCC. The green line marks the safe baseline (0.0 W/m²), 
and the red line indicates the Planetary Boundary (+1.0 W/m²).

KEY TAKEAWAY: Human activities have significantly increased net radiative forcing to three times the safe limit, exerting 
a persistent warming influence on the Earth system and pushing well beyond the safe threshold.
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Key Drivers

Climate Change is caused by a mix of natural 
and human influences, but human activity is by 
far the dominant cause of recent warming.203 The 
most important human drivers are those that dis-
turb Earth’s radiative balance, i.e. the difference 
between incoming energy from the sun and outgo-
ing energy from Earth. A key driver is the release of 
greenhouse gases, which trap heat within the Earth 
system. The main gases are carbon dioxide (CO2), 
released by burning fossil fuels like coal, oil, and gas 
(SEE ● FIG. 17); methane (CH4), connected to agricul-
tural activities, fossil fuel extraction, and landfills; 
and nitrous oxide (N2O), mostly from fertilizer use 
(SEE ●  FIG. 21).204,205 These gases stay in the atmo-
sphere for years or even centuries, steadily warming 
the planet.206 Water vapor is also a powerful green-
house gas, although it mostly increases via a feed-
back process when the planet gets warmer, primar-
ily due to the increase in CO2.

207

Other human activities affect the climate too. Aerosols 
– tiny particles from burning fuels or biomass – can 
cool or warm the atmosphere depending on their type 
and location.208 Land-use changes, such as defor-
estation and urban development, reduce the plan-
et’s ability to absorb CO2 and change how sunlight is 
reflected or absorbed by the surface.209

These changes are closely linked to major sectors 
of the economy. Energy production, transportation, 
and agriculture are among the largest sources of 
greenhouse gases.209 Decisions that societies make 
in areas such as electricity production, food pro-
duction, and transportation therefore have a major 
impact on the climate.

Impacts

As more heat is trapped in the Earth system, tem-
peratures rise in the atmosphere, oceans, and on 
land (SEE ●  FIG. 20). This leads to more extreme 
weather, including heatwaves, floods, droughts, and 
heavy rainfall.211 Human-driven climate change now 
far exceeds natural variability.212

Ecosystems are under growing pressure. In the 
oceans, warming and acidification disrupt food webs 
and force species to migrate.213 On land, ecosys-
tems are degrading, and species are struggling to 
adapt.214 Agriculture and food security are increas-
ingly vulnerable. Shifting rainfall patterns and rising 
temperatures affect crop yields and water avail-
ability, threatening livelihoods and regional stabil-
ity.215,216 Melting land ice and rising sea levels put 

coastal areas and island nations at risk. As ice and 
snow reflect more sunlight than the surface beneath 
them, further warming is accelerated, bringing us 
closer to potential tipping points.212

Climate Change also impacts human health, increas-
ing exposure to heat stress, air pollution, and dis-
ease.217 Social systems, from infrastructure to econ-
omies, face mounting pressure from more frequent 
and intense climate shocks.

Because Climate Change strongly influences all 
other Planetary Boundaries,39 breaching this thresh-
old puts the entire Earth system at risk. Staying 
beyond the safe zone increases the chance of irre-
versible changes that could affect life on Earth for 
generations to come.

Current and Future Research

CO2 concentration and net radiative forcing provide 
a robust picture of how humanity is disturbing the 
global climate system. At the same time, other vari-
ables may be better suited to tracking regional cli-
mate risks, specific drivers, or early-warning signs of 
impacts. For example, recent research highlights the 
critical role of non-CO2 greenhouse gases, especially 
methane (CH4) and nitrous oxide (N2O). Although 
they occur in lower concentrations than CO2, they 
have much stronger warming potentials per mole-
cule: CH4 is  28 times more potent over a 100-year 
period, and N2O is  265 times more potent.223 CH4 
is mainly emitted from agriculture, fossil fuel opera-
tions, and land use, and has an atmospheric lifetime 
of about a decade. N2O is longer-lived and linked to 
nitrogen fertilizers and industrial processes. These 
differences in potency, source, and lifetime are 
reflected in recent estimates of gas-specific tem-
perature contributions (SEE ● FIG. 21).

This growing recognition supports the case for com-
plementary control variables, such as global mean 
surface temperatures,55 which are widely used in 
policy contexts and underpin the Paris Agreement’s 
1.5°C and 2°C targets. Yet temperature is a lag-
ging indicator, responding to past emissions with a 
delay. This delayed response – sometimes referred 
to as committed warming – can be a limitation when 
early detection of changes in the climate system is 
needed. Such a leading indicator of future warming 
is the Earth energy imbalance at the top of the atmo-
sphere (SEE ● FIG. 22). The Earth’s energy imbalance 
measures the energy difference between incoming 
and outgoing radiation. It indicates how far the Earth 
is out of equilibrium and consequently, the magni-
tude of additional warming that is already committed.

CLIMATE CHANGE
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  FIGURE 19: Where climate change begins – Global patterns of fossil CO2 emissions. The map shows fossil CO2 emissions intensity in 2025, expressed 
as tonnes of CO2 per square kilometer per year on a 0.1° × 0.1° grid. This data from Climate TRACE combines satellite observations with AI models to 
measure emissions from thousands of individual facilities worldwide.210 Emissions are most intense in areas with dense industrial activity, urbanization, 
and fossil fuel use.

KEY TAKEAWAY: Fossil CO2 emissions are highly uneven across the globe – concentrated in heavily populated areas, with further hotspots such as indus-
trial operations, resource extraction, and shipping.

10⁻⁶ 10⁻⁴ 10⁻² 10⁰ 10² 10⁴ 10⁶

CO₂ emissions [t/km²/yr]

  FIGURE 20: How Earth’s temperature has changed since the late 19th century. This map shows how the Earth’s surface temperature218 changed in 2024 
compared to the average from 1880 to 1899, before modern climate change began. Red areas are warmer, while blue areas are cooler.

KEY TAKEAWAY: The map reveals a clear global warming trend, with almost every region showing increased temperatures. Land areas have warmed faster 
than oceans, and the Arctic is heating up more than twice as fast as the global average – a well-known effect called Arctic amplification.
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Other candidates include ocean heat content, 
which integrates the vast majority of excess energy 
trapped in the climate system. While scientifically 
robust, it is harder to measure comprehensively 
and lacks the intuitive clarity of temperature or CO2. 
There’s a trade-off between how useful a climate 
measure is for policy and how fully it reflects the 
physical reality when comparing different control 
variables. None of these alternatives fully replace 
the current control variables, but they offer com-
plementary insights. Some may be more useful for 
communicating risk, guiding policy, or monitoring 
specific sectors or regions.

At the regional scale, there is growing interest 
in early-warning indicators that could flag loss 
of resilience in critical parts of the Earth system 
– the Greenland and West Antarctic ice sheets, 
the Amazon rainforest, or the Atlantic Meridional 
Overturning Circulation (AMOC), for instance.71

These regions may approach tipping points before 
global averages shift significantly. Although 
region-specific variables are not suited to defining 
the global climate boundary, they could play a role 
in a layered monitoring approach, or even define 

regional boundaries relevant to ecosystem-based 
governance or adaptation strategies.

In summary, current research focuses on finding a 
balanced approach, one that allows for quantita-
tive results while still capturing the full complexity 
of systems, ensures global standards without los-
ing local relevance, and maintains scientific rigor 
while being practical for policymakers. While atmo-
spheric CO2 and radiative forcing remain strong 
foundations for defining the climate boundary, the 
case is growing for a suite of complementary indica-
tors to improve our ability to detect, understand, and 
respond to climate risks in a rapidly changing world.

Data Sources

· � CO2 Emissions data from Climate TRACE (2026),  
accessed 17 April 2026.

· � Data on global temperatures from Berkeley Earth.218,224

· � Data on CO2 concentrations from Lan et al. (2025),198  
accessed 10 April 2026.

· � Data on anthropogenic TOA radiative forcing:  
Forster et al. (2025),21 and Smith et al. (2026).202

· � Other Greenhouse gases: Data adopted from Jones  
et al. (2023)219 and Jones et al. (2025).220

· � Data on Earth energy imbalance from CERES-EBAF:  
Loeb et al. (2018).221,222

  FIGURE 22: An indicator for the committed warming “in the pipeline”. The 
figure shows the global mean net energy flux into the Earth at the top of 
the atmosphere based on satellite measurements and analyses of the oce-
an heat content.221,222 The red curve shows the 11-year centered moving 
average, which corresponds to the length of a solar cycle, the blue curve 
shows the 5-year centered moving average. Currently, the Earth receives 
more energy from the sun than it radiates back into space, causing tem-
peratures to increase. This imbalance will drive further warming as long 
as it persists. A larger imbalance indicates greater future warming that is 
already committed but not yet realized.
 
KEY TAKEAWAY: The difference between incoming and outgoing radiation 
has steadily increased. The Earth is moving further from radiative equilib-
rium and the already committed warming continues to rise.

  FIGURE 21: Different gases and sectors contribute unevenly to climate 
change. The figure shows the temperature contributions from individual 
greenhouse gases (CO2, CH4, and N2O) over time, with contributions se-
parated by source category (fossil fuels & industry vs. agriculture & land 
use).219,220 These visualizations reinforce the importance of a multi-gas 
perspective in understanding climate forcing.
 
KEY TAKEAWAY: Most of the warming is caused by CO2 from fossil fuels, but 
other gases like methane and emissions from agriculture also play a major 
role – showing why tackling all greenhouse gases is essential.
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5.2 	� Change in  
Biosphere Integrity

Biosphere Integrity refers to the collective capacity of ecosystems across the planet to sup-
port life and maintain the overall health and stability of the Earth system. This depends on the 
composition and diversity of species, and their interactions as ecosystems. Human activities 
are putting increasing pressure on Biosphere Integrity through land-use change such as the 
expansion and intensification of agriculture and livestock production, as well as urban and 
industrial development, overexploitation of natural resources (like overfishing), the spread 
of invasive species, and various forms of pollution.

These pressures are further intensified by disruptions in other Planetary Boundaries, includ-
ing Climate Change, Modification of Biogeochemical Flows (e.g. fertilizer pollution), and 
Novel Entities (e.g. chemical pollution by toxins and plastics). Today, the Planetary Boundary 
for Biosphere Integrity is strongly transgressed. When Biosphere Integrity is compromised, 
Earth system resilience is weakened, threatening the essential conditions that support human 
life on our planet.

Definition

The Planetary Boundary for Change in Biosphere 
Integrity is defined to safeguard the biosphere’s 
ability to uphold the necessary conditions for life 
on Earth. This includes the preservation of stable 
nutrient, energy, water and species flows within 
and across interconnected, healthy ecosystems. 
Alarmingly high extinction rates along with the loss 
of habitats manifest in declining genetic diver-
sity and functional intactness of ecosystems. This 
threatens the biosphere’s ability to regulate and sta-
bilize the state of the planet.

2026 Status

Both control variables for this boundary – genetic 
diversity and the decline in the functional integrity 
of the biosphere – have exceeded their safe levels. 
Worldwide, species are going extinct at an alarm-
ing rate of above 100 extinctions per million spe-
cies-years (E/MSY), while the Planetary Boundary 
is at 10 E/MSY (●  FIG. 23), and humans are using 
21–30% of the available energy from nature – more 
than double the Planetary Boundary of this con-
trol variable (PB: 10%, ● FIG. 24 AND 25). There have 
been no new estimates for genetic diversity since 
the last Planetary Health Check. Additional datasets 
for the biosphere’s functional integrity have been 
integrated. These report varying values of HANPP, 
but consistently place the level of transgression 
within the High-Risk Zone.10,105,225–227
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The decline in genetic diversity, along with the loss of their habitats, threat-
ens the biosphere’s ability to co-regulate the state of the planet by impact-
ing the energy balance and chemical cycles on Earth. The Species Extinction 
Rate describes the speed at which the number of species (species richness) is 
reduced. High species extinction rates negatively impact ecosystem resilience 
because fewer species can lead to changes in ecological processes and spe-
cies interactions that maintain ecosystem stability. Species extinction rates are 
used provisionally as a proxy for loss in genetic diversity and may be refined 
as more data becomes available.

Extinctions per Million Species-Years (E/MSY). For example, if 1 species out of 
1 million species goes extinct every year, the extinction rate would be 1 E/MSY.

The background (i.e. normal) rate of extinction loss is estimated to be 1 E/
MSY.228

The PB is set at 10 E/MSY11 because, according to latest expert advice, los-
ing species at a rate 10x faster than the natural background rate is what the 
Earth system can tolerate. The boundary has a wide range of uncertainty (10–
100 E/MSY), with the safe threshold reflecting uncertainty and precaution to 
account for potential knowledge gaps and to minimize the risk of significant 
Earth system changes.

CONTROL VARIABLE

Genetic Diversity: Species Extinction Rate

  FIGURE 23: Species extinctions accelerating globally. Increasing species extinction rates are exemplified by extinc-
tions of closely related species with likely common ancestors (genera) per century according to data from Ceballos 
& Ehrlich (2023).229 This graph shows that at least 73 genera of vertebrates became extinct over the last 500 years. 
Complementary estimates for vertebrates and selected terrestrial invertebrate biological groups (taxa) indicate a total 
extinction rate of up to 100 E/MSY,10,230–232

KEY TAKEAWAY: The significant and steadily increasing loss of global biodiversity raises concerns that Earth’s biosphere 
is losing resilience, adaptability and hence its ability to buffer against other Planetary Boundary transgressions.
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Net primary production (NPP) is the rate at which plants and other photosyn-
thetic organisms produce biomass (organic carbon) in an ecosystem, after 
accounting for the carbon they use for their own respiration (gross primary 
production minus respiration). NPP is a fundamental measure of ecosystem 
productivity and health. It serves as a proxy for the energy flow into the bio-
sphere that all life processes depend on. Human appropriated NPP (HANPP) 
measures the extent to which human activities, such as agriculture, forestry, 
and urbanization, appropriate NPP for human use by (1) inhibiting net primary 
production and (2) withdrawing energy by harvesting products for human use 
and consumption.

HANPP is measured in petagrams of carbon appropriated per year. In the con-
text of Planetary Boundaries, HANPP is reported as a fraction of the natural 
Holocene reference NPP (i.e. energy flows into the biosphere without humans).

Without any human activity, HANPP would be zero. For low-impact early human 
societies, it would be close to zero.

The PB is provisionally set at less than 10% of the Holocene reference NPP, and 
shifts into the zone of high risk at 20%. These thresholds are based on obser-
vational data and on ecological models that indicate negative trends in sev-
eral critical metrics of biosphere functioning.10,106 As NPP is the basis for the 
energy and materials flow that underpins the biosphere’s functioning,233 today’s 
impact of HANPP reflects the significant declines seen across major indicators 
of ecosystem health.

CONTROL VARIABLE

Functional Integrity: Human Appropriation  
of Net Primary Production (HANPP)

  FIGURE 24: The energy we take from nature and use for our purposes. The plot displays the control variable “human 
appropriation of net primary production (HANPP)”, expressed as the percentage of the potential net primary produc-
tivity (NPP). The dashed line shows the Planetary Boundary of about 10% HANPP based on Richardson et al., 2023.10 
The displayed datasets differ methodologically, yet consistently indicate that current HANPP levels lie within the 
High-Risk Zone (>20%).10,105,225–227 Stenzel et al. (2025) is based on a purely model-driven approach (LPJmL), while 
Krausmann et al. (2013), Kastner et al. (2022), and Matej et al. (2025) follow inventory-based approaches combined 
with LPJ-GUESS estimates of potential NPP. Richardson et al. (2023) combines HANPP shares from Krausmann et al. 
(2013) with a Holocene-like potential NPP derived from LPJmL and CLIMBER-X simulations. The lower HANPP values 
in Matej et al. (2025) compared to Kastner et al. (2013) mainly result from the exclusion of deforestation and reduced 
grazing demand in the underlying assumptions.

KEY TAKEAWAY: The current HANPP has exceeded safe levels since at least the early 20th century.
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CHANGE IN BIOSPHERE INTEGRITY

Key Drivers

Change in Biosphere Integrity not only reflects 
the health and resilience of Earth’s ecosystems for 
maintaining biodiversity and ecological functions 
but also regulates and interacts with most other PB 
processes, making it essential for the stability of 
the entire Earth system. This boundary is defined 
by two control variables: Species Extinction Rate 
(proxy for Genetic Diversity) and HANPP (proxy for 
Functional Integrity).

The primary drivers of species loss include the 
rapid expansions of agricultural and range lands 
into intact nature, along with the landscape frag-
mentation that this expansion causes. Species loss 
is also driven by direct exploitation of ecosystems 
through human activities such as fishing and log-
ging.234 Climate Change, pollution, and the intro-
duction of invasive species further exacerbate these 
pressures.234 These stressors often interact in com-
plex ways, introducing significant uncertainty into 
predictions of future biodiversity loss.235,236

Human appropriation of net primary production 
(HANPP) for human consumption such as food, fuel, 
fodder, and fiber has been exceeding sustainable 
levels for over a century (● FIG. 24).10 This extraction 
of energy from the biosphere varies across differ-
ent ecological regions (biomes) (● FIG. 25); on land, 
it involves harvesting plant materials and convert-
ing natural ecosystems into managed lands.226 This 
diminishes the energy available to natural ecosys-
tems, affecting their functioning as vital components 
of the Earth system. In marine ecosystems, energy 
extraction primarily occurs through fishing activities, 
which alter ecosystem dynamics10,237 (SEE ALSO CH. 4.2).

Impacts

The impacts of losing the integrity and functioning of 
the biosphere are hard to overstate. The biosphere 
plays a crucial role in regulating biogeochemical pro-
cesses and energy balances. Changes in species 

  FIGURE 25: Global risk map of Change in Biosphere Integrity – HANPP. Transgression is based on the HANPP control variable. All values shown on the 
map refer to the year 2010. Based on data from Kastner et al. 2022.105

KEY TAKEAWAY: Most boundary transgressions occur in large, continuous regions with high land-use intensity. In contrast, areas in regions without trans-
gressions, such as the Amazon, the Congo Basin, and boreal forests, are primarily natural or semi-natural.
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diversity, ecosystem composition and the disruption 
of ecological interactions can strongly reduce the 
biosphere’s capacity to regulate these processes.238 
There is strong evidence that the biosphere plays an 
important mediating role in tipping point dynamics, 
helping to stabilize both the climate and freshwater 
systems. For instance, forests regulate regional pre-
cipitation through evapotranspiration and moisture 
recycling, while wetlands and peatlands act as long-
term carbon sinks that reduce atmospheric green-
house gas accumulation. Loss and degradation of 
these ecosystems can thus weaken biosphere buff-
ering capacity and amplify tipping point dynamics.
At finer scales, the loss and fragmentation of natural 
habitats through land-use change can reduce eco-
system services that contribute to human well-be-
ing. Strongly managed agricultural landscapes pro-
vide one example, where biodiversity is often already 
depleted, further limiting services such as pollina-
tion and pest regulation. It is estimated that approxi-

mately 60% of agricultural lands lack sufficient biodi-
versity to provide these services.239 This is alarming 
as pollinators are necessary for more than 75% of 
food crop species,240 including many that are cen-
tral to current human diets.241 Beyond this, ecosys-
tem degradation also threatens to deprive societies 
of irreplaceable sources of feed, energy, materials, 
and medicines,234 while also reducing CO2 seques-
tration capacity and thereby potentially accelerat-
ing climate change.107,234

Current and Future Research

Current assessments of Change in Biosphere 
Integrity rely on a limited set of control variables 
that capture only selected dimensions of biosphere 
integrity rather than nature’s full complexity. Here, 
we outline ideas how to overcome current short-
comings in the future.

  FIGURE 26: IPBES indicators show that human activities have significantly altered nature since prehistory. Indicators of ecosystem structure, ecosystem 
function, community composition, species population, and species traits reveal substantial reductions in many facets of nature relative to pristine conditions.

KEY TAKEAWAY: Multiple indicators consistently show that nature has been substantially degraded and continues to deteriorate.
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Augmenting HANPP with the multidimensional 
ecosystem indicator EcoRisk
While HANPP is essentially a pressure metric, cap-
turing the degree of human colonization and dis-
ruption of the biosphere, it misses crucial changes 
in ecosystem functioning, such as shifts in vege-
tation structure and total biomass storage, or bio-
sphere mediated disruptions of water, carbon, and 
nitrogen biogeochemical cycles. To address this, the 
novel biosphere integrity metric EcoRisk was devel-
oped by Stenzel et al. to quantify changes in bio-
geochemical cycles as a proxy for the risk of eco-
system destabilization, based on simulations with 
the Dynamic Global Vegetation Model LPJmL5.242

EcoRisk indicates that many ecosystems have sig-
nificantly degraded compared to the pre-industrial 
state. Regions with high risk of destabilization include 
areas of intense land use and deforestation, as well 
as climate-sensitive zones such as deserts (● FIG. 27). 
In order to make Planetary Boundaries more opera-
tional at the scales at which land-use decisions and 
ecosystem change occur, local thresholds for both 
metrics have been derived through comparison with 
other biosphere integrity indicators, further described 
in the original publication.225 Globally aggregated, 
60% of the ice-free land surface is currently trans-
gressing these local boundaries, with 38% already 
being at high risk of degradation.225

Linking IPBES Indicators to Biosphere Integrity
While the current control variables for this bound-
ary capture key aspects of biosphere integrity, they 
represent only parts of the biosphere. Ongoing work 
seeks to extend the quantification of biosphere 
integrity by considering additional variables. In this 
context, the indicator system and global assessment 
reports of the Intergovernmental Science-Policy 
Platform on Biodiversity and Ecosystem Services 
(IPBES) provide a potential starting point. The last 
IPBES global assessment report from 2019106 eval-
uated the state of nature using indicators based 
on Essential Biodiversity Variables (EBVs),243 such 
as ecosystem structure, community composition, 
and species populations. Collectively, these indica-
tors reveal substantial deviations from pristine nat-
ural conditions used as the baseline, with reduc-
tions down to  25% and increases exceeding  200% 
of baseline levels, and trends indicating continued 
divergence (● FIG. 26).244 This shows that biosphere 
integrity is being compromised across a wider and 
deeper set of ecological dimensions than captured 
by existing control variables, with degradation both 
substantial and ongoing.

The next global assessment report by IPBES, 
scheduled for 2028, is expected to address sev-

eral gaps and challenges, including more com-
prehensive consideration of oceans, neglected 
components of biodiversity, and the integration 
of multiple worldviews and knowledge systems.245 
While IPBES indicators provide a promising basis 
for exploring additional variables, it is necessary 
to evaluate which of them are suitable for the 
Planetary Boundaries framework – for example, 
whether they capture processes that operate at 
a global scale or influence Earth system dynam-
ics. To address this, members of the PBScience 
Initiative are currently developing decision prin-
ciples to determine control variable suitability, 
based on which the inclusion of additional con-
trol variables will be considered.

The role of the ocean
The Planetary Boundaries framework does not yet 
include a comprehensive assessment of marine 
life. Ongoing efforts by members of the PBScience 
Initiative and collaborating ocean scientists aim to 
refine existing control variables for Genetic Diversity 
and Functional Integrity to adequately reflect both 
terrestrial and marine biosphere integrity. This 
refinement is essential to better reflect the role 
of the ocean in maintaining the Earth system in a 
Holocene-like state.

A key limitation of the genetic component is that 
extinction rates may be a poor proxy for marine 
genetic diversity. Currently used extinction rate 
estimates are mainly based on data from verte-
brates, and only from selected terrestrial inverte-
brate taxa. This is not representative of marine eco-
systems because they are significantly shaped by 
distinct higher-level taxa, where invertebrates such 
as polychaetes, crustaceans, or echinoderms are 
the most species-rich groups. In addition, 91% of the 
expected 2.2 million species are still undescribed.246 
Even if ongoing explorations could close the knowl-
edge gap, new data come with a lack of historical 
information which makes the exact estimation of 
extinction rates for marine biodiversity impossible. 
Hence, an adequate reflection of marine biodiver-
sity loss depends on a broader coverage of taxa and 
an alternative metric.

Furthermore, the functional integrity of marine life 
is not yet represented in the framework. Marine bio-
sphere functions contribute to Earth-system stabil-
ity through their role in regulating energy flows and 
biogeochemical cycles, especially carbon uptake 
and long-term storage through the biological car-
bon pump. The biological carbon pump is therefore 
a key function to assess, although its different com-
ponents remain poorly constrained and historical 
baselines are uncertain.247,248

CHANGE IN BIOSPHERE INTEGRITY
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Two major anthropogenic pressures are especially 
relevant in this context: coastal habitat disturbance 
and fishing. Coastal disturbance can reduce carbon 
uptake and storage through the degradation or loss 
of mangroves, seagrasses, kelp forests, tidal flats 
and other productive coastal habitats.249–251 This loss 
of coastal primary production is conceptually closer 
to terrestrial HANPP than fisheries harvest, which is 
mostly at higher trophic levels and should be treated 
differently. Thus, loss of coastal primary production 
could potentially be considered as an extension of 
HANPP to coastal systems. Coastal ecosystems, 
supported by this primary production, have an out-
sized importance, though their NPP is only a few 
percent of marine production.252

Fishing affects marine biosphere function not only 
through biodiversity loss and seabed degradation, 
but also by altering biomass, trophic structure, and 
size spectra.253,254 Recent work suggests that the 
depletion of exploited fish biomass may affect the 
biological carbon pump. Exploited fish popula-

tions tend to be dominated by larger individuals, 
which produce larger and faster-sinking particles 
and carcasses. Reductions in their biomass can 
therefore alter the production and sinking dynam-
ics of organic matter, influencing carbon transport 
to depth and its long-term sequestration.253,255–257 
However, the magnitude of this effect, its depen-
dence on ecosystem structure, and appropriate 
Holocene or preindustrial baselines remain uncer-
tain.247,257 Coastal habitat loss and exploited bio-
mass reduction therefore represent promising 
candidate directions for future marine function-
al-integrity control variables, but require further 
synthesis and model development before robust 
global thresholds can be defined.

Data Sources

· � Cumulative (1500–2022) extinctions from Ceballos & Ehrlich 
(2023).229

· � HANPP data from Krausmann et al. (2013),226 Kastner et al. 
(2022),105 Richardson et al. (2023),10 Stenzel et al. (2025)225 
and Matej et al. (2025).227

  FIGURE 27: Global map of ecosystem destabilization risk based on the biosphere integrity indicator EcoRisk (status average 1987–2016 based on LPJmL 
model simulations). Regions with zero NPP are colored grey. Replotted from Stenzel et al. (2025)225

KEY TAKEAWAY: Many ecosystems have significantly degraded compared to the pre-industrial state. Unlike HANPP, EcoRisk also shows degradation in 
regions without human land use, such as deserts or polar regions.
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Forests play a vital role in stabilizing the Earth’s climate, supporting biodiversity, and sus-
taining human well-being. Ongoing forest loss and other land system changes continue at 
alarming rates, driven by complex and region-specific pressures.

Agriculture is the leading direct cause of Land System Change, particularly livestock grazing 
and the expansion of cropland. Other significant factors include illegal logging, infrastruc-
ture expansion, weak governance, and climate change. Often, these points are interrelated 
and facilitate each other. In the Amazon, for example, deforestation typically starts with the 
extraction of illegal timber before land is finally converted into pasture.

The impact of deforestation is profound. It disrupts biodiversity, increases carbon emissions, 
alters rainfall patterns, and weakens soil and water systems. Deforestation also affects human 
health, for example by increasing the risk of malaria in affected areas. Climate Change and 
water stress further amplify this damage through heatwaves, fires, and manifestation of pests 
such as outbreaks of bark beetle. If land degradation continues, our chances of stabilizing the 
climate, securing freshwater resources, and protecting biodiversity will be weakened. To stay 
within the Safe Operating Space, we must urgently protect and restore ecosystems, keep-
ing the land resilient, and ensuring that the Earth remains habitable for generations to come.

Definition

The Planetary Boundary for Land System Change 
defines the global threshold beyond which changes 
in land use – particularly deforestation, agricultural 
expansion, and urbanization – compromise the 
Earth’s ability to maintain ecological stability, bio-
diversity, climate regulation, and essential ecosys-
tem services. Transgressing this threshold increases 
the risk of irreversible changes to the structure and 
functioning of ecosystems. This in turn can weaken 
Earth’s resilience and potentially trigger adverse 
feedback loops across multiple other relevant Earth 
system processes.

2026 Status

Globally, only 64% of the potential forest cover 
(the forest cover that would exist in the absence of 
human land-use changes) is still presently remain-
ing. This is significantly below the anticipated safe 
threshold of 78%. Thus, the globally remaining forest 
area is well outside of the Safe Operating Space. 
Even when considered individually, most major for-
est biomes around the world have exceeded their 
boundaries to varying degrees (SEE ● FIGS. 28 AND 29).
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DEFINITION	

UNIT	

	

HISTORICAL	

RANGE

PLANETARY 

BOUNDARY 

(PB)

While different land types have distinct functions within the Earth system, for-
ests are of particular importance to the climate system, due to their tempera-
ture- and moisture-regulating interactions with the atmosphere and their role 
in carbon and water cycling.258 ’Remaining forest area’ is the main component 
responsible for maintaining major global ecological functions, and is thus used 
as the control variable for this Planetary Boundary. It is expressed as a per-
centage of the forest cover that would exist in the absence of human land-use 
changes (‘potential natural forest cover‘). This is determined for the boreal, 
temperate, and tropical forest biomes (as contiguous area per continent) and 
then aggregated globally.

Percentage (%) of potential forest cover.

The value of relative forest cover ranges from 100% (all forest relative to poten-
tial forest cover is remaining) to 0% (no forest relative to potential forest cover 
is remaining).

The global Planetary Boundary threshold for Land System Change is set at 78% 
of the potential forest cover. Changed from the previous 75%, it is now cal-
culated as the area-weighted mean of the contiguous biome thresholds: 85% 
for boreal and tropical forests (both 19.1 Mkm2), and 50% for temperate for-
ests (9.9 Mkm2).11 These thresholds are based on studies indicating that trop-
ical and boreal forests exert a stronger influence on regional and remote cli-
matic conditions than temperate forests.258,259 The areas differ from the total 
areas in260 or258 because only contiguous forest cover is taken into account in 
the PB framework.

CONTROL VARIABLE

Forest Area

  FIGURE 28: Recent global forest decline. Annual mean forest cover, expressed as a percentage of potential forest co-
ver, globally and for three different biomes (temperate, boreal, and tropical) between 1992 and 2022. Red lines show 
the thresholds for global, temperate, boreal and tropical forests of 78%, 50%, 85% and 85%, respectively. Data from 
Copernicus (2024) and Ramankutty & Foley (1999).260,261

 
KEY TAKEAWAY: As a result of land use change and, increasingly, climate change, forests across all major forest biomes 
have been steadily declining over the last few decades. Most regions have already significantly transgressed their biome-
specific safe boundary thresholds. However, the status of the forest areas of the temperate and tropical Americas was 
reclassified to safe, as previous assessments had omitted two forest cover classes from the satellite-based analysis data.
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LAND SYSTEM CHANGE

Key Drivers

The causes of deforestation vary greatly from place 
to place. Historically, forests have been cleared not 
for farming, but also to provide timber, to create 
settlements, and to open up landscapes for hunt-
ing.265–267 Often, the initial reason for clearing a forest 
differs from the subsequent use of the land.

According to satellite data, nearly 90% of direct 
deforestation between 2000 and 2018 was followed 
by the expansion of agriculture, with around 52% 
attributed to crop cultivation and 38% to grazing. 
Cropland expansion is the leading cause of forest 
loss in Africa and Asia, whereas in the Americas and 
Oceania livestock grazing plays the major role.268

However, these figures do not tell the whole story. In 
many places, especially the Amazon, deforestation 
often begins with illegal logging, which is frequently 
linked to criminal networks involved in land grabbing 
and illegal timber trade.269 Once the valuable trees 
are removed, the land is sold or used for other pur-
poses, such as cattle ranching. In these cases, live-
stock grazing is not the root cause, but rather a final 
step in a series of destructive actions. Focusing solely 
on this would overlook the broader dynamics at play.

In tropical areas, both permanent agriculture and 
shifting cultivation also play a major role.268,270 In 
Europe and parts of the tropics, forest degradation 

  FIGURE 29: Global risk map of the Land System Change boundary transgression – Forest area. Transgression is shown for the major contiguous forest 
biomes as defined in Steffen et al. 2015.11 Transgression is based on the control variable of remaining forest area. Lighter shades of a color indicate areas 
that were originally covered with forest but are now predominantly deforested. Areas without contiguous potential forest cover are shown in gray. This 
is based on data from Brun et al. 2022, Copernicus (2024) and Ramankutty & Foley (1999).260–262

 
KEY TAKEAWAY: Most large contiguous forest biomes of the Earth have transgressed the Planetary Boundary, although with varying degrees of trans-
gression. Following the inclusion of two previously missing forest cover classes from the Copernicus dataset in our analysis, the tropical and temperate 
biomes of the Americas now have a slightly better status compared to previous assessments. However, this does not mean that these biomes are in a 
good condition. Our methodology does not capture forest degradation resulting from deforestation, extraction of resources or destruction from extreme 
weather events, which are amplified by climate change.263 This means that we should not feel too confident about the apparent good state in the Ama-
zon, since this system is likely still at risk.264 
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is often driven by the timber, paper, and pulp indus-
tries.271 Many of these drivers are rooted in systemic 
issues – such as weak governance, poverty, unclear 
land rights, and political instability.272,273

Moreover, Climate Change and Freshwater Change 
are increasingly acting as indirect but powerful driv-
ers of Land System Change, even in the absence of 
direct local anthropogenic land use change. Rising 
temperatures and shifting rainfall patterns, particu-
larly reduced moisture transport in the atmosphere, 
can put stress on forest ecosystems and reduce 
their resilience.274 In extreme cases, this can lead to 
large-scale forest dieback due to drought, flooding, 
or large-scale forest fires. In the boreal forests of 
Northern Canada and Siberia, for example, a mas-
sive increase of wildfires is occurring.100 In temper-
ate forests, warming and water stress have also 
been linked to an increase in disease outbreaks, 
most notably bark beetle infestations. Often trig-
gered or amplified by heat and drought, these out-
breaks can devastate large forest areas and interact 
with other disturbances such as wind-throw, creat-
ing cascading forest degradation.275,276

While on a global level, forest areas are decreasing, 
some areas are experiencing an increase in regional 
forest cover. One reason for this is the success of 
national reforestation programs.277 Additionally, nat-
ural regrowth, triggered by recent climate change, is 
making new regions suitable for trees. Specifically 
in Arctic regions, which are warming faster, forests 
are shifting northward into areas that used to be too 
cold.43 While this may seem like a positive develop-
ment (it also counts positively for the boundary sta-
tus), such shifts can disrupt local ecosystems, nega-
tively affect albedo and the surface energy balance, 
and thereby reshape the distribution of species and 
ecological functions.

Overall, changes in forest cover are the result of 
complex chains of events, shaped by both the 
combination of human changes of local pressures 
and global processes. These changes are caused 
by consequences ranging from economic demand 
and governance failures to climate dynamics and 
cross-boundary feedback processes. Addressing 
these challenges requires an integrated approach 
that considers not only what is happening to forests, 
but also why and how different drivers interact with 
each other and the wider environment over time.

Impacts

Land systems and especially forests play a vital 
role in maintaining crucial Earth system functions, 

related to other Planetary Boundary dimensions.
First and foremost, land systems act as a habitat 
and thus support biodiversity at the genetic, spe-
cies, and ecosystem levels.278,279 Consequently, for-
est loss endangers Biosphere Integrity and weak-
ens the resilience of ecosystems to withstand other 
disturbances.

Forests are also essential carbon sinks. Above and 
below ground, a significant amount of atmospheric 
CO2 can be stored, making terrestrial ecosystems a 
major component in regulating Climate Change.280 
When forests are removed, this function is lost, 
and the stored carbon is released, contributing to 
global warming and amplified temperature extremes. 
Interactions with the atmosphere also influence the 
local climate. For example, they modulate surface 
temperatures via latent heat fluxes and albedo.281

The Land System Change Planetary Boundary 
directly interacts with Freshwater Change, by reg-
ulating the quality and quantity of available fresh-
water. Vegetation plays a key role in the freshwater 
cycle, by controlling the partitioning of precipita-
tion into soils, aquifers, and surface water bod-
ies,278 and by transporting moisture back to the 
atmosphere and to other regions via evapotrans-
piration.282 Therefore, forest loss can contribute to 
altered rainfall patterns, reduced water availability, 
and increased runoff and erosion.

The root zone of vegetation also provides erosion 
protection and supports nutrient cycling through 
nitrogen fixation, thus interacting with the Planetary 
Boundary for Biogeochemical Flows.283 The loss 
or degradation of this root structure can therefore 
accelerate soil degradation and reduce nutrient 
retention in ecosystems.284

Additionally, several potential tipping elements 
lie at the interface between the land system and 
the atmosphere (SEE CH. 3.2). One critical example 
is the Amazon rainforest, which depends on recy-
cling its own rainfall to maintain ecosystem stability. 
Continued deforestation and rising global tempera-
tures could push up to 40% of the region toward a 
savanna-like state, with devastating consequences 
– including massive carbon emissions that would 
further fuel Climate Change.71

Beyond these direct environmental impacts, Land 
System Change also has serious implications for 
human well-being. For instance, forest loss has been 
linked to increased malaria rates among children in 
certain regions, likely due to the increase of pools 
of standing water, which are suitable habitats for 
mosquitoes.285,286 The essential ecosystem services 
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provided by forests in tropical regions, including 
weather regulation, a stable freshwater supply, and 
support for biodiversity, are also critical for human 
societies, for example through the provision of live-
lihoods and food security.287

Current and Future Research

Within the Planetary Boundaries framework, the 
current control variable for Land System Change 
is based on the percentage of remaining forest 
cover, globally and for each biome. Biomes are large 
geographic regions characterized by specific cli-
mate conditions, plant life, and animal communi-
ties, here defined by the contiguous forest cover 
types in Ramankutty and Foley (1999) per conti-
nent.260 However, different definitions exist.288 This 
measure was originally selected for its simplicity, 
scientific basis, and data availability. Steffen et al. 

(2015),11 proposed maintaining biome-level forest 
cover above critical thresholds as a means of pre-
serving the functioning of large-scale Earth system 
processes, including carbon cycling, hydrological 
regulation, and biodiversity support. Thus, forest 
cover serves as a visible and measurable proxy for 
wider land system integrity.

However, recent research and experience have 
highlighted some limitations of this approach. The 
presence or absence of forests alone does not cap-
ture the ecological quality or functional integrity of 
these systems. For example, secondary or degraded 
forests often differ substantially from intact or old- 
growth forests in terms of biodiversity, carbon stor-
age, water regulation, and resilience.289–291 Forests 
may expand in some areas, but this does not nec-
essarily signal the recovery of ecological function 
– especially when new forests are mono-cultures, 
poorly connected, or under ongoing stress.

  FIGURE 30: Global map of recent forest cover changes. The colors indicate the absolute change in forest cover between 1992 and 2022 (percentage 
change in 300m subpixels identified as forest within each cell area), with shades of blue representing an increase in forest cover and shades of red 
representing a decrease in forest cover (e.g., a change from 60% to 50% forest cover would be indicated by a value of -10%). Areas with no forest cover 
in both 1992 and 2022, or with no change in forest cover, are shown in white. Data from Copernicus (2024).261

KEY TAKEAWAY: Patterns of forest loss and gain have been heterogeneous, with prevailing net losses at the biome scale Contiguous pristine forests in the 
tropics and boreal zones, in particular, have suffered losses of primary forest, while temperate forests, often reflecting managed forestry, have mostly 
suffered from climate change impacts. 

LAND SYSTEM CHANGE
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While most of the satellite data used for this year’s 
analysis is not currently available beyond the year 
2022, this year’s report does include a few meth-
odological improvements identified since last year:

Firstly, the potential forest cover class “Evergreen/
Deciduous Mixed Forest/Woodland”260 is now 
split into classes of ’boreal’ and ’temperate’ for-
est along the 6°C average annual temperature iso-
line (5-minute resolution aggregated from the 1km 
CHELSA variable bio01262) according to Holdridge’s 
life zones.292 This creates a more nuanced border 
between these biomes in Eurasia.

Secondly, previous assessments had omitted the 
tree type classification “tree cover, mixed leaf type” 
and “tree cover, flooded, fresh” from the ESA satellite 
forest cover.261 These are now included, resulting in 
improved overall status and notably better represen-
tation of tropical and temperate forest in the Americas.
Thirdly, the Planetary Boundary threshold value 
was changed from previously 75% to now 78%. This 
change occurred because some areas were acci-
dentally counted twice when weighting the biome 
thresholds in previous assessments. Now the con-
tiguous areas from the potential forest biomes are 
used: 19.1 Mkm each for boreal and tropical forests, 
and 9.9 Mkm for temperate forests.

These changes highlight the need to improve future 
Planetary Boundary assessments by including mul-
tiple datasets or more consistent methodologies to 
account for current uncertainties in forest areas.

In parallel, ongoing research is exploring if new or 
additional control variables could provide a more 
nuanced and functionally meaningful assessment 
of changes to land systems. These efforts aim to 
more accurately reflect the actual state and function 
of terrestrial ecosystems, by including indicators 
such as forest fragmentation, ecological integrity, or 
intensity of land use in crop production. However, 
any such improvements must balance scientific 
robustness with global applicability, consistency 
over time, and the feasibility of data collection and 
monitoring. Looking ahead, the scientific commu-
nity is working to refine the Land System Change 
boundary, improve data sources, and evaluate the 
potential of alternative or additional control vari-
ables that reflect not just the quantity but the qual-
ity of land systems.

Data Sources

· � Observed forest cover data Copernicus (2024),261  
accessed on 15 May 2024.

· � Potential forest cover data from Ramankutty and Foley 
(1999).260

· � CHELSA – 1km mean Annual Near-Surface Air Temperature 
(bio01).262
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Human actions change how freshwater flows and stocks are distributed on land and in the 
atmosphere. Specifically greenhouse gas emissions, irrigation and other water uses, water 
infrastructures, and the expansion of agricultural land have changed the global water cycle.

This has pervasive impacts throughout the water cycle; the occurrence of droughts and 
extreme precipitation has increased, while groundwater stocks are often declining and river 
flows to the ocean are widely interrupted. The Planetary Boundary for Freshwater Change 
measures how far streamflow (blue water) and soil moisture (green water) deviate from a 
quasi-stable state that is largely unaffected by human actions.

Anomalously dry or wet streamflow and soil moisture conditions now occur on approximately 
twice as much land as they did under pre-industrial-like conditions, due to direct and indi-
rect human pressures on the water cycle. This surpasses the safe limit for human modifica-
tion of the water cycle and places the Freshwater Change boundary in the increasing risk 
zone. Increasing freshwater anomalies may undermine terrestrial and aquatic ecosystem 
integrity, modify land carbon balance and affect hydro-climatic processes. They also change 
how water is available for human uses, which may compromise benefits that are gained by 
managing freshwater resources.

Definition

The alteration of the global hydrological cycle man-
ifests through myriad shifts in flows and stocks of 
freshwater, including in rivers and water held in soil 
as well as altered precipitation patterns. Together, 
these changes impact critical functions on land, 
including carbon sequestration and biodiver-
sity, which can undermine Earth’s resilience. The 
Planetary Boundary for Freshwater Change covers 
these processes by representing changes in both 
streamflow (blue water) and soil moisture (green 
water) as key processes controlling this multitude 
of changes.293

2026 Status

Human-induced disturbances of Freshwater Change 
have exceeded the safe level.293–295 According to 
the most recent estimate,296 more than a fifth of the 
global land area experiences dry or wet deviations 
for both streamflow, i.e. blue water (22.6% of ice-
free land area) and plant-available soil moisture, 
i.e. green water (22.0%). Both of these measures 
are above their safe levels, which are 12.9% (blue 
water) and 12.4% (green water). The hydrological 
model ensemble297 used for analyzing this bound-
ary294 extends to year 2019, and the current status of 
the boundary reflects average conditions in stream-
flow and soil moisture over the period 2010–2019. 
Freshwater deviations are based on comparing cur-
rent streamflow and soil moisture to a 119-year long 
pre-industrial-like baseline state that is largely unaf-
fected by human-induced disturbances.296
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Human-induced disturbance of blue water, which refers to water in rivers, lakes, 
reservoirs, groundwater and wetlands, is approximated by the annual global 
area with significant deviations in streamflow from variability under the baseline 
(pre-industrial-like) state. The boundary reflects changes in blue water avail-
ability, which are crucial for the health of associated aquatic ecosystems and 
for water supply to human societies.

Percentage (%) of annual global ice-free land area.

The percentage of land area experiencing significant deviations in streamflow 
can range from 0% (no area affected) to 100% (all ice-free land area affected), 
with a baseline median value of about 10.3% representing natural variabil-
ity. The baseline conditions approximate an Earth system state largely unaf-
fected by humans, based on a 119-year long pre-industrial-like scenario with 
no anthropogenic climate change but with human forcing (land and water use) 
at year 1901 levels.

The PB is set at 12.9% of the global ice-free land area experiencing significant 
dry or wet deviations in streamflow. This corresponds to the 95th percentile of 
the baseline state variability, during which anomalously dry or wet local con-
ditions occurred annually with a likelihood of less than 5% on at least 12.9% of 
the global area.

CONTROL VARIABLE

Blue Water

  FIGURE 31: Disturbance of Earth’s freshwater systems (I) – Blue water. This figure shows the percentage of land area 
with significant alteration of blue water flows (streamflow) from 1901 to 2019 compared to the baseline state. The 
blue line shows the percentage of land area exhibiting local streamflow deviations (10-year moving average), with the 
shaded blue envelope representing the associated ensemble range.294 The red line represents the Planetary Boun-
dary of 12.9% land area affected, and the green line represents the baseline median of 10.3% land area affected. Data 
from Virkki et al. (2026).294

KEY TAKEAWAY: Streamflow deviations have significantly increased since the early 20th century, surpassing the Plane-
tary Boundary around 1940 and continuing to rise since then.
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  FIGURE 33: Global risk map of Earth’s freshwater systems (II) – Green water. This map shows boundary transgression at river basin scale for major basins 
of the world (n = 268).298 Transgression estimates are based on fractional basin land area with significant dry or wet soil moisture deviations. For details 
on how the risk level is estimated for individual basins based on the soil moisture change control variable, please see the Supplementary Materials. Based 
on data from Virkki et al. (2026).296

 
KEY TAKEAWAY: The increase in soil moisture deviations indicates growing variability and instability within global green water systems, which particularly 
affects water available for plants. 

  FIGURE 32: Global risk map of Earth’s freshwater systems (I) – Blue water. This map shows boundary transgression at the river basin scale for major 
basins of the world (n = 268).298 Transgression estimates are based on fractional basin land area with significant dry or wet streamflow deviations. For 
details on how the risk level is estimated for individual basins based on the streamflow change control variable, please see the Supplementary Materials. 
Based on data from Virkki et al. (2026).296

KEY TAKEAWAY: The increase in streamflow deviations across large parts of the world suggests increasing variability, drying or wetting trends, and insta-
bility in global freshwater systems.

FRESHWATER CHANGE

https://doi.org/10.48485/pik.2026.25
https://doi.org/10.48485/pik.2026.25
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Human-induced disturbance of green water, which broadly refers to water 
embedded in vegetation, soil, and the atmosphere, is approximated by the 
annual global area with significant deviations in root zone soil moisture (here-
after soil moisture) from variability under the baseline (pre-industrial-like) state. 
The boundary reflects changes in green water availability, impacting terrestrial 
ecosystems, climate regulation, and biogeochemical processes.

Percentage (%) of annual global ice-free land area.

The percentage of land area experiencing significant deviations in soil moisture 
can range from 0% (no area affected) to 100% (all ice-free land area affected), 
with a baseline median value of about 9.8% representing natural variability. The 
baseline conditions approximate an Earth system state largely unaffected by 
humans, based on a 119-year long pre-industrial-like scenario with no anthro-
pogenic climate change but with human forcing (land and water use) at year 
1901 levels.

The PB is set at 12.4% of the global ice-free land area experiencing signifi-
cant dry or wet deviations in soil moisture. This corresponds to the 95th per-
centile of the baseline state variability, during which anomalously dry or wet 
local conditions occurred annually with a likelihood of less than 5% on at least 
12.4% of the global area.

CONTROL VARIABLE

Green Water

  FIGURE 34: Disturbance of Earth’s freshwater systems (II) – Green water. This figure shows the percentage of land 
area with significant alteration of green water flows (soil moisture) from 1901 to 2019 compared to the baseline state. 
The turquoise line shows the percentage of land area exhibiting local soil moisture deviations (10-year moving ave-
rage), with the shaded turquoise envelope representing the associated ensemble range.294 The red line represents 
the Planetary Boundary of 12.4% land area affected, and the green line represents the baseline median of 9.8% land 
area affected. Data from Virkki et al. (2026).294

KEY TAKEAWAY: Soil moisture deviations have significantly increased since the early 20th century, surpassing the Pla-
netary Boundary around 1940 and continuing to rise since then. 
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FRESHWATER CHANGE

Key Drivers

Over the past century, Climate Change appears 
to have become the globally dominant driver 
of Freshwater Change boundary transgres-
sion.296 Climate change intensifies and redistrib-
utes branches of the water cycle, which manifests 
as increasing deviations and novel hydrological 
regimes across the water cycle.299–301 Additionally, 
direct human activities like freshwater withdraw-
als, river regulation or land use changes, intensify 
dry deviations in particular.296

The Freshwater Change boundary is closely inter-
twined with activities impacting other Planetary 
Boundaries. For instance, Climate Change affects 
variability and extreme events in the water cycle 
by altering atmospheric water-holding capacity, 
cloud formation, and circulation patterns.295,302,303 
Additionally, Land-System Change related to defor-
estation, agriculture, and urbanization affects soil 
water-holding capacity, runoff, streamflow, ground-
water recharge, and evaporation rates. This can 
intensify droughts and alter large-scale precipita-
tion patterns like monsoons, thereby creating feed-
back loops that further impact Climate Change.295

Impacts

Transgressing the Freshwater Change boundary has 
significant impacts on the functioning of the Earth 
system, as well as on human societies. Dry devia-
tions in blue water flows can lead to loss of wet-
lands as well as depletion of lakes, reservoirs and 
in-stream environmental flows, resulting in aquatic 
ecosystem degradation and regional climate change 
impacts.293 Dry deviations in green water stocks can 
lead to droughts, which – when combined with heat-
waves that increase soil moisture evaporation – dry 
out landscapes, leading to forest fires, ecological col-
lapses, and bursts of CO2 emissions into the atmo-
sphere.304 Wet deviations in blue water can lead to 
diminished flow seasonality and extreme flooding 
events, which may have adverse impacts on ecosys-
tems that are adapted to consistent freshwater avail-
ability and variability.305 Wet deviations in green water 
can drive water logging in the soil and permafrost 
thawing, which may release vast quantities of CO2 
and CH4 (methane) into the atmosphere, especially 
in the northern boreal zone.306,307 In addition to local 
impacts, disrupting the water cycle may threaten bio-
sphere integrity and ecosystem services across wide 
regions, such as the Amazon.274

For human societies, food security is especially 
threatened by reduced availability or overconsump-

tion of blue and green water. Since human water 
demand peaks during droughts, water deficits 
resulting from withdrawals and meteorological con-
ditions often compound, further exacerbating the 
impacts on ecosystems and human societies.308,309

Current and Future Research

The Freshwater Change boundary,293,294 which was 
updated in the third Planetary Boundaries assess-
ment10 expands the former Freshwater Use bound-
ary11,310 by more comprehensively accounting for 
human-driven alterations across the water cycle. 
As such, it better captures Earth system impacts 
of both blue and green water change, but opera-
tionalizing its definition for applied use and policies 
remains challenging. Consequently, assessments 
may still partly or fully rely on volumetric freshwater 
use metrics,311,312 even though some recent studies 
have applied the updated definition.313,314

Two further scientific challenges with this boundary 
remain to be addressed. Most importantly, the con-
sequences of Freshwater Change boundary trans-
gressions should be more systematically evaluated 
by linking deviation patterns to independent empir-
ical evidence of ecological and climatic impacts, 
which may possibly lead to an improved bound-
ary definition. Moreover, future research should 
also seek to validate the transgression patterns by 
comparing how the modeled results, especially at 
the regional scale,294 would be supported or con-
tested by local and regional hydrological observa-
tions. Further research would thus help in address-
ing uncertainties that are inherent to the current 
model-based transgression estimates.294

Finally, a more systematic understanding and quan-
titative assessment of how the Freshwater Change 
boundary is interlinked with other boundaries is 
highly sought after.315 For instance, incorporating 
analysis of moisture recycling (how atmospheric 
water flows related to evaporation and precipitation 
are changing) may be helpful to enhance this under-
standing since moisture recycling links multiple Earth 
system components. This is motivated by evidence 
that human activities destabilize and modify moisture 
recycling patterns, which strongly impacts ecosys-
tem resilience,316 water availability,317–319 agricultural 
production,320 and carbon sinks,110 among others.

Data Sources

· � Blue and green water deviations based on an analysis from 
Virkki et al. (2026) utilising the ISIMIP3a global hydrological 
model ensemble. Data available here.

https://doi.org/10.5281/zenodo.19663530
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In the 20th century, the invention of industrial nitrogen fixation made it possible to convert 
molecular nitrogen from the atmosphere into reactive forms, such as those used in inor-
ganic fertilizers. Combined with the mining of phosphate rock, this led to a drastic increase 
in fertilizer application on agricultural land. Large quantities of both nutrients either remain 
directly on pastures and fields or enter the environment through animal manure and sewage.

Phosphorus attaches to soil and sediment, while nitrogen is released into the air and stored 
in groundwater and surface waters. Both nutrients are released into surface waters via soil 
erosion, surface runoff, and wastewater discharge. Excess nutrients can negatively affect 
biodiversity and the resilience of ecosystems on land, in freshwater, and in the ocean, envi-
ronments which are adapted to specific nutrient levels. Currently, losses of both nutrients 
to the environment are disrupting ecosystems beyond the safe level.

Definition

Biogeochemical flows are the movement of the two 
key elements, nitrogen and phosphorus, through 
the environment and organisms. Both nitrogen and 
phosphorus are required for fundamental biological 
functions, and their availability in soils, freshwater 
and the ocean were once a major limiting factor for 
biological productivity on Earth.321 Human activities 
are massively changing the magnitude of these nutri-
ent cycles, with potentially severe consequences 
for the Earth system. The Planetary Boundary for 
Modification of Biogeochemical Flows is defined 
to keep these human changes at a safe level.

2026 Status

Both the application of mined phosphorus to crop-
land (18.2 Tg P/year)322 and the anthropogenic fix-
ation of nitrogen for agriculture (extracting nitrogen 
from the atmosphere; 165 Tg N/year)52,323 are dis-
rupting the corresponding nutrient cycles beyond 
the safe levels of 6.2 Tg P/year and 62 Tg N/year, 
respectively.
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The phosphorus boundary consists of a regional component, aiming to prevent 
eutrophication of freshwater systems, and a global component, aiming to pre-
vent large-scale ocean anoxia over geological time scales. The regional bound-
ary uses the application of mined phosphorus to erodible soils as an indica-
tor of phosphorus flow into freshwater systems, while the global boundary is 
based on riverine transport of phosphorus to the ocean.

Teragrams of Phosphorus per Year (Tg of P/year). 1 teragram equals 1 million 
metric tons.

Before human intervention, phosphorus flows were low (2.5 Tg P/year from 
land to freshwater and 1.3 Tg P/year of export to the ocean).324 Human activ-
ities have increased flows from land to freshwater systems through a global 
application of mined phosphorus to cropland to around 18.2 Tg P/year (regional, 
aggregated) and have increased phosphorus flows to the ocean to around 4.4 
Tg P/year (global), largely due to fertilizer use.322,324

The regional boundary is set to an application of 6.2 Tg P per year,11 while the 
global boundary is established at a flow of 11 Tg P per year, which is roughly 
ten times the natural flow rate.9 Here, we focus on the regional boundary, as it 
sets a stricter threshold than the ocean boundary.

CONTROL VARIABLE

Phosphorus (P) Flows

  FIGURE 35: Phosphorus inputs to global cropland. This graph shows the estimated global application of mineral phos-
phorus on all croplands (in Tg P/year, i.e., million tons per year) from 1961 until 2022. Data from Ludemann et al. 
(2024).322

KEY TAKEAWAY: The significant increase over time in phosphorus application highlights the growing reliance on phos-
phorus in agriculture over the decades. 

PLANETARY BOUNDARY INFORMATION SHEETS
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  FIGURE 37: Global risk map for the transgression of the Modification of Biogeochemical Flows boundary – Nitrogen cycle. The regional boundary status 
is calculated based on agricultural nitrogen surplus in the year 2020 and estimates of regional surplus boundaries. The assessment aligns with the sug-
gestion for a control variable definition326 that is more closely related to nitrogen losses to the environment (nitrogen surplus instead of input). Values 
range from within the Safe Operating Space (green; no exceedance of regional surplus boundaries) to the Zone of Increasing Risk (orange), and extend 
to the High-Risk Zone (red/purple). The threshold between the Zone of Increasing Risk and the High-Risk Zone is calculated based on information from 
Schulte-Uebbing et al. (2022)326 (see Supplementary Material). Based on data from model runs with IMAGE-GNM, using the methodology of Schulte-
Uebbing et al. (2022).326

KEY TAKEAWAY: Nitrogen use in agriculture has exceeded safe ecological limits in several regions of the world, particularly in parts of Asia and Europe, 
indicating significant environmental risks.

  FIGURE 36: Global risk map for the transgression of the Modification of Biogeochemical Flows boundary – Phosphorus cycle. The regional boundary 
status is calculated based on agricultural phosphorus surplus in the year 2020. This graphic aligns with the suggestion for a control variable definition 
that is more closely related to phosphorus losses to the environment (phosphorus surplus instead of input).52 The regional boundaries were preliminarily 
derived from the global boundaries, assuming a uniform sensitivity to fertilizer surplus. Regional pollution limits may deviate significantly from these 
boundaries.11 Based on data from model runs with IMAGE-GNM, using the methodology of van Vuuren et al. (2025).52

KEY TAKEAWAY: The transgression of the phosphorus cycle boundary is particularly notable in parts of South America and Asia, where phosphorus use has 
exceeded safe ecological limits, indicating potential environmental threats.

https://doi.org/10.48485/pik.2026.25
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The nitrogen boundary sets a threshold for anthropogenic nitrogen fixation in 
agriculture. It is the sum of industrial nitrogen fixation through the Haber-Bosch 
process for fertilizer production and the intentional biological fixation through 
leguminous plants that host nitrogen-fixing bacteria in their roots.

Teragrams of Nitrogen per Year (Tg of N/year). 1 teragram equals 1 million met-
ric tons.

Human activities have increased anthropogenic nitrogen fixation rates from 0 
to approximately 190 Tg of N/year globally, mainly through fertilizer use. As a 
result, human interference in the global nitrogen cycle now exceeds the total 
flux of fixed nitrogen from all natural sources, both on land and in the ocean.325

The nitrogen PB targets industrial and intentional biological nitrogen fixation, 
setting a threshold at 62 Tg N/year. This boundary is established based on 
empirical data, environmental considerations, and the precautionary principle 
to uphold biogeochemical balance and safeguard ecosystem health.11

CONTROL VARIABLE

Nitrogen (N) Fixation

  FIGURE 38: Nitrogen inputs to agriculture. This graph shows the estimated global anthropogenic nitrogen fixation, 
through fertilizer application and biological fixation, on all agricultural land (in Tg N/year, i.e., million tons per year) 
from 1961 until 2022. Data from the IMAGE- GNM model52 and FAO.323

KEY TAKEAWAY: The steady increase in nitrogen inputs over time is a result of both cropland expansion and higher nitro-
gen use rates, reflecting the growing demand for agricultural productivity.

MODIFICATION OF BIOGEOCHEMICAL FLOWS
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Key Drivers

Human activities disrupt nitrogen and phosphorus 
cycles, similar to how they affect the global carbon 
cycle.10,327 Key drivers include extensive fertilizer 
use and the cultivation of nitrogen-fixing crops in 
agriculture. Other major sources of nitrogen include 
nitrous oxides (NOx) emissions from fossil fuel com-
bustion and the release from long-term stocks such 
as the depletion of managed soils.

Today, the amount of human-generated nitrogen 
entering the biosphere exceeds all natural sources 
combined.325 Similarly, agricultural activities have 
accelerated phosphorus inputs to the biosphere 
two to three times beyond natural rates.283,328 The 
underlying driver of this development is the grow-
ing demand for food, in particular for livestock prod-
ucts that require the cultivation and fertilization of 
feed. The food system is responsible for about 70% 
of nitrogen and 75% of phosphorus inputs to sur-
face waters.311

Besides the introduction of new nitrogen and phos-
phorus, other factors also contribute to the disrup-
tion of the respective nutrient cycles. These include 
low nutrient use efficiency within the agricultural 
system, the rates of food loss and waste, insufficient 
recycling of livestock and human excreta, as well as 
insufficient erosion control and wastewater treat-
ment.329 It is also important to note that the effects 
of accumulated soil phosphorus and groundwater 
nitrogen loadings can persist for several decades 
after initial inputs have been reduced.327

Anthropogenic nitrogen and phosphorus fluxes have 
varied significantly over time and across regions. 
While Europe and North America experienced strong 
initial growth since the mid-20th century, these have 
now stabilized. Currently, Asia is seeing substantial 
increases in nutrient fluxes, which are empirically 
linked to economic growth. In contrast, regions such 
as sub-Saharan Africa and Oceania are facing defi-
cits in their nutrient budgets.327,330

Impacts

Transgressing the safe boundaries for phospho-
rus and nitrogen has profound and widespread 
impacts on aquatic and terrestrial ecosystems, 
human health, and economic sectors like agriculture, 
aquaculture, fisheries, and tourism. Nitrous oxide 
emissions contribute substantially to Atmospheric 
Aerosol Loading, Stratospheric Ozone Depletion 
and Climate Change.331

Excess nitrogen and phosphorus lead to the eutro-
phication of water bodies and can trigger dead zones 
in freshwater and marine systems, with geological 
evidence even for large-scale ocean anoxia.332,333 
Nitrogenous air pollution causes hundreds of thou-
sands avoidable deaths every year.334

Besides the individual effects of nitrogen and phos-
phorus, shifts in their ratio itself can threaten eco-
system integrity and alter ecosystem composition by 
disrupting the nutrient balance across food webs.335 
Since the nutrient cycles have a central function 
in the Earth System, they also interact with other 
Planetary Boundaries, such as Climate Change, 
Biosphere Integrity, and Land System Change.

Current and Future Research

The nitrogen boundary currently considers only 
intentional nitrogen fixation for agriculture. Future 
assessments should also include reactive nitrogen 
from fossil fuel combustion and from the break-
down of long-accumulated soil nitrogen stocks. In 
addition, the emerging role of ammonia as a fuel 
and long-distance energy carrier may push nitro-
gen fixation to unprecedented levels in the com-
ing decades, posing high pollution risks if not regu-
lated effectively.336

Several studies suggest using agricultural nitrogen 
surplus as a control variable, focusing on the amount 
of nitrogen remaining in the environment after har-
vest, and its resulting adverse effects.55,326,337 A 
recent assessment of the regional boundary for 
phosphorus builds on the input of phosphorus to 
freshwater systems directly, considering phospho-
rus losses by soil erosion as well as non-agricultural 
sources of phosphorus.311

Future assessments of the nitrogen and phosphorus 
boundaries may benefit from more explicit incorpo-
ration of the role of both nutrients in the deoxygen-
ation of freshwater systems, coastal waters, and 
the global ocean.338

Data Sources

· � Synthetic nitrogen fertilizer application based on FAOStat (2026).323

· � Phosphorus fertilizer input data from Ludemann et al. (2024).322

· � Global Phosphorus flow into the ocean from model runs with 
IMAGE-GNM, based on the methodology of Beusen et al. (2022).324

· � Exceedance of critical P surplus data from model runs with 
IMAGE-GNM, based on the methodology of van Vuuren et al. 
(2025).52

· � Exceedance of critical N surplus data from model runs with 
IMAGE-GNM, based on the methodology of Schulte-Uebbing  
et al. (2022).326
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The ocean absorbs around 25% of the CO2 released by human activities. This oceanic uptake 
slows climate change but causes the seawater to become more acidic – a process known as 
ocean acidification. Ocean acidification has now gone beyond what is considered safe for 
marine life. A key indicator of ocean acidification is the aragonite saturation state. Aragonite 
is a form of calcium carbonate that many marine organisms – like corals and shellfish – use 
to build their shells and skeletons.

As more CO2 enters the ocean, it forms carbonic acid, which lowers the pH but also reduces 
the availability of carbonate ions. Increased acidity and reduced carbonate ion availability 
can make it more energetically costly for calcifying organisms to build and maintain their 
shells or skeletons. Also many non-calcifying organisms experience adverse effects on their 
physiology, growth and survival due to increasing acidity. In many regions, vulnerable spe-
cies are already exposed to harmful conditions. Cold-water corals, tropical corals, Arctic 
calcifiers, and marine life in coastal upwelling systems are especially at risk as acidification 
continues to spread and intensify.

Definition

Ocean acidification refers to the increasing acidity 
(decreasing pH) of seawater caused by the absorp-
tion of anthropogenic CO2 from the atmosphere. 
This process poses risks to many organisms, poten-
tially disrupts marine ecosystems, and reduces the 
ocean’s efficiency to absorb anthropogenic carbon.

2026 Status

The Planetary Boundary for Ocean Acidification 
is transgressed. This conclusion was first estab-
lished in 202523,339 and is based on a high-qual-
ity global observation-based dataset of surface 
ocean acidification variables, combined with a 
revised estimate of pre-industrial conditions. The 
current best estimate of the preindustrial global 
mean surface aragonite saturation state (Ω) in the 
year 1750 is 3.57, according to the multi-model 
mean of observationally-adjusted CMIP6 sim-
ulations.339,340 The Safe Operating Space of the 
Planetary Boundary for Ocean Acidification has 
been defined as 80% of the pre-industrial Ω value 
(i.e., a 20% decline).9 Applying this threshold to 
the pre-industrial estimate of 3.57 yields a bound-
ary value of 2.86. The observation-based global 
surface aragonite saturation state in 2024 was in 
between 2.85 ± 0.01,341 which lies just below the 
revised Planetary Boundary threshold.
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Aragonite is a form of calcium carbonate that many marine organisms – such 
as corals and shellfish – use to build their shells and skeletons. The aragonite 
saturation state (Ω) reflects the availability of carbonate ions in seawater rel-
ative to the amount needed for saturation with aragonite, with values below 
1 indicating corrosive conditions. Ω is closely tied to CO2 levels in the atmo-
sphere, making it a useful indicator of the impact of rising CO2 on both ocean 
chemistry and marine organisms.

Dimensionless.

Ω varies by region, predominantly ranging from 3.3 to 4 in tropical regions to 
1 to 2 in polar regions.

The PB is set at the global mean surface Ω value of 2.86, which is 80% of the 
pre-industrial value of 3.57. The 80% threshold was selected with the aim of 
preventing large-scale aragonite undersaturation in high-latitude waters, while 
maintaining well-oversaturated conditions in low-latitude regions, and thereby 
limiting harmful impacts on marine calcifiers.

CONTROL VARIABLE

Aragonite Saturation State (Ω)

  FIGURE 39: Timeseries of the global surface aragonite saturation state (left panel) and the increase in global hydrogen 
ion concentration, the direct measure of acidity (right panel). For both variables, observation-based reconstructions 
are shown from UExP-FNN-U,341 CMEMS-LSCE-FFNN,342–344 ETHZ_OceanSODA_v1,345 and JMA-MLR (v2025).346,347 
Global means are calculated on each product’s native grid; differences between products largely reflect differences 
in spatial coverage. The aragonite saturation state has declined significantly in recent decades and has recently brea-
ched the Planetary Boundary (set at 80% of the pre-industrial state; red line). The baseline (green line) is the pre-in-
dustrial aragonite saturation state around the year 1750, based on Jiang et al. (2023).340

KEY TAKEAWAY: Ocean acidification has gone beyond safe limits, increasingly endangering marine ecosystems.
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  FIGURE 40: Global map of surface aragonite saturation state, a key indicator of ocean acidification. This map shows relative anomalies in surface ara-
gonite saturation state for the year 2024 (based on the observation-based data product UExP-FNN-U341) with respect to year 1750 (based on obser-
vationally-adjusted CMIP6 model results.340) Nearly all regions exhibit a significant decrease in aragonite saturation state. Declines are generally below 
20% at low latitudes, progressively breach the 20% threshold through the mid-latitudes, and substantially exceed 20% at high latitudes, with the most 
pronounced reductions occurring in the Arctic.

KEY TAKEAWAY: The ocean has significantly acidified globally, particularly in the Arctic and Southern Ocean.

Key Drivers

While the term “acidification” refers specifically 
to a decrease in pH (i.e., an increase in hydrogen 
ion concentration and acidity), ocean acidification 
involves a broader set of chemical changes in sea-
water driven by CO2 uptake,348 including a reduction 
in the saturation state of aragonite, a form of cal-
cium carbonate that many marine organisms use to 
build shells and skeletons.

The ocean takes up approximately a quarter of 
human-caused CO2 emissions.348–350 As more CO2 is 
absorbed in seawater, it forms carbonic acid, which 
breaks apart and releases hydrogen ions. These 
hydrogen ions bind with carbonate ions, reducing 
their availability and thereby lowering the arago-
nite saturation state, which can make it harder for 
shell-building organisms to maintain their shells and 
skeletons. Therefore, the aragonite saturation state 
indicates changes in ocean chemistry as well as the 
increasing pressure on marine life.

Human-caused CO2 emissions are the dominant 
driver of ocean acidification at the global scale,348,349 
while coastal acidification is also influenced by addi-
tional processes such as excess nutrient runoff.

Impacts

Biological impacts of ocean acidification
Ocean acidification affects marine life in multiple 
ways. Calcifying organisms like corals, shelled mol-
lusks, and some crustaceans require more energy 
to build and maintain their calcium carbonate struc-
tures. The increased energetic cost of calcifica-
tion can lead to thinner, weaker shells and skele-
tons while also impairing growth, reproduction, and 
survival, as organisms are left with less energy for 
other crucial biological processes. Especially in polar 
regions, where acidification is progressing rapidly, 
signs of shell damage and dissolution have already 
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been observed in pteropods, tiny calcifying zoo-
plankton commonly known as sea butterflies and 
recognized as some of the most vulnerable organ-
isms to ocean acidification.351,352 They are a sentinel 
group with well-researched and quantified thresh-
olds for shell dissolution under a declining arago-
nite saturation state (Ω). Since pteropods play an 
important role in the marine food web, their decline 
could cause ripple effects that impact other species 
and potentially harm the wider marine ecosystem.

Tropical coral reefs are facing increased loss of suit-
able environmental conditions, including favorable 
pH levels.10 While increasingly frequent marine heat-
waves are the main cause of shallow-water coral 
reef bleaching in tropical regions, ocean acidifica-
tion adds further pressure by impairing the recov-
ery of bleached reefs. The degradation of tropical 
coral reefs, biodiversity hotspots that also serve as 
critical habitat for early life stages, leads to the loss 
of essential shelter and resources for many marine 
species.

Deep-water corals are particularly vulnerable to 
ocean acidification because they live near the ara-
gonite saturation horizon, i.e. the depth where ara-
gonite begins to dissolve. As anthropogenic CO2 
accumulates in the ocean interior, the aragonite sat-
uration horizon rises closer to the surface.349 As a 
result, deep-water corals face increasing difficulty 
building and maintaining their aragonite skeletons, 
making acidification one of their greatest threats.

Calcifying and non-calcifying organisms alike 
can be impacted by ocean acidification through 
another pathway, as internal physiology and 
neurology can be impacted by changes in sea-
water chemistry. Actively maintaining a sta-
ble internal pH as surrounding seawater acidi-
fies can require more energy, leaving less energy 
for processes like growth and reproduction.353 
The co-occurrence of acidification, deoxygen-
ation, and warming can intensify physiological 
stress and reduce habitat suitability for a wide 
range of species.354,355

Changes in ocean chemistry and  CO2 uptake
In addition to harming marine life, ocean acidification 
also influences the ocean’s ability to absorb further 
CO2 from the atmosphere. This effect is linked to 
the reduction in the carbonate ion concentration in 
seawater. Carbonate ions are crucial to the ocean’s 
buffering capacity, which helps neutralize acidity by 
converting dissolved CO2 into bicarbonate. As car-
bonate ions decline, less dissolved CO2 is converted 
into bicarbonate than it would be under preindus-
trial conditions. A relatively higher CO2 concentra-

tion in seawater reduces the CO2 partial pressure 
difference between atmosphere and ocean – the 
very driver of CO2 uptake – which ultimately slows 
down further CO2 uptake compared to a less acid-
ified state. Recent observations indicate that the 
CO2 uptake efficiency has slightly declined, likely 
due to a combination of reduced buffer capacity 
and changes in ocean circulation linked to climate 
change.350 Nevertheless, the ocean still absorbs 
about 25% of human-caused CO2 emissions280 and is 
expected to continue playing a major role in remov-
ing human-caused CO2 from the atmosphere and 
moderating Climate Change.356

Any impacts on the biological functioning of the 
ocean from acidification could also feed back 
to surface ocean CO2 concentration and CO2 
uptake, because marine organisms influence the 
carbon cycle in multiple ways. While the process 
of calcification actively releases CO2 into sur-
face waters, the biological carbon pump simul-
taneously transports organic carbon to the deep 
ocean. Consequently, shifts in such biological pro-
cesses can alter the ocean’s net uptake of atmo-
spheric CO2.

247,357–359

Regional difference in ocean acidification
The Arctic Ocean has experienced the most severe 
acidification to date (●  FIG. 40), driven by its nat-
urally low buffer capacity, cold temperatures 
(which increase CO2 solubility), and rising freshwa-
ter input. Some Arctic surface waters are already 
undersaturated with respect to aragonite, posing 
serious risks to calcifying organisms. At lower lat-
itudes, tropical and subtropical waters currently 
maintain relatively high aragonite saturation states. 
However, the absolute rate of decline in arago-
nite saturation state is highest in these low lati-
tude regions.339 Coastal areas around the world 
often face additional acidification pressures from 
local factors such as upwelling, nutrient runoff from 
agriculture, high biological productivity, and fresh-
water input, but also acidification relief for exam-
ple due to locally increasing alkalinity.360 These pro-
cesses contribute to strong regional and seasonal 
variability in acidification levels.

Current and Future Research

Further research is required to determine how 
regional differences, including sub-surface ocean 
acidification, along with a wider suite of sentinel 
species responses to acidification (e.g., coastal 
shellfish, pteropods, deep-water corals, and oth-
ers) could be used to refine the boundary.361 Initial 
research on these aspects suggests that a safe 
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boundary of 90% of the pre-industrial value (i.e., 
10% decline) would better align with the precaution-
ary principle, as this more conservative boundary 
would limit aragonite undersaturation to less than 
10% of the area of the Arctic surface ocean, leav-
ing only 3% of polar pteropod habitat exposed to 
conditions that result in severe shell dissolution.339 
Recently updated biological thresholds of acidifica-
tion impacts on vulnerable species further suggest 
that the safe zone might be closer to a decline of 
10% than 20%.362

Seawater pH has been proposed as an alterna-
tive control variable for the Planetary Boundary of 
Ocean Acidification361 because pH reflects biolog-
ical impacts of ocean acidification more broadly, 
far beyond the effects of reduced aragonite sat-
uration state. Many marine species must actively 
regulate internal acid-base balance to keep cel-
lular processes functioning, which becomes more 
energy-demanding as seawater pH decreases.353 
Lower pH also increases the energetic costs of 
building and maintaining calcium carbonate struc-
tures, even when the organism does not depend 
on carbonate ion availability. Experimental studies 
and meta-analyses consistently show that devia-
tions from natural pH variability are linked to nega-
tive biological and ecosystem-level effects across 
diverse marine species.363–367

Declining ocean integrity beyond 
ocean acidification

While ocean acidification is well established within the 
PB framework, other equally critical marine processes 
are not yet included. Ocean warming and ocean deox-
ygenation are currently being evaluated as potential 
components of the PB framework, as they reflect addi-
tional dimensions of global ocean change.

Ocean warming
Incorporating ocean warming would add a critical 
dimension of ocean integrity by capturing cumu-
lative heat storage and its role in driving physical, 
biogeochemical and ecological changes that are not 
fully reflected in the current framework.

Within the PB framework, climate change is rep-
resented through the atmospheric CO2 concentra-
tion and radiative forcing. However, these metrics 
do not explicitly capture the accumulation, storage, 
and distribution of energy within the Earth system. 
As the dominant heat and carbon reservoir, the 
ocean plays a central role in climate regulation, cryo-
sphere stability, and ecosystem changes. Sustained 
increases in ocean heat content reduce the ocean’s 

ability to buffer climate change and increase the 
likelihood of long-term warming and non-linear Earth 
system change.

Since at least the 1970s, a persistent positive Earth 
energy imbalance has led to continuous energy 
uptake by the Earth system.368,369 The ocean dom-
inates this response, accounting for around 90% 
of the excess heat stored since that time. Recent 
studies show that ocean warming is accelerat-
ing, with a sustained increase in the rate of heat 
uptake over recent decades (0.15 ± 0.05 W/m2 per 
decade)370–372 and record-high ocean heat content 
in 2025.373,374

Ocean warming is also a major stressor on marine 
ecosystems and interacts with other human-in-
duced pressures, including acidification and deox-
ygenation.355,375

Potential control variable candidates for ocean 
warming include upper ocean heat content (e.g., 
over 0–2000 m). It reflects the integrated response 
of the Earth system to radiative forcing and pro-
vides complementary information to atmospheric 
CO2 or energy imbalance. Ocean heat content is 
derived from measured ocean temperatures, with 
good observational coverage of the upper 2000 m 
over the past several decades.

Ocean deoxygenation
Approximately 0.5–3% of the global ocean dissolved 
oxygen content has been lost over the past five 
decades.59,376 Ocean deoxygenation influences Earth 
system stability through several interconnected path-
ways, for example by influencing how organic matter 
is decomposed as it sinks through the water column. 
Under oxygen-rich conditions, aerobic microbes rap-
idly decompose sinking organic matter, recycling it 
into dissolved inorganic carbon that can return to the 
atmosphere as CO2. Under low-oxygen conditions, 
microbial decomposition occurs through slower 
anaerobic pathways, allowing a significantly larger 
fraction of organic carbon to become buried in sea-
floor sediments. These processes can affect atmo-
spheric CO2 and thereby influence Earth’s climate 
over long timescales.377 Ocean deoxygenation also 
plays an important role in regulating how efficiently 
nitrogen is cycled in the ocean. Low-oxygen condi-
tions drive nitrogen-depleting microbial processes 
(denitrification and anammox) that transform biologi-
cally available nitrogen mainly into inert N2 gas, and a 
smaller fraction into the potent greenhouse gas N2O. 
Ocean deoxygenation increases the volume of water 
masses that are critically low in oxygen (hypoxic) or 
completely oxygen-depleted (anoxic). One conse-
quence is the expansion of oxygen minimum zones – 

OCEAN ACIDIFICATION
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massive hypoxic water layers that can shoal upward 
from the mid-depth ocean. Most marine animals can-
not survive in hypoxic waters for long, so they either 
suffocate or flee to oxygen-rich areas, resulting in 
altered species distribution and impaired ecosys-
tem functioning.332 Ocean acidification and deoxy-
genation are increasingly recognized as important 
co-stressors, with evidence that their co-occur-
rence can intensify physiological stress, particu-
larly in calcifying and metabolically sensitive organ-
isms.378,379 Geological evidence further indicates that 
past mass extinction events coincided with periods 
of expanded ocean anoxia, highlighting the poten-
tial for profound changes at planetary scale under 
reduced oxygen conditions.380

Hypoxic water volume could serve as a control 
variable for ocean deoxygenation, integrating the 
effects of warming, stratification, and circulation 
change. There is substantial evidence for ecolog-
ical and physiological thresholds beyond which 
impacts on marine ecosystems are likely to be exac-
erbated, providing a basis for defining a safe oper-
ating space.338,381

Data Sources

· � The observation-based data product UExP-FNN-U (v2026-
pre1)341 is used for the current value, map (FIG. 40), and timese-
ries (FIG. 39).

· � Observationally-adjusted CMIP6 model data from Jiang et al. 
(2023)340 is used for the preindustrial baseline and boundary 
value (ALSO IN FIG. 39), and as preindustrial reference distribution 
for the map (FIG. 40).

· � The following observation-based data products are also 
used in the timeseries (FIG. 39): CMEMS-LSCE-FFNN (v2026-
03),342–344 ETHZ_OceanSODA_v1 (v2025),345 and JMA-MLR 
(v2025).346,347

· � We thank Luke Gregor (OceanSODA-ETHZ), Marion Gehlen 
and Frederic Chevallier (CMEMS-LSCE-FFNN), and Yosuke Iida 
(JMA-MLR) for their advice and assistance with their datasets. 
DJF and JDS were supported by the European Space Agency 
projects Ocean Carbon for Climate (OC4C; 3-18399/24/I-NB) 
and Satellite-based observations of Carbon in the Ocean: 
Pools, Fluxes and Exchanges (SCOPE; 4000142532/23/I-DT). 
HSF received funding from a Natural Environment Research 
Council grant NE/X006271/1.

· � For additional information on data and methodology, please see 
Supplementary Materials.

https://doi.org/10.48485/pik.2026.25


PBSCIENCE | PLANETARY HEALTH CHECK 202690

OCEAN ACIDIFICATION

Atmospheric Aerosol Loading refers to the concentration of small particles suspended in 
the atmosphere, which originate from both natural processes like dust storms and volcanic 
eruptions, and human activities such as burning fossil fuels, industrial processes, and agri-
culture. These particles influence the Earth’s climate by interacting with sunlight and clouds. 
Some reflect sunlight and cool the planet (such as sulfates), while others absorb heat and 
contribute to warming (such as black carbon). Aerosols also affect cloud formation and pre-
cipitation patterns, making their climate effects complex and regionally varied.

In recent decades, efforts to improve air quality have led to declining aerosol emissions in 
many higher-income regions, while emission levels remain high or are increasing in parts of 
Asia and Africa due to rapid industrial growth and biomass burning. Overall, global anthro-
pogenic aerosol loading is decreasing, which helps to reduce air pollution and health risks 
but may accelerate global warming by removing the cooling effect that some aerosols pro-
vide. Managing aerosol emissions presents a trade-off: While their reduction benefits human 
health and ecosystems, it also reveals more of the warming caused by greenhouse gases.

Definition

Atmospheric Aerosol Loading refers to the con-
centration and spatial distribution of fine particu-
late matter in the atmosphere that can influence 
Earth’s energy balance, cloud formation, and hydro-
logical cycles. Human-driven transgression of this 
Planetary Boundary is primarily caused by emis-
sions of aerosols such as black carbon, sulfates, 
and organic particles, which can alter regional cli-
mate systems, affect monsoon patterns, and pose 
risks to both ecosystems and human health.9,382,383

2026 Status

The difference in Atmospheric Aerosol Loading 
(0.07) between the two hemispheres (interhemi-
spheric difference) is below the Planetary Boundary 
of 0.1, and thus within the Safe Operating Space, 
trending towards safer values.9,84 A proposed 
regional control variable, the aerosol optical 
depth over South Asia (0.32), is now assessed as 
transgressed (see section on Current and Future 
Research).9,84
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DEFINITION	
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PLANETARY 

BOUNDARY 

(PB)

AOD measures how many aerosols (small particles suspended in the air) block 
the transmission of light in the atmosphere, without distinguishing whether the 
particles absorb or reflect light. The interhemispheric difference refers to how 
much higher AOD tends to be in the Northern Hemisphere – where most human 
activity and emissions occur – compared to the Southern Hemisphere. Globally, 
this control variable measures the interhemispheric difference in aerosol con-
centrations between the Northern and Southern Hemispheres.

Dimensionless.

AOD values range from 0 (no aerosols) to 1 or higher (very dense aerosol layer). 
The difference in AOD between the Northern and Southern Hemispheres has 
been decreasing from 2010 to 2025 and ranging between 0.08 and 0.06.

The PB is defined by an interhemispheric difference in AOD of 0.1. This thresh-
old is based on observational evidence from volcanic eruptions and on mod-
eling studies, which suggest that a rising interhemispheric difference in AOD 
can trigger regional-scale tipping points, potentially leading to shifts in mon-
soonal patterns. Such changes can significantly affect weather cycles, increas-
ing the risk of floods and droughts. This threshold is also relevant in the con-
text of justice considerations related to human health.55

CONTROL VARIABLE

Interhemispheric Difference in Aerosol Optical Depth (AOD)

  FIGURE 41: Bridging the divide: Declining interhemispheric difference in aerosol loading. This chart shows the 5-year 
running mean of the difference in the aerosol optical depth (AOD) between the Northern and Southern Hemispheres, 
calculated by averaging data from 60° north to 60° south for the period from 2003–2025. Horizontal lines indicate the 
Planetary Boundary of 0.1 and the pre-industrial baseline of 0.04. Despite a slight uptick in the most recent data point, 
we consider the post-2010 trend towards safer values to continue. Data from CAMS EAC4.384

 
KEY TAKEAWAY: The difference in aerosol optical depth between the Northern and Southern Hemispheres has been 
decreasing from 2010 to 2025, indicating that we are moving further into the Safe Operating Space.
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  FIGURE 43: Effective radiative forcing (W/m²) of sulfur dioxide and black carbon, averaged annually over 2010–2020. Effective radiative forcing (ERF) 
estimates for sulfur dioxide (SO2, left) and black carbon (BC, right) are shown, based on simulations from CMIP6 models participating in the Aerosols 
and Chemistry Model Intercomparison Project (AerChemMIP). ERF represents the net change in Earth’s energy balance due to these aerosol emissions, 
including both direct radiative effects and interactions with clouds. SO2 generally exerts a cooling effect by increasing reflective sulfate aerosols, while 
BC leads to warming by absorbing sunlight in the atmosphere.

KEY TAKEAWAY: Different kinds of aerosols have both significant warming and cooling effects on the climate system.

  FIGURE 42: Global total aerosol optical depth (AOD) at 550 nm, time-averaged over 2010–2020. The Copernicus Atmosphere Monitoring Service (CAMS) 
global reanalysis (EAC4) integrates satellite retrievals and model simulations to produce consistent, spatially and temporally resolved fields of atmospheric 
composition. Total AOD represents the aerosol optical depth due to all aerosol species, including sulfates, black carbon, organic matter, sea salt, and dust.

KEY TAKEAWAY: High AOD values occur over major dust source regions (such as the Sahara and Arabian Peninsula), biomass-burning zones (such as Central 
Africa and the Amazon), and industrially polluted areas (such as India and Eastern China). Low AOD is found over remote oceans and the polar regions.
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Key Drivers

The main anthropogenic drivers of changes in 
Aerosol Optical Depth (AOD), and thus of poten-
tial transgression of the global control variable, are 
emissions from fossil fuel and biomass burning.385,386 
Sulfur dioxide (SO2) and black carbon are among 
the most important aerosol precursors (substances 
that react in the atmosphere to form aerosol par-
ticles) and are primarily emitted through industrial 
activity, power generation and transportation.369,387 
Agricultural activities, particularly open burning 
of crop residues and traditional biomass use, are 
notable contributors to black carbon emissions, 
although they play a minimal role in sulfur dioxide 
release.369,387 The CAMS reanalysis, averaged over 
2010–2020 (● FIG. 42), highlights substantial differ-
ences in AOD between the Northern and Southern 
Hemispheres.

While the global control variable remains within the 
Safe Operating Space of the Planetary Boundary 
(●  FIG.  41), it does not fully capture regional risks. 
In some areas, such as South Asia, aerosol emis-
sions and thus AOD levels exceed safe thresholds 
(●  FIG.  44), contributing to significant climate and 
societal impacts such as altered rainfall patterns 
and increased respiratory diseases. More research 
is needed to understand past natural conditions, 
consolidate observations and modeling, and grasp 
both local causes and effects as well as global-scale 
consequences.

Impacts

Aerosols influence the Earth system in complex and 
far-reaching ways.388 One of the most important 
global-scale effects is their impact on atmospheric 
circulation, particularly through the interhemispheric 
difference in AOD. This imbalance, driven by higher 
emissions in the Northern Hemisphere, alters the 
distribution of absorbed solar energy across the 
hemispheres, which in turn affects large-scale 
wind patterns and the position of the Intertropical 
Convergence Zone.389 These changes can alter 
global monsoon systems, including the South Asian, 
West African, and East Asian monsoons, potentially 
producing less rainfall or delayed onset.390

Aerosols also modify Earth’s energy balance through 
effective radiative forcing.391 Scattering aerosols 
(like sulfate, formed from sulfur dioxide) tend to 
cool the atmosphere by reflecting incoming sun-
light, while absorbing aerosols (like black carbon) 
warm the atmosphere by trapping solar radiation 
(● FIG. 43).391 These opposing effects complicate the 

overall climate response and can lead to regionally 
contrasting impacts on temperature, precipitation, 
and cloud formation.

While interhemispheric difference in AOD is a glob-
ally averaged indicator, many significant aerosol-re-
lated effects are regional. The regional aerosol 
boundary of 0.25–0.5 AOD over South Asia is more 
relevant for capturing such local effects (● FIG. 44). 
Elevated aerosol concentrations over South Asia 
have been linked to a weakening of the South Asian 
monsoon, increasing the risk of prolonged droughts 
and reduced agricultural productivity.11

Current and Future Research

Current research on the Increase in Atmospheric 
Aerosol Loading has shifted from measuring direct 
radiative forcing to understanding complex inter-
actions across the Earth system. Future research 
priorities include quantifying aerosol-monsoon 
interactions, aerosol-cryosphere feedbacks in the 
Arctic, understanding interactions between warm-
ing-induced biogenic emissions and secondary 
aerosol formation, and moving towards regional 
aerosol boundaries that target hydroclimate tip-
ping points such as monsoon collapse or acceler-
ated ice melt. This Planetary Boundary is now seen 
as deeply entangled with Climate Change, Land 
System Change, Freshwater Change, and Change 
in Biosphere Integrity, with upcoming assessments 
likely to define a Safe Operating Space based on 
preventing abrupt Earth system regime shifts rather 
than radiative forcing alone.

Data Sources

· � AOD data (total AOD for light at 550 nm wavelength) is the 
ECMWF Atmospheric Composition Reanalysis 4 (EAC4) 
product from the Copernicus Atmosphere Monitoring Service 
(CAMS).384,395

· � Effective radiative forcing estimates are derived from simula-
tions conducted by climate models participating in CMIP6 (the 
sixth phase of the Coupled Model Intercomparison Project) 
which provides a coordinated framework for comparing global 
climate models.396

· � Specifically, data sets come from models involved in AerChem-
MIP, a CMIP6 sub-project focused on understanding the role of 
atmospheric aerosols and chemistry in the climate system.397
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No globally uniform AOD threshold can currently be defined for climate impacts 
because the interactions of aerosol loading with climate effects vary strongly 
across regions. Instead, the global control variable is the interhemispheric aero-
sol optical depth difference. A regional boundary has, however, been identified 
for South Asia, where aerosol loading affects the South Asian summer mon-
soon, a key component of the global hydrological cycle. The regional aerosol 
boundary for South Asia is defined using AOD as the control variable, repre-
senting the column aerosol loading over the South Asian region. Regional AOD 
correlates with PM2.5 (fine particulate matter with diameters 2.5 micrometers, 
a health-hazardous air pollutant, which is also particularly important in the con-
text of justice considerations regarding human health.55,392) concentration.393 
However, this regional correlation is not yet fully integrated into the Planetary 
Boundaries framework.

Dimensionless.

AOD values range from 0 (no aerosols) to 1 or higher (very dense aerosol layer); 
0.32 at present over South Asia.

Following11, a safe boundary of AOD 0.25 (Range 0.25–0.5) is proposed, with a 
zone of uncertainty extending to AOD 0.5, beyond which substantial disruption 
to the regional hydrological cycle is expected. This boundary has been recently 
confirmed using climate model simulations,394 which show that increasing AOD 
to 0.25 leads to a 10% reduction in South Asian monsoon precipitation (drought 
conditions), while AOD 0.5 results in 15–20% reductions in the rainfall, indicat-
ing severe monsoon weakening.

CONTROL VARIABLE

Proposed regional control variable:  
Aerosol Optical Depth over South Asia

  FIGURE 44: Regional control variable: aerosol optical depth (AOD) over South Asia. This chart shows the 5-year run-
ning mean of the annual mean aerosol optical depth (AOD at 550 nm; unitless) averaged over the South Asian region 
(5°N-40°N, 65°E-100°E) for the period 2003–2025, from CAMS reanalysis data. The red line shows the Planetary 
Boundary of 0.25, while the green line represents the baseline of 0.15. Data from CAMS EAC4.384

KEY TAKEAWAY: Aerosol optical depth (AOD) over South Asia indicates that this regional PB has been transgressed, and 
the trend over the last year shows that it is moving further outside the Safe Operating Space.
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The ozone layer in the upper atmosphere protects the Earth from harmful solar ultravio-
let radiation. Additionally, ozone plays an important role in atmospheric energy balance. 
Because of the release of ozone depleting substances (ODS), the ozone layer has substan-
tially declined over the second half of the 20th century.

Since the mid-1990s, thanks to the international agreements limiting ODS release, the ozone 
layer has largely recovered, and it is expected to stay within the safe limits. The ozone layer 
depletion and its subsequent recovery had measurable effects on atmospheric circulation, 
particularly in the Southern Hemisphere.

Definition

The Planetary Boundary for Stratospheric Ozone 
Depletion is defined to ensure sufficient ozone con-
centrations in the stratosphere to prevent harm-
ful levels of ultraviolet radiation at Earth’s surface. 
Depletion is driven primarily by the emission of 
ozone-depleting substances, such as chlorofluo-
rocarbons, which catalyze the breakdown of ozone 
molecules, particularly under polar stratospheric 
conditions.

2026 Status

The current total amount of stratospheric ozone 
(286 DU) is above the Planetary Boundary of 277.4 
DU, and thus within safe levels. Recovery is ongo-
ing, although it may have plateaued in recent years, 
with values still below mid-20th century levels.
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PLANETARY 

BOUNDARY 

(PB)

Average stratospheric ozone concentration in the extra-polar zone – the 
region of the Earth’s atmosphere outside the polar areas, spanning from 60°N 
to 60°S. While the polar ‘ozone hole’ is widely known, the impacts on humans 
and ecosystems are more severe when it comes to the extra-polar ozone layer. 
Additionally, the ozone hole phenomenon involves complex factors beyond just 
anthropogenic ozone-depleting substances, making extra-polar ozone a more 
relevant measure for a Planetary Boundary.9

Dobson Unit (DU). One DU represents a layer of ozone that would be 0.01 mil-
limeters thick under standard temperature and pressure.

Typical local values range from about 100 to 500 DU.

There is no clear threshold for defining a boundary for global extra-polar strato-
spheric ozone. As a preliminary estimate, the PB is set as a maximum reduction 
of 5% from the reference level (mean of the years 1964–1980). With the ref-
erence level estimated at 292 DU, the Planetary Boundary is set at 277.4 DU.

CONTROL VARIABLE

Stratospheric Ozone Concentration

  FIGURE 45: Ozone layer revival: A success story. This chart displays the 11-year running mean of the control variable 
“global mean stratospheric ozone concentration” measured in Dobson Units (DU) for the data from 1979–2022. The 
red line shows the Planetary Boundary of about 277, while the green line represents the baseline of 292 (values upda-
ted10) Data from Copernicus (2020).398

KEY TAKEAWAY: While the global stratospheric ozone layer has recovered since the mid-1990s, this recovery may have 
plateaued in recent years.
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Key Drivers

Ultraviolet (UV) radiation reaching Earth’s surface 
poses a threat to life, but an intact ozone layer in 
the stratosphere absorbs much of this harmful radi-
ation. Therefore, the concentration of O3 (ozone) in 
the atmosphere is a critical control variable that must 
not exceed the established Planetary Boundary level.

The primary driver of ozone destruction in the 
stratosphere are highly reactant atoms, mostly chlo-
rine. This chlorine is produced in the stratosphere 
through the breakdown of stable chlorofluorocar-
bons (CFCs) by UV radiation. CFCs are a class of 
chemicals that have been used as refrigerants, aero-
sol propellants, fire suppression systems, and sol-
vents. These stable molecules can persist in the 
atmosphere for up to a century after being emit-
ted at the Earth’s surface – all the while continu-
ing to break down ozone (O3) into regular oxygen 
(O2).

400 The Montreal Protocol has successfully con-
trolled CFC emissions; today, the most significant 
remaining source of ozone-depleting substances is 

nitrous oxide (N2O).401 Agricultural activities contrib-
ute a major share of global N2O emissions through 
various pathways.402

Impacts

Depletion of stratospheric ozone allows more harm-
ful UV radiation to reach the Earth’s surface, signifi-
cantly increasing the risk of skin cancer, cataracts, 
and other health problems in humans. This increased 
UV radiation also adversely affects terrestrial and 
aquatic ecosystems. In the ocean, it can damage 
phytoplankton populations, which are crucial for 
marine food webs. On land, elevated UV levels can 
impact crop yields and the health of forest eco-
systems.403 Additionally, changes in stratospheric 
ozone levels influence climate dynamics, as alter-
ations in ozone concentrations affect atmospheric 
temperatures and circulation patterns, impacting 
both regional and global climate systems.

  FIGURE 46: Global map of recent ozone layer changes. This map shows the relative change of the control variable “global mean stratospheric ozone 
concentration” between 1979–1989 (first 11-year cycle of this data set) and 2012–2022 (last 11-year cycle of this data set, e.g., a change from 260 DU 
to 273 DU would be indicated by a value of +5%). Areas where total ozone has increased are shown in shades of blue, and areas where it decreased are 
shown in shades of red. Data from Copernicus (2020).398

KEY TAKEAWAY: Global changes in stratospheric ozone concentration between the periods 1979–1989 and 2012–2022 show mixed trends, with increases 
in some regions and decreases in others, while the persistent Antarctic ozone hole highlights ongoing recovery challenges.399
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The depletion of Antarctic stratospheric ozone in 
the period from 1960 to 2000 resulted in the cool-
ing of the lower stratosphere over the Antarctic, 
which led to a strengthening of the Antarctic polar 
vortex during austral spring and a delay in the 
polar vortex breakup dates.404 This led to changes 
in the Southern Hemisphere tropospheric circula-
tion, including the poleward shift of the mid-lati-
tude tropospheric wind jet, a positive trend in the 
Southern Annular Mode and the poleward expan-
sion of the equatorial tropospheric convection cell, 
which also had an impact on rain precipitation and 
ocean salinity in the Southern Hemisphere.405 After 
the year 2000, the Antarctic ozone recovery led to 
a weakening of the Antarctic polar vortex and to 
earlier polar vortex breakup dates.404 Recent stud-
ies406 reported that the Southern Hemisphere tro-
pospheric circulation changes paused, or slightly 
reversed, after the year 2000 due to the Antarctic 
ozone recovery. While there is evidence that tro-
pospheric circulation and surface climate in the 
Southern Hemisphere were influenced by Antarctic 

ozone depletion- and recovery-related changes, no 
robust evidence of such linkage was found in the 
Northern Hemisphere.404

Current and Future Research

The increasing amount of space debris in low-Earth 
orbit ultimately leads to ozone depletion, due to the 
production of nitrogen monoxide in the middle atmo-
sphere by re-entering space debris. Additionally, a 
growing amount of rocket launches and re-entering 
space debris introduce new aerosols in the middle 
atmosphere. The impacts of these aerosols on ozone 
concentration and on radiative balance in the middle 
atmosphere remain poorly understood. Changes in 
the vertical distribution of ozone concentration also 
play a crucial role in radiative balance.404

Data Sources

· � Ozone data from Copernicus (2020),
398

  
accessed on 18 Mar 2026.
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Novel entities comprise human-made chemicals and materials and naturally occurring sub-
stances that are mobilized by humans. Produced and released in myriad forms and huge 
quantities, they can interact, accumulate and elicit impacts in ways that can threaten the Earth 
system. For example, many novel entities (certain pollutants and plastics) are widespread 
globally with poor reversibility. They accumulate along the food chain and cause adverse 
effects, by themselves or in combination with other stressors (e.g., heat or drought), ulti-
mately with the potential to threaten biosphere integrity.

However, our understanding of planetary-scale exposure and impacts is still fragmented due 
to the tremendous, ever-increasing number and diversity of novel entities. To assess the 
potential planetary risk arising from our ignorance, we use a practical proxy: the proportion of 
novel entities that does not undergo adequate safety testing before widespread production 
and use. That share is currently very high, and on this basis the Planetary Boundary for Novel 
Entities is considered transgressed – the creation of novel entities far outpaces our capacity 
to evaluate them. Future assessments may incorporate additional metrics, such as produc-
tion, release to the environment, transport to and accumulation in remote sinks, and impacts.

Definition

Novel entities are novel anthropogenic introductions 
or mobilizations to the Earth system. These include 
human-made and -mobilized chemicals and mate-
rials (e.g., organic pollutants, (micro)plastics and 
(radioactive) elements). They can disrupt Earth sys-
tem processes, mainly by impacting other bound-
aries, for example through impacts on biosphere 
integrity, or the depletion of the ozone layer via the 
release of chlorofluorocarbons (CFCs). Since the 
Planetary Boundaries framework focuses on Earth 
system stability rather than human or ecosystem 
health, a key scientific challenge is to determine how 
much novel entity loading the Earth system can tol-
erate before it shifts irreversibly into a less habit-
able state.

2026 Status

Following the precautionary principle, Richardson 
et al. (2023)10 defined the Planetary Boundary of 
Novel Entities at 0 % release of inadequately tested 
novel entities to the environment. According to this 
definition, the number and diversity of human-made 
chemicals and materials without adequate testing, 
as well as human-mobilized elements introduced 
into infrastructure, technology, and the environ-
ment, are currently beyond safe levels. The increas-
ing production, use, emissions, and impacts of dif-
ferent subsets of novel entities are illustrated in 
● FIG. 47. As it is impossible to test all novel entities 
before their release, the current control variable is 
not actionable. Furthermore, it is inconsistent with 
other boundaries, whose control variables are based 
on risk rather than precaution. Therefore, alterna-
tive control variables for the Introduction of Novel 
Entities boundary are under development.
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The share of human-made or -mobilized chemicals and materials released into 
or mobilized in the environment without adequate safety testing. This control 
variable reflects our level of understanding of the risks of novel entities and 
how effective regulations are. Monitoring this share is essential for managing 
the potential impacts these substances may have on the Earth system.

Percentage, i.e. the fraction of synthetic chemicals and materials released with-
out adequate safety testing.

This percentage can vary from 0% (all chemicals and materials undergo suffi-
cient testing before release) to 100% (none are tested).

Following the precautionary principle, the Planetary Boundary of Novel Entities 
is set at 0 % – no human-made or -mobilized chemicals and materials should 
be released or mobilized without adequate safety testing.10 Examples of novel 
entities include polychlorinated biphenyls (PCBs), which, even decades after 
their ban in the Stockholm Convention, are still present in the Earth system and 
partly exceed effect thresholds in marine mammals;407 or the global spread of 
highly persistent per- and polyfluoroalkyl substances (PFASs). Such examples 
underscore the need for strict testing before large-volume production and use. 
Other aspects that require consideration are the environmental transport and 
transformation of novel entities which may result in transformation products 
that are more toxic than the original chemicals. An example is a tire wear-de-
rived oxidation product of the additive 6PPD-quinone, which was found to 
induce acute mortality in coho salmon408 and other fish species of commercial, 
cultural and ecological importance.409

CONTROL VARIABLE

Percentage of novel entities released to the environment  
without adequate safety testing

  FIGURE 47: Novel entities on the rise. Illustration of trends across the life cycle of different subsets of novel entities, 
including production of plastics and chemicals, use of pesticides, emissions of per- and polyfluoroalkyl substances 
(PFASs), and impacts such as antimicrobial resistance (AMR).

KEY TAKEAWAY: Production, use, release and impacts of many novel entities such as plastics, pesticides, PFASs and 
others are increasing, posing threats to the Earth system as well as to environmental and human health.
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Key Drivers

The control variable for the Novel Entities Planetary 
Boundary measures the percentage of human-
made and -mobilized chemicals and materials with-
out adequate safety testing, and is directly driven 
by human activities. It has been transgressed since 
the onset of large-scale chemical production, use 
and associated environmental releases. In recent 
decades, the rate and degree of this transgression 
have increased due to the rapid growth in chemi-
cal production, both in volume and diversity. At the 
same time, institutional capacity to test, regulate 
and monitor these chemicals has not kept pace. 
Contributing factors include insufficient research 
on toxicological pathways, in particular covering 
complex interactions of chemical mixtures and mul-
tiple stressor settings, and insufficient monitoring 
covering all components of novel entities, includ-
ing transformation products.

Impacts

Novel entities are constantly being released as a 
result of human activities and accumulate in the envi-
ronment in poorly reversible ways, with the potential 
of disrupting Earth system processes.410 The global 
accumulation and persistence of certain subsets of 
novel entities and their transformation products can 
lead to long-term, possibly irreversible changes in 
the environment, including the contamination of soil 
and sediments, air, water bodies and wildlife as well 
as the alteration of natural habitats. Some impacts 
caused by novel entities have already severely 
affected the status of other PBs. One example is 
Stratospheric Ozone Depletion caused by chloro-
fluorocarbons, which has consequently been defined 
as a separate PB. The global application of pesticides 
has contributed to substantial declines in insects, 
including pollinators,411 with potential negative con-
sequences for the delivery of ecosystem services 
such as crop production, and food-web stability, 
linked to Change in Biosphere Integrity. 

Persistent organic pollutants like PCBs, PFASs and 
anthropogenic materials including (micro)plastics 
and their associated chemicals pose risks of irre-
versible environmental effects with potential Earth 
system relevance because they are globally distrib-
uted and cannot readily be removed from the Earth 
system.176 Impacts may also emerge through bio-
logical and evolutionary responses. For example, 
the overuse of antimicrobial agents can promote 
antimicrobial resistance (AMR), which can spread 
among microbial communities through horizontal 
gene transfer. These resistance traits can persist 

and propagate, creating long-term and potentially 
irreversible risks for human, animal, and environmen-
tal health.

Current and Future Research

The currently used control variable for Introduction 
of Novel Entities is the percentage of inadequately 
tested chemicals and materials released into the 
environment, which so far is challenging to assess 
accurately and comprehensively. Large-scale safety 
testing of novel entities is important, but highly chal-
lenging to implement. However, even high-quality 
safety tests cannot assess all possible combina-
tions and environmental interactions, nor can they 
cover long-term, low-probability, high-impacts of 
novel entities. An effective control variable should 
meet three criteria: it must (1) refer to measur-
able indicators, (2) be robust and directly linked 
to effects on the Earth system, and (3) be able to 
capture the global scope of the problem. Persson 
et al. (2022)154 propose to employ a set of control 
variables for novel entities that comprise the main 
stages of the impact pathway. The impact pathway 
includes production and use, release, accumulation 
and impacts of novel entities. Accordingly, trends 
in the production volume and use, in the release 
to the environment, and in impacts of novel enti-
ties on other PBs (e.g. Biosphere Integrity, Climate 
Change, Biogeochemical Flows) can be used as 
alternative control variables.

Data Sources

· � Data for plastic production from fossil resources excluding  
additives compiled from Plastics Europe Market Data.412

· � Data on chemical production from European Chemical Industry 
Council (Cefic).413

· � Data on global antimicrobial resistance from Naghavi et al. 
(2024).414

· � Data on pesticide use in agriculture from FAOSTAT (2024).322

· � Data on per- and polyfluoroalkyl substances (PFASs)  
emissions from Simon et al. (2024).415
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The Planetary Health Check is designed as a diag-
nostic tool. It identifies where human pressure 
on the planet is already too high, where risks are 
increasing, and where continued transgression 
could undermine Earth’s stability and resilience. 
Such a diagnosis does not define a single policy pro-
gram, but it does set a clear benchmark for action: 
Societies need to return to, and remain within, the 
Safe Operating Space. This call has consequences 
far beyond the realm of “environmental protection” 
or “saving nature”. If taken seriously, adhering to 
this benchmark would mean a complete overhaul 
of how economies, and therefore societies, func-
tion.  Biophysical Earth system limits must be trans-
lated into binding material caps and circular produc-
tion models. Economic goals should be re-focused 
on maintaining the stability of Earth’s life support 
systems, as well as human well-being, rather than 
GDP growth. 

The Paris Agreement is a foundational step 
towards this effort. Limiting warming, and return-
ing from any temporary overshoot to below 1.5°C, 
is essential for avoiding dangerous and poten-
tially irreversible impacts. Yet climate stabilization 
depends on more than emissions reductions alone. 
Given the interconnected nature of the Earth sys-
tem, respecting the other Planetary Boundaries is a 
necessary condition for any credible climate path-
way. Besides storing carbon, forests, soils, oceans, 
freshwater systems, and living ecosystems recycle 
moisture, buffer heat, and sustain the processes 
that help keep the climate stable. If these systems 
are degraded, the chances of returning from cli-
mate overshoot decline.

At the national level, countries need stronger insti-
tutional capacity to interpret and respond to the 
increasing risks caused by the ongoing transgres-
sions of multiple Planetary Boundaries. Several land-
mark governmental assessments published in 2025 
and 2026 explicitly frame environmental degrada-
tion, biodiversity loss, and climate change as inter-
connected, systemic national and financial security 
risks.415–417 Additionally, there are already a number 
of studies aiming to quantify how individual coun-
tries contribute to the transgression of the Planetary 
Boundaries.418 To ensure this scientific knowledge 
can be put into practice, we recommend establishing 
a Chief Planetary Scientist, or an equivalent inde-
pendent advisory role, in every country. Such a posi-
tion would translate complex global Earth system 
science into budgetary decisions, relevant policies, 
and national security planning. The establishment of 
national Chief Planetary Scientists addresses a crit-
ical gap, as most governments lack the capabilities 
and systems needed  to integrate the nine intercon-

nected life-support systems that define humanity’s 
Safe Operating Space into national policy across all 
the relevant ministries.

The Planetary Boundaries should also inform mac-
roeconomic thinking more broadly. While climate 
policy has already introduced the idea of a remain-
ing carbon budget, comparable limit and bud-
get approaches are needed for other boundaries. 
Such strategies translate and help integrate bio-
physical constraints into economic models. They 
reveal where risks are underpriced, and clarify the 
value of intact forests, clean water, stable soils, 
and functioning oceans. This represents a power-
ful driver of innovation, which could be leveraged 
to direct investment and technological develop-
ment towards solutions that reduce pressure on 
the Earth system while supporting long-term pros-
perity. This perspective also points to the impor-
tance of Planetary Commons419: elements of the 
Earth system that are of planet-wide significance, 
irrespective of whether they lie within or beyond 
national jurisdictions. Biophysical systems such as 
rainforests, Monsoon systems or ice sheets may be 
located within or outside of national borders, but the 
functions they perform are critical to Earth system 
stability as a whole. Recognizing such systems as 
Planetary Commons underscores the need for eco-
nomic frameworks to account for their transbound-
ary and global value. This, in turn, raises important 
questions about how their stewardship can be sup-
ported through appropriate incentives, investment, 
and international cooperation.

International efforts are slowly moving in this direc-
tion. The implementation of the Kunming-Montreal 
Global Biodiversity Framework is underway and prog-
ress is indicative of the strong international commit-
ment to halt and reverse the world’s biodiversity loss. 
The High Seas Treaty marks progress for the gov-
erning of marine biodiversity beyond national juris-
diction, while debates over deep-sea mining show 
that seafloor integrity remains an unresolved fron-
tier. Negotiations of the UN Global Plastics Treaty 
show growing recognition that novel entities pose a 
major systemic risk to global public health and food 
systems, and require international control across 
their life cycle. The United Nations Convention 
to Combat Desertification, adopted in 1994, is an 
important global policy mechanism for restoring 
the Land-System Change and Freshwater Change 
Planetary Boundaries, preventing land degradation 
and drought from scaling into systemic geopolitical 
and food security risks. The Montreal protocol’s suc-
cess in controlling Stratospheric Ozone Depletion has 
demonstrated that such efforts can reverse the trend 
of Planetary Boundary transgression.
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The Sustainable Development Goals, which set out 
global aspirations to be achieved by the year 2030, 
have provided an important shared language for 
development, poverty reduction, and environmental 
protection. A post-2030 agenda will need to build 
on this foundation while placing greater empha-
sis on the biophysical guardrails that make long-
term development possible. Planetary Boundaries 

offer a scientific basis for linking human well-being 
with the stability of the Earth system, as adopted 
in the “Safe and Just Earth System Boundaries”55 
and the “Doughnut Economics” frameworks,420 as 
well as the Planetary Health Diet.240 They can help 
ensure that future development goals are not only 
socially ambitious, but also physically achievable 
on a finite planet.

The science is clear:  
We have pushed the planet far beyond its Safe Operating 
Space. Despite some positive developments, our current 
efforts are far from sufficient. The window of opportuni-
ty to act and avoid irreversible change is narrowing, but it 
is still open. Through urgent and decisive action, we can 
change our trajectory towards sustainability. Returning to 
the Safe Operating Space is the defining task for a stable 
and livable future.
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To advance the Planetary Boundaries framework 
and coordinate the annual Planetary Health Check, 
the Potsdam Institute for Climate Impact Research 
established the Planetary Boundaries Science Lab 
(PBScience Lab) in 2025. We are now co-creating 
the Planetary Boundaries Initiative (PBI) to scale 
our efforts globally, turn cutting-edge science into 
real-world impact, and support other global efforts 
such as the Sustainable Development Goals. The 
PBI is a multi-institutional effort to catalyze sys-
temic shifts in how societies produce, consume, 
and govern, bringing human activity back within the 
Safe Operating Space on Earth. It is envisioned as 
cross-disciplinary, cross-institutional clusters that 
integrate science, solutions and communication:

Science for Diagnostics: monitors PBs in high spa-
tial and temporal resolution, advances the PB frame-
work, enhances the precision of boundary settings, 
assesses PB interactions, analyzes tipping risks and 
Earth resilience. 

Science for Solutions: translates diagnostics into 
transformation pathways and targets, tracks real-
world responses, identifies best practices and solu-
tions to accelerate systemic change. 

Communication and Community for Action: trans-
lates PB research into credible, compelling, acces-
sible and emotionally engaging content that makes 
the risks and opportunities of our planetary situa-
tion understandable, urgent, and actionable, build-
ing a global action community.
 

A central part of the PBI is the Planetary Boundaries 
Analyzer (PBAnalyzer), which is currently under 
development. This modular tool and workflow inte-
grates Earth observation, models, socioeconomic 
data, and scientific literature to accelerate assess-
ments, enable continuous updates, and identify 
causal relationships and high-leverage interven-
tion points. These data and analysis capabilities will 
be made available through a free, intelligent deci-
sion-support platform for scientists, policymakers, 
civil society, and other stakeholders. Users will be 
able to access the most up-to-date science and 
explore strategies for remaining within or returning 
to Earth’s Safe Operating Space. The platform will 
enable faster responses to scientific insights and 
more informed decisions in support of far-reach-
ing political, developmental, and societal ambitions.

As a growing effort, the PBI welcomes engage-
ment with similar initiatives that have operation-
alized the Planetary Boundaries through concrete 
policies, toolkits, or targets. We invite researchers, 
institutions, students, Indigenous knowledge hold-
ers, practitioners, and other stakeholders to help 
turn planetary knowledge into coordinated action. 
If you are actively using the Planetary Boundaries, 
we would be pleased to learn from your experience 
and work together to change the current trajectory.

Contact: pbscience@pik-potsdam.de
Website: planetaryhealthcheck.org

An open invitation

mailto:pbscience%40pik-potsdam.de?subject=
http://www.planetaryhealthcheck.org
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This table lists the Earth system processes, descriptions of the control 
variables, the current values of those control variables (as of 2026 or 
the latest documented year), and their reference values (Holocene‑like, 
pre‑industrial, or alternative baseline; see PB Info Sheets (CH. 5) for the 
specific period used). The table also includes the value of the respecti-
ve Planetary Boundary (PB), indicated as a dark green circle in ● FIG. 3, 
which delineates the Safe Operating Space, as well as the High‑Risk 

Threshold, marked by an orange circle in ●  FIG. 3, indicating the zone 
with a high probability of destabilizing the Earth system. For a more de-
tailed explanation of PB processes, their control variables, and the cur-
rent state, please refer to the PB Info Sheets (CH. 5). For comparison, we 
present the results of the latest PB assessment within the 2026 Plane-
tary Health Check (PHC) alongside the most recent PB assessment from 
Richardson et al. (2023).10

ASSESSMENT CURRENT VALUE 
OF CV REFERENCE VALUE PB VALUE HIGH-RISK VALUE

Boundary Control Variable PHC 
2026

Richard-
son et al. 
(2023)

PHC 
2026

Richard-
son et al. 
(2023)

PHC 
2026

Richard-
son et al. 
(2023)

PHC 
2026

Richard-
son et al. 
(2023)

Climate Change Atmospheric CO₂ con-
centration (ppm CO₂) 426 ppm 417 ppm 280 ppm 280 ppm 350 ppm 350 ppm 450 ppm 450 ppm

Total anthropogenic 
radiative forcing at top-
of-atmosphere (W/m²)

3.10 W/m² +2.91 W/m² 0 W/m² 0 W/m² +1 W/m² +1 W/m² +1.5 W/m² +1.5 W/m²

Change in Bio-
sphere Integrity

Extinctions per million 
species years (E/MSY)

100–1000 
E/MSY

>100 E/
MSY 1 E/MSY 1 E/MSY <10 E/

MSY
<10 E/
MSY

100 E/
MSY

100 E/
MSY

Energy removed from 
ecosystems (HANPP as 
% of pre-industrial NPP)

21–30% 
HANPP

30% 
HANPP

0% 
HANPP

1.9% 
HANPP

<10% 
HANPP

<10% 
HANPP

20% 
HANPP

20% 
HANPP

Land System 
Change

Area of forested land 
as % of original forest 
cover

64% 60% 100% 100% 78% 75% 54% 54%

Freshwater 
Change

Blue water: human-
induced disturbance 
of river discharge

22.6% 18.20% 10.3% 9.4% 12.9% 10.2% 50.0% 50.0%

Green water: human-
induced disturbance 
of soil moisture

22.0% 15.8% 9.8% 9.8% 12.4% 11.1% 50.0% 50.0%

Modification in 
Biogeochemical 
Flows

Global: P flow from 
freshwater systems 
into the ocean

4.4 Tg/
year

22.6 Tg/
year

0 Tg/
year

0 Tg/
year

11 Tg/
year

11 Tg/
year

100 Tg/
year

100 Tg/
year

Regional: Application 
of mined P to cropland

18.2 Tg/
year

17.5 Tg/
year

0 Tg/
year

0 Tg/
year

6.2 Tg/
year

6.2 Tg/
year

11.2 Tg/
year

11.2 Tg/
year

Intentional N fixation 
in agriculture

165 Tg/
year

190 Tg/
year

0 Tg/
year

0 Tg/
year

62 Tg/
year

62 Tg/
year

82 Tg/
year

82 Tg/
year

Ocean 
Acidification

Global mean saturation 
state of aragonite in 
surface seawater (Ω)

2.85 2.81 3.57 3.44 2.86 2.75 2.50 2.41

Increase in 
Atmospheric 
Aerosol Loading

Interhemispheric 
difference in Aerosol 
Optical Depth

0.07 0.076 0.04 0.03 0.1 0.1 0.25 0.25

Stratospheric 
Ozone Depletion

Stratospheric O₃ 
concentration  
(global average) (DU)

285.7 284.6 292 290 277 276 263 261

Introduction of 
Novel Entities

Percentage of synthe-
tic chemicals released 
without adequate 
safety testing

>0 >0 0 0 0 0 — —

Proposed new boundary:

Increase in 
Atmospheric 
Aerosol Loading

Regional: Aerosol 
Optical Depth over 
South Asia

0.32 0.25 0.5

7.1	 Latest Planetary Boundaries assessments in numbers
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7.2	 Planetary Boundaries control variable information

This table lists the global control variables of the PB processes, their observation and modeling periods, as well as temporal resolutions.

Earth system process Control variable Data sources Temporal coverage Temporal resolution

Climate Change

Atmospheric CO₂ 
concentration In-situ observations 1979–2025 Monthly

Total anthropogenic 
radiative forcing at 
top-of-atmosphere

In-situ observations & 
Earth system modeling 1750–2025 Annual

Change in Biosphere 
Integrity

Genetic Diversity: E/MSY In-situ observations ≈1500–2000 Centennial

Functional integrity: 
HANPP

In-situ observations & 
Earth system modeling 1910–2010 Decadal

Land System Change Forest Area Remote sensing 1992–2022 Annual

Freshwater Change

Human induced distur
bance of blue water flow Earth system modeling 1901–2019 Annual

Human induced distur-
bance of water available 
to plants

Earth system modeling 1901–2019 Annual

Modification of 
Biogeochemical Flows

Phosphorus flow from 
freshwater systems into 
the ocean

Earth system modeling 1961–2023 Annual

Industrial and intentional 
fixation of Nitrogen Earth system modeling 1961–2023 Annual

Ocean Acidification
Global mean satura-
tion state of aragonite in 
surface seawater (Ω)

In-situ observations & 
remote sensing 1980–2024 Monthly

Increase in Aerosol 
Loading

Interhemispheric
difference in AOD Reanalysis 2003–2025 Monthly

Stratospheric Ozone 
Depletion

Stratospheric O₃ 
concentration Remote sensing 1970–2025 Monthly

Introduction of 
Novel Entities

Percentage of synthetic 
chemicals released to 
the environment without 
adequate safety testing

In-situ observations & 
Earth system modeling 1950–2024 Annual
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