
The State of the Planet
The latest Planetary Health Check report finds that 7 out of the 9 systems are outside the 
safe operating space, meaning they are at risk or in the danger zone. Solutions to bring us 
back inside the Planetary Boundaries and the safe operating space are needed urgently.

Graphics and notes from the report: Planetary Health Check 2025 see: https://www.planetaryhealthcheck.org



Biosphere integrity
Extinctions and disruptions to 
the biosphere damage its ability 
to absorb impacts, stay stable, 
and help to regulate other Earth 
systems like the climate.
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Control Variables
 
#1 Genetic Diversity: Species Extinctions Rate 

Definition The decline in genetic diversity and functional intactness of ecosystems and organisms, 
along with the loss of their habitats, threatens the biosphere’s ability to co-regulate the 
state of the planet by impacting the energy balance and chemical cycles on Earth. The 
Species Extinctions Rate describes the speed at which species disappear. High species 
extinction rates indicate a loss of species diversity, which is critical for maintaining 
ecosystem resilience and functionality. The Species Extinction Rates is used provisionally as 
a proxy for loss in genetic diversity and may be refined as more data become available.

Unit 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. 

Historical 
Range

The background (i.e. normal) rate of extinction loss is estimated to be 1 E/MSY.266

Planetary 
Boundary
(PB)

The PB is set at 10 E/MSY.3 This is set in relation to the background extinction rate, with 
10x faster rate of loss of species compared to the natural background rate being the best 
expert judgment of 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.

FIGURE 22 - Species extinctions accelerating globally. Cumulative number of extinctions of genera (closely related species 
with likely common ancestors) per century in different classes of vertebrates. This graph shows that at least 73 genera became 
extinct over the last 500 years. Similar estimates for mammals, birds and fish indicate a total extinction rate of up to 100 E/MSY. 
Data from Ceballos & Ehrlich (2023)267. 
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 PB transgressions.
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#2 Functional Integrity: Human Appropriation of Net Primary Production 
(HANPP)

Definition Net primary production (NPP) is the rate at which plants and other photosynthetic 
organisms produce organic matter (biomass) in an ecosystem, after accounting for the 
organic matter they use for respiration. NPP is a fundamental measure of ecosystem 
productivity and health and serves as a proxy for the energy flow into the biosphere, which 
all life processes depend on. HANPP measures the extent to which human activities, such 
as agriculture, forestry, and urbanization, 1) inhibit net primary production and 2) withdraw 
energy by harvesting products for human use and consumption.

Unit HANPP is measured in petagrams of carbon appropriated per year. In the context of PB, 
HANPP is measured as a fraction of the natural Holocene reference NPP (i.e. the natural 
state of exergy flow into the biosphere).

Historical 
Range

In the absence of human activity, HANPP would be zero. For low-impact early human 
societies, it would be close to zero. 

Planetary 
Boundary
(PB)

The PB is provisionally set at less than 10% of the pre-industrial NPP shifting into the zone 
of high risk at 20%. Those thresholds are based on observational data and ecological 
modeling, which reveal negative trends in several critical metrics of biosphere functioning.4 
As NPP is the basis for the energy and materials flow that underpins the biosphere’s 
functioning,268 today’s impact of HANPP reflects the significant declines seen across major 
indicators of ecosystem health.

FIGURE 23 - 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. 2022.269 
Key takeaway: Most boundary transgressions occur in large, continuous regions with high land-use intensity. In contrast, areas 
in regions without transgressions, such as the Amazon, the Congo Basin, and boreal forests, are primarily natural or semi-natural.

Species extinctions accelerating globally. The significant and steadily increasing loss of global diversity raises concerns that Earth’s 
biosphere is losing resilience, adaptability and hence its ability to buffer against other PB transgressions.

Global risk map of Change in Biosphere Integrity (2010). Most boundary transgressions occur in large, continuous regions with high 
land-use. Regions without transgressions, e.g. the Amazon, Congo Basin, and boreal forests, are primarily natural or semi-natural.

Graphics and notes from the report: Planetary Health Check 2025 see: https://www.planetaryhealthcheck.org



Climate change
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  Impacts

As more heat is trapped in the Earth system, temperatures rise in the atmosphere, oceans, and on land (see 
Fig. 20). This leads to more extreme weather, including heatwaves, floods, droughts, and heavy rainfall.251 
Human-driven climate change now far exceeds natural variability.252

FIGURE 20 - How Earth's temperature has changed since the late 19th century. This map shows how the Earth’s surface 
temperature253 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.

Ecosystems are under growing pressure. In the 
oceans, warming and acidification disrupt food webs 
and force species to migrate.139 On land, ecosystems 
are degrading, and species are struggling to adapt.254 
Agriculture and food security are increasingly 
vulnerable. Shifting rainfall patterns and rising 
temperatures affect crop yields and water availability, 
threatening livelihoods and regional stability.255,256 
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.252

Climate change also impacts human health, 
increasing exposure to heat stress, air pollution, 
and disease.257 Social systems, from infrastructure 
to economies, face mounting pressure from more 
frequent and intense climate shocks.

Because climate change strongly influences all 
other Planetary Boundaries, crossing this threshold 
puts the entire Earth system at risk. Staying beyond 
the safe zone increases the chance of irreversible 
changes that could affect life on Earth for generations 
to come.
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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.243 The most important human drivers 
are those that disturb Earth’s radiative balance, i.e. 
the difference between incoming energy from the 
sun and outgoing energy from Earth. A key driver is 
the release of greenhouse gases, which trap heat in 
the atmosphere. The main gases are carbon dioxide 
(CO₂), released by burning fossil fuels like coal, oil, 
and gas (see Fig. 17); methane (CH₄), connected 
to agricultural activities, fossil fuel extraction, and 
landfills; and nitrous oxide (N₂O), mostly from 
fertilizer use (see Fig. 21).244,245 These gases stay in 
the atmosphere for years or even centuries, steadily 
warming the planet.246 Water vapor is also a powerful 
greenhouse gas, although it mostly increases as a 
feedback when the planet gets warmer, primarily 
due to the increase in CO₂.247

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.248 Land-use changes, such 
as deforestation and urban development, reduce 
the planet’s ability to absorb CO₂ and change how 
sunlight is reflected or absorbed by the surface.249

These changes are closely linked to major sectors 
of the economy. Energy production, transportation, 
and agriculture are among the largest sources 
of greenhouse gases.249 Decisions that societies 
make in areas such as electricity production, food 
production, and transportation therefore have a 
major impact on the climate.

FIGURE 19 - Where climate change begins – Global patterns of fossil CO₂ emissions. The map shows fossil CO₂ emissions 
intensity in 2024, expressed as tonnes of CO₂ per square kilometer per year on a 1° × 1° grid. This data from Climate TRACE 
combines satellite observations with AI models to measure emissions from thousands of individual facilities worldwide.250 
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 industrial operations, resource extraction, and fires.

Global weather is changing 
because of the increase in 
greenhouse gases and other 
planetary changes.

Where climate change begins - Global patterns of fossil CO₂ emissions (2024). Emissions are highly uneven across the globe - 
concentrated in heavily populated areas, with hotspots such as industrial operations, resource extraction and fires.

How Earth’s temperature has changed since the late 19th century. A clear global warming trend, almost every region showing 
increased temperatures. Land has warmed faster than oceans, the Arctic is heating more than twice as fast as the global average.

Graphics and notes from the report: Planetary Health Check 2025 see: https://www.planetaryhealthcheck.org



Novel entities
Artificial substances unknown 
in nature are released into the 
biosphere without knowing their 
impacts: e.g. plastics, chemicals, 
pharmaceuticals, radioactivity, 
genetically modified organisms.
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  Impacts
The introduction of new components of novel entities, 
adding to legacy contamination, can disrupt critical 
Earth system processes. For instance, fluorinated 
gases contribute to climate change by trapping 
heat, and Polycyclic Aromatic Hydrocarbons (PAHs, 
emitted from vehicles and industry) are involved in 
aerosol formation, which impacts air quality. These 
novel entities also harm ecosystems by eliciting 
adverse effects by themselves or in chemical 
mixtures with compounds of the same mode of toxic 
action, hence affecting the health of wildlife and 
potentially humans. Pesticides, for example, have 
caused substantial declines in insect and pollinator 
populations. Persistent organic pollutants like 
PAHs, along with anthropogenic particles including 
microplastics, inflict harm and adverse effects on 

marine and terrestrial life. PFAS – a group of highly 
persistent human-made chemicals – exemplify the 
long-term risks posed by novel entities. Widely used 
in industrial processes and consumer products, PFAS 
have now been detected across the globe in water, 
soil, wildlife, and human blood.

The accumulation and persistence of some novel 
entities can lead to long-term, possibly irreversible 
changes in the environment including the 
contamination of soil and sediments, air and water 
bodies as well as the alteration of natural habitats. 
Radioactive elements which also form part of novel 
entities can cause immediate and long-term health 
effects, including mutations and cancer.
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FIGURE 45 - From conception to contamination: The rise of novel entities. This figure exemplifies the trends of production 
(Plastics, High‑Value Chemicals), application (Antibiotics, Pesticides) and release (PFAS) of different novel entities. 
Key takeaway: Production of many human-made substances such as plastics, antibiotics, pesticides and harmful chemicals is 
steadily rising, posing significant threats to the Earth system – as well as human health.

From conception to contamination: The rise of novel entities. Production of many human-made substances such as plastics, 
antibiotics, pesticides and harmful chemicals are steadily rising, posing significant threats to the Earth system and human health.

Graphics and notes from the report: Planetary Health Check 2025 see: https://www.planetaryhealthcheck.org



Graphics and notes from the report: Planetary Health Check 2025 see: https://www.planetaryhealthcheck.org

Ozone layer loss
The high altitude stratospheric 
ozone layer blocks some of 
the sun’s harmful ultraviolet 
radiation. Some of the artificial 
chemicals which damage it are 
banned globally, others are not.4. Planetary Boundary Information Sheets 120
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FIGURE 44 - 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).373 
Key takeaway: Global changes in stratospheric ozone concentration between 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.

  Key Drivers
UV radiation reaching Earth's surface poses a threat 
to biological life, but an intact ozone layer in the 
stratosphere absorbs much of this harmful radiation. 
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 is a catalytic 
cycle within the stratosphere involving chlorine. This 
chlorine is produced in the stratosphere through the 
breakdown of stable chlorofluorocarbons (CFCs) by 

UV radiation. CFCs are a class of chemicals that have 
been used as refrigerants, aerosol propellants, fire 
suppression systems, and solvents. These stable 
molecules can persist in the atmosphere for up to a 
century after being emitted at the Earth's surface.374 
The Montreal Protocol has successfully controlled 
CFC emissions; today, the most significant remaining 
source of ozone-depleting substances is nitrous 
oxide (N2O).375 Agricultural activities are a major 
source of N2O, contributing to its presence in the 
atmosphere through various pathways.376

PBScience | Planetary Health Check 2025
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Control Variable
 
Stratospheric Ozone Concentration

Definition 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.1

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

Historical 
Range

Typical local values range from about 100 to 500 DU.

Planetary 
Boundary
(PB)

There is no clear threshold for defining a boundary for global extra-polar stratospheric 
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 reference level estimated at 292 
DU, the Planetary Boundary is set at 277.4 DU.

 
 
 
 
 
FIGURE 43 - Ozone layer revival: A success story. This 
chart displays the 11-year 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 updated 4,372). Data from Copernicus (2020).373 
Key takeaway: While the global stratospheric ozone layer 
has recovered since the mid-1990s following a significant 
decline, this recovery may have plateaued in recent years.
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Global map of recent ozone layer changes (2022). Global changes in stratospheric ozone concentration between 1979-1989 
and 2012-2022 show mixed trends, with increases in some regions and decreases in others. The persistent Antarctic ozone hole 
highlights ongoing recovery challenges. Areas where ozone has increased shown in blue, areas where it has decreased shown in red.

Ozone layer revival: A success story (2020). 
While the global stratospheric ozone layer 
has recovered since the mid-1990’s following 
a significant decline, this recovery may have 
plateaued in recent years.



Aerosols
These are fine dust and gases from 
industry and other activities. They 
form clouds and affect how Earth 
reflects or absorbs energy, which 
can change temperatures, rain and 
snowfall patterns. This Planetary Boundary measures the difference between aerosols in 
the northern and southern hemispheres, as a large difference may disrupt the monsoon 
and other weather patterns, leading to lower rainfall and impacting biosphere integrity. 

PBScience | Planetary Health Check 2025
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Control Variable

Interhemispheric Difference in Aerosol Optical Depth (AOD)

Definition 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 concentrations between the Northern and Southern Hemispheres. 
Regionally, local AOD correlates with PM2.5 (fine particulate matter with diameters 
≤2.5 micrometers, a health‑hazardous air pollutant) concentration, which is particularly 
important in the context of justice considerations regarding human health.259 However, this 
regional correlation is not yet fully integrated into the Planetary Boundaries framework.

Unit Dimensionless.

Historical 
Range

AOD values range from 0 (no aerosols) to 1 or higher (very dense aerosol layer).

Planetary 
Boundary
(PB)

The PB is defined by an interhemispheric difference in AOD of 0.1. This threshold is based 
on observational evidence from volcanic eruptions and modeling studies, which suggest 
that a rising interhemispheric difference in AOD can trigger regional-scale tipping points 
potentially leading to shifts in monsoonal patterns. Such changes can significantly affect 
weather cycles, increasing the risk of floods and droughts. In addition, a provisional regional 
boundary is set at 0.25, as higher AOD values in monsoon regions likely lead to significantly 
lower rainfall, ultimately affecting biosphere integrity.3 This threshold is also relevant in the 
context of justice considerations related to human health.259 

FIGURE 40 - Global aerosol emissions, averaged annually over 2010–2020. The Copernicus Atmosphere Monitoring Service 
(CAMS) aerosol emission dataset combines multiple sources, including bottom‑up inventories, satellite observations, and 
reported data. Its goal is to generate consistent, spatially and temporally resolved global estimates of key atmospheric pollutants. 
The emissions are chemically differentiated and assimilated within atmospheric models. (a) Sulfur dioxide (SO₂) emissions, a 
major precursor to sulfate aerosols, and (b) black carbon (BC) emissions, a light‑absorbing component of particulate matter, are 
shown over the period 2010–2020. 
Key takeaway: Aerosol emissions are centered on population and industrial centers, as well as transportation corridors.
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FIGURE 41 - Effective radiative forcing (W m⁻²) of sulfur dioxide and black carbon, averaged annually over 2010–2020. 
Effective radiative forcing (ERF) estimates for (a) sulfur dioxide (SO₂) and (b) black carbon (BC) are shown, based on simulations 
from CMIP6 models participating in 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.
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  Key Drivers 

The main anthropogenic drivers of changes in 
Aerosol Optical Depth (AOD), and thus of potential 
transgression of the global control variable, are 
emissions from fossil fuel and biomass burning.361,362 
Sulfur dioxide (SO₂) and black carbon are among the 
most important aerosol precursors (gases that react 
in the atmosphere to form aerosol particles) and are 
primarily emitted through industrial activity, power 
generation and transportation.363,364 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.363,364 The CAMS 
reanalysis, averaged over 2010–2020 (Fig. 40), 
highlights substantial differences in emission levels 
between the Northern and Southern Hemispheres, 
which drive the observed interhemispheric AOD 
contrast used as the control variable.

While the global control variable remains within the 
safe operating space of the Planetary Boundary, it 
does not fully capture regional risks. In some areas, 

FIGURE 42 - 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 2003-2024. The red line shows the Planetary 
Boundary of 0.1, while the green line represents the baseline of 
0.04. Data from CAMS EAC4.360 
Key takeaway: The difference in aerosol optical depth between 
the Northern and Southern Hemispheres has been decreasing 
from 2010 to 2024, indicating that we are moving further into 
the Safe Operating Space.

Bridging the divide: Declining 
interhemispheric difference in Aerosol 
Loading. The difference in aerosol optical 
depth between the Northern and Southern 
Hemispheres has been decreasing from 2010 
to 2024, indicating that we are moving further 
into the Safe Operating Space.

Global aerosol emissions, averaged annually over 2010-2020. Aerosol emissions are centred on population and industrial centres, 
as well as transportation corridors.

Graphics and notes from the report: Planetary Health Check 2025 see: https://www.planetaryhealthcheck.org



Ocean acidity
Carbon dioxide from fossil 
fuel burning and other sources 
dissolves in seawater, making it 
more acidic. This disrupts marine 
life, including coral reefs and 
plankton, the base of the food 
chain, and makes it harder for the 
oceans to absorb more CO2.
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FIGURE 39 - Ocean Acidification has transgressed its 
Planetary Boundary. This figure shows how the global surface 
aragonite saturation state has changed over time (based on 
UExP-FNN-U data).355 It has declined significantly in recent 
decades and has now breached the Planetary Boundary. The 
baseline (green line) is a revised estimate of the pre-industrial 
aragonite saturation state around the year 1750, based on 
Jiang et al. (2023)354. Because it is higher than previous 
estimates, the revised Planetary Boundary (set at 80% of 
the pre‑industrial state; red line) is also higher – meaning 
today’s ocean is even further from its pre-industrial state than 
previously thought.
Key takeaway: Ocean acidification has gone beyond safe 
limits, increasingly endangering marine ecosystems.
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OCEAN ACIDIFICATION

  Key Drivers
The control variable for the Ocean Acidification 
Planetary Boundary is the global mean aragonite 
saturation state of the surface ocean. 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 seawater driven by CO₂ 
uptake.357 As the ocean absorbs more CO₂, it forms 
carbonic acid, which breaks apart and releases 
hydrogen ions. These hydrogen ions bind with 

carbonate, making less of it available. This lowers 
the aragonite saturation state, making 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 main driver of ocean 
acidification, causing a long-term decline in aragonite 
saturation state (Fig. 39). 

  Impacts
Biological Impacts of Ocean Acidification

Ocean acidification affects marine life in multiple 
ways. Calcifying organisms – such as corals, shelled 
mollusks, and some crustaceans – require more 
energy to build and maintain their calcium carbonate 
structures, a requirement that can hinder their 
growth and survival. High-latitude pteropods, tiny 
drifting snails also known as sea butterflies, are 
already showing signs of shell damage.358,359 Since 
these snails play an important role in the marine food 
web, their decline could cause ripple effects that 
impact other species, including those without shells, 
and potentially harm the wider marine ecosystem.

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. These reefs 
are facing increased loss of suitable environmental 
conditions, including favorable pH levels.4 While 
increasingly frequent marine heatwaves are the 
main cause of shallow-water coral reef degradation 
in tropical regions, ocean acidification adds further 
pressure by impairing the recovery of bleached reefs. 

PBScience | Planetary Health Check 2025
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Control Variable
 
Aragonite Saturation State (Ω)

Definition 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 in seawater relative to the amount needed for stable aragonite 
formation, with values below 1 indicating corrosive conditions. Ω is closely tied to CO₂ levels 
in the atmosphere, making it a useful indicator of the impact of rising CO₂ on both ocean 
chemistry and marine organisms.

Unit Dimensionless.

Historical 
Range

Ω varies by region, predominantly ranging from 3.3 to 4.0 in tropical regions to 1 to 2 in 
polar regions.

Planetary 
Boundary
(PB)

The PB for global mean surface Ω is set at 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, thereby limiting harmful impacts on marine calcifiers.

 

FIGURE 38 - Global map of Ocean Acidification, as indicated by aragonite saturation state. This map shows anomalies in 
surface aragonite saturation state for the decadal mean of 2015-2024 with respect to year 1750, based on CMIP6 model results 
for the CO₂ emission scenario SSP2-4.5.354 
Key takeaway: The Ocean has significantly acidified globally, particularly in the Arctic and Southern Ocean regions.

Global map of Ocean Acidification, as indicated by aragonite saturation state. The Ocean has significantly acidified globally, 
particularly in the Arctic and Southern Ocean regions.

Ocean acidification has transgressed its 
Planetary Boundary. Ocean acidification 
has gone beyond safe limits, increasingly 
endangering marine ecosystems.

Graphics and notes from the report: Planetary Health Check 2025 see: https://www.planetaryhealthcheck.org



Biogeochemical flows
The overuse of fertilisers 
reduces water and soil quality 
and flushes nitrates and 
phosphates into rivers and 
oceans, creating ‘dead zones’.

PBScience | Planetary Health Check 2025
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FIGURE 36 - 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 suggestion for an enhanced control variable definition344 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), as illustrated in Fig. 1. Note that the threshold between the Zone of Increasing Risk and the High-Risk Zone is 
a preliminary estimate and needs further refinement. Based on data from model runs with IMAGE-GNM, using the methodology 
of Schulte‑Uebbing et al. (2022).344 
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 37 - Nitrogen inputs to agriculture. This graph 
shows the estimated global anthropogenic nitrogen 
fixation, through fertilizer application and biological 
fixation, on all croplands (in Tg N year-1, i.e. million tons 
per year) from 1961 until 2022. Data from the IMAGE-
GNM model103 and FAO.345 
Key takeaway: The steady increase in nitrogen inputs 
over time is a result of both cropland expansion and 
higher nitrogen use rates, reflecting the growing 
demand for agricultural productivity.
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Global risk map for the transgression of the Modification of Biogeochemical Flows boundary – Nitrogen cycle. 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.
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FIGURE 36 - 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 suggestion for an enhanced control variable definition344 that is more closely 
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Space (green; no exceedance of regional surplus boundaries) to the Zone of Increasing Risk (orange), and extend to the High‑risk 
zone (red/purple), as illustrated in Fig. 1. Note that the threshold between the Zone of Increasing Risk and the High-Risk Zone is 
a preliminary estimate and needs further refinement. Based on data from model runs with IMAGE-GNM, using the methodology 
of Schulte‑Uebbing et al. (2022).344 
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 37 - Nitrogen inputs to agriculture. This graph 
shows the estimated global anthropogenic nitrogen 
fixation, through fertilizer application and biological 
fixation, on all croplands (in Tg N year-1, i.e. million tons 
per year) from 1961 until 2022. Data from the IMAGE-
GNM model103 and FAO.345 
Key takeaway: The steady increase in nitrogen inputs 
over time is a result of both cropland expansion and 
higher nitrogen use rates, reflecting the growing 
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Nitrogen inputs to agriculture. The steady 
increase in nitrogen inputs over time is a 
result of both cropland expansion and higher 
nitrogen use rates, reflecting the growing 
demand for agricultural productivity.

Graphics and notes from the report: Planetary Health Check 2025 see: https://www.planetaryhealthcheck.org



Freshwater
The amount of water available 
in rivers, lakes and soils to 
support life has been reduced 
by human activities.
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Control Variables
 
#1 Blue Water

Definition 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 availability, which are crucial for the health of 
associated aquatic and terrestrial ecosystems.

Unit Percentage (%) of annual global ice‑free land area

Historical 
Range

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%. The baseline conditions reflect a hypothetical unaffected Earth 
system state, based on a 119-year long pre-industrial-like scenario with no climate change 
and with human forcing (land and water use) at year 1901 levels.

Planetary 
Boundary
(PB)

The PB is set at 12.9% of the global ice-free land area experiencing strong wet or dry 
deviations in streamflow. This corresponds to the 95th percentile 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 12.9% of the global area. 

FIGURE 30 - Global risk map of Earth’s freshwater systems (I) – Blue water. This map shows boundary transgression at river 
basin scale for major basins323 of the world (n = 268). Transgression is based on the control variable streamflow. For details on 
this figure, please see the Supplementary Materials. Based on data from Virkki et al. (2025).322 
Key takeaway: The increase in both wet and dry streamflow deviations across large parts of the world suggests increasing 
variability and instability in global freshwater systems.
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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 deviations in 
blue water (10-year moving average of streamflow deviations). 
The red line shows the Planetary Boundary of 12.9% land area 
affected, while the green line represents the baseline median 
of 10.3% land area. Data from Virkki et al. (2025).322 
Key takeaway: Local streamflow deviations have significantly 
increased since the early 20th century, surpassing the Planetary 
Boundary around 1940 and continuing to rise since then. 
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#2 Green Water

Definition Human-induced disturbance of green water, which refers to the stock of soil moisture 
available to plants, is approximated by the annual global area with significant deviations in 
root zone 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.

Unit Percentage (%) of annual global ice‑free land area

Historical 
Range

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%. The baseline conditions reflect a hypothetical unaffected Earth system 
state, based on a 119-year long pre-industrial-like scenario with no climate change and with 
human forcing (land and water use) at year 1901 levels.

Planetary 
Boundary
(PB)

The PB is set at 12.4% of the global ice-free land area experiencing strong wet or dry 
deviations in soil moisture. This corresponds to the 95th percentile of 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.

Global risk map of Earth’s freshwater systems - Blue water. The increase in both wet and dry streamflow deviations across large 
parts of the world suggests increasing variability and instability in global freshwater systems.

Disturbance of Earth’s freshwater systems - 
Blue water. Local streamflow deviations have 
significantly increased  since the early 20th 
century, surpassing the Planetary Boundary 
around 1940 and continuing since then.

Graphics and notes from the report: Planetary Health Check 2025 see: https://www.planetaryhealthcheck.org
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FIGURE 28 - Global recent forest decline. Annual mean forest cover, expressed as a percentage of potential forest cover, globally 
and for three different biomes (temperate, boreal and tropical) between 1992 and 2022. Red lines show the Planetary Boundaries 
of 75%, 50%, 85% and 85% for global, temperate, boreal and tropical forests, respectively, while the light green line always 
represents the baseline of 100% potential forest cover. Data from Copernicus (2024) and Ramankutty & Foley (1999).296,297 

Key takeaway: As a result of land use and, increasingly, climate change, global and regional forests have been steadily declining 
over the last few decades across all major forest biomes. Most regions are already significantly below their biome-scale 
boundaries, while some areas, such as temperate and tropical Americas, have just recently surpassed them.
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  Key Drivers

The drivers of forest loss are deeply intertwined and 
vary greatly from place to place. Often, the reason a 
forest is initially cleared is different from what the land 
is ultimately used for. While agriculture – especially 
livestock grazing and cropland expansion152 – is a 
major direct cause of deforestation, the full picture is 
much more complex. Historically, forests have been 
cleared not only for farming, but also for timber, 
settlements, and to create open landscapes for 
hunting.298,299,300 Modern data from satellites shows 
that between 2000 and 2018, nearly 90% of direct 
deforestation came from the spread of agriculture 
– around 52% for crops and 38% for grazing.152 But 
these numbers don’t tell the whole story.

In many places, especially the Amazon, deforestation 
begins with illegal logging, often tied to criminal 
networks involved in land grabbing and the black-
market timber trade.301 Once the valuable trees are 
removed, the land is sold or used for other purposes 
– such as cattle ranching. In these cases, livestock 
grazing is not the root cause, but one of the final 
steps in a longer chain of destructive actions. Blaming 
it alone would overlook the broader dynamics at play.

Regional patterns also differ: Cropland expansion is 
the leading cause of forest loss in Africa and Southeast 
Asia, while livestock plays a bigger role in South 
America and Oceania.152,302 In tropical conservation 
areas, infrastructure projects and small-scale or 
subsistence farming also play a major role. In Europe 
and parts of the tropics, forest degradation is often 
driven by timber, paper, and pulp industries.303,302 And 
behind many of these drivers are deeper systemic 
issues – such as weak governance, poverty, unclear 
land rights, and political instability.304,305

Moreover, Climate Change and Freshwater Change 
are increasingly acting as indirect but powerful 
drivers of land-system change. Rising temperatures 
and shifting rainfall patterns – particularly reduced 
moisture transport in the atmosphere – can stress 
forest ecosystems and weaken their resilience.306 
In extreme cases, this can lead to large-scale forest 
dieback through drought, flooding, or increased fire 
risk. In temperate forests, warming and water stress 
have also been linked to an increase in disease 
outbreaks, most notably bark beetle infestations. 
These outbreaks, often triggered or amplified by 

Land system
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Control Variable

Forest Area

Definition Forest area is an accessible quantity and represents the area most responsible for 
maintaining major global ecological functions. It is expressed as a percentage of the forest 
cover that would exist in the absence of human land-use changes (‘potential natural forest 
cover‘). It is determined for boreal, temperate, and tropical forest biomes (as contiguous 
area per continent) and globally aggregated. Although different land types have distinct 
functions in the Earth system, forests are most important for the climate system.294

Unit Percentage (%) of potential forest cover.

Historical 
Range

The value of relative forest cover ranges from 100% (no difference between current and 
potential forest cover) to 0%.

Planetary 
Boundary
(PB)

The PB for land-system change is set at 75% of the original forest cover, with safe levels 
specified for different biomes: 85% for boreal and tropical forests, and 50% for temperate 
forests.3 These thresholds are based on studies indicating that tropical and boreal forests 
have a stronger influence on regional and remote climatic conditions than temperate 
forests.294,295

FIGURE 27 - Global risk map of the Land System Change boundary transgression – Forest area. Transgression is shown for the 
major continuous forest biomes as defined in Steffen et al. 2015.3 Transgression is based on the control variable, remaining forest 
area. Lighter shades of a color indicate areas that were originally covered with forest but are now predominantly deforested. 
Areas without continuous potential forest cover are shown in grey. Based on data from Copernicus (2024) and Ramankutty & 
Foley (1999).296,297

Key takeaway: The large continuous forest biomes of the Earth have all transgressed the Planetary Boundary, although with 
varying degrees of transgression.

Forests and other natural 
ecosystems are removed to 
create farmland, cities, roads and 
industry, impacting nature and 
the climate.

Global risk map of the Land System Change boundary transgression - Forest area. The large continuous forest biomes of the Earth 
have all transgressed the Planetary Boundary, although with varying degrees of transgression.

Global recent forest decline. As a result of land use and, increasingly, by climate change, global and regional forests have been 
steadily declining over the last few decades across all major forest biomes. Most regions are already significantly below their 
biome-scale boundaries, while some areas, such as temperate and tropical Americas, have just recently surpassed them.

Graphics and notes from the report: Planetary Health Check 2025 see: https://www.planetaryhealthcheck.org


