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Abstract

Human pressures have pushed the Earth system deep into the 
Anthropocene, threatening its stability, resilience and functioning. 
The Planetary Boundaries (PB) framework emerged against these 
threats, setting safe levels to the biophysical systems and processes 
that, with high likelihood, ensure life-supporting Holocene-like 
conditions. In this Review, we synthesize PB advancements, detailing its 
emergence and mainstreaming across scientific disciplines and society. 
The nine PBs capture the key functions regulating the Earth system. The 
safe operating space has been transgressed for six of these. PB science 
is essential to prevent further Earth system risks and has sparked new 
research on the precision of safe boundaries. Human development 
within planetary boundaries defines sustainable development, 
informing advances in social sciences. Each PB translates to a finite 
budget that the world must operate within, requiring strengthened 
global governance. The PB framework has been adopted by businesses 
and informed policy across the world, informing new thinking about 
fundamental justice concerns, and has inspired, among other concepts, 
the planetary commons, planetary health and doughnut economics. 
Future work must increase the precision and frequency of PB analyses, 
and, together with Earth observation data analytics, produce a 
high-resolution and real-time state of planetary health.
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accompanying consensus that human activities threatened the func-
tioning and state of the Earth system — humanity is now a dominant 
force of environmental change at the planetary scale, indicating the 
dawn of the Anthropocene2,27 (irrespective of the 2024 decision by 
stratigraphers not to call it a geological epoch28). The framework also 
arose from pioneering ecological–economic approaches29,30 such as 
Spaceship Earth31, Limits to Growth32 and Steady-State Economy33. Thus, 
the PB framework has multidisciplinary roots informed by Earth sys-
tem dynamics34, palaeoclimate research35, and resilience and complex 
adaptive systems thinking36,37. These disciplines all highlighted Earth as 
a complex, partially self-regulating, geosphere–biosphere system38–40 
with nonlinear behaviour and tipping points8,41 (Fig. 1) — a system 
where resilience and stability at planetary scale are determined by the 
dynamics of damping (negative) feedbacks and amplifying (positive) 
feedbacks.

In this way, the PB framework was a natural step in the integration of 
Earth system science and sustainability science34,42,43. It complemented 
other approaches of measuring and addressing sustainability chal-
lenges (such as the Ecological Footprint network44 or ecological car-
rying capacity), demonstrating the need to consider environmental 
challenges at the planetary scale. Relatedly, the emergence of PBs coin-
cided with wider societal discourse on the need to identify guardrails 
or limits to human pressures on critical Earth system processes43.

Against this background, the fundamental ideas behind the PB 
framework took shape, identifying the processes and systems that 
regulate the Earth system and delineating a ‘safe operating space’ for 
humanity. Rather than focusing on a single dimension of the environ-
mental crisis (such as anthropogenic climate change or pollution), the 
PB framework takes a systemic planetary perspective. For key control 
variables, boundaries are identified beyond which there is a substan-
tially increased risk of changes in Earth system state and functional-
ity. Importantly, these ‘boundaries’ are not synonyms for thresholds 
or tipping points. Instead, they are to be understood as biophysical 
boundaries45 that are informed by thresholds in some cases (as for 
climate change), and by gradually increasing risk gradients in others18 
(such as land system change or freshwater change). It is a fundamental 
property of the PB framework that boundaries are set purely on bio-
physical grounds, without incorporating any consideration of specific 
human needs, feasibility or demands.

The space delineated by these boundaries is the ‘safe operating 
space for humanity’, named as such because stable Earth system state 
and functionality are preconditions for human development. The 
reference point for this safe operating space is the Holocene15,46, a cli-
matically stable time period wherein global mean surface temperature 
oscillated ~14 °C ± 0.5 °C (ref. 15). Although modern Homo sapiens have 
existed on Earth for at least 250,000 years35,47,48, stable environmental 
conditions during the Holocene allowed humans to establish agricul-
ture and sedentary communities49,50, initiating civilizations as they 
are now known. At present-day warming of 1.2 °C above preindustrial 
(the warmest temperature on Earth over the past 100,000 years51), 
this fundamental Holocene life-support is at risk. Importantly, the PB 
reference is ‘Holocene-like’ to clarify that boundaries are not set to 
theoretically return to a virgin Holocene state, but rather to maintain 
the Earth system within a (manageable) interglacial equilibrium state 
during the Anthropocene.

The Anthropocene and the PB framework both have origins in 
Earth system science — they go hand in hand. Together, they consti-
tute potent drivers for integrating Earth system risks (risks to state 
and functioning of the Earth system) and the need for Earth system 

Introduction
Various socioeconomic and Earth system metrics rapidly and simul-
taneously surged around 1950, with this ‘great acceleration’ pushing 
humans into the Anthropocene1–4. There have since been increasing 
signs that Earth’s biogeochemical and physical capacities to maintain 
resilience are reaching saturation5. Tipping points are rapidly being 
approached, the crossing of which would cause often irreversible shifts 
in Earth system functioning6–8, threatening conditions for life as it is 
known5,9,10.

The Planetary Boundaries (PB) framework emerged from this 
knowledge11,12. The framework establishes global boundaries, which, 
if transgressed, substantially increase the risk of a change in Earth sys-
tem functioning and/or its long-term state and trajectory13,14. Thus, it 
assesses the risk of steering the Earth system out from relatively stable15, 
favourable conditions and, in doing so, defines a safe operating space 
for humanity. The reference for a habitable planet is set to the only 
geological epoch known (for certain) to be able to support civilization 
establishment16 and human development17 — the Holocene, beginning 
~11,700 years ago. Nine PBs are defined, covering the key geosphere 
and biosphere functions that regulate the state of the Earth system: 
climate change, introduction of novel entities, stratospheric ozone 
depletion, atmospheric aerosol loading, ocean acidification, biogeo-
chemical flows, freshwater change, land system change, and change 
in biosphere integrity. Since the original formulation in 2009 (PB 1.0; 
refs. 11,12), the framework has been updated in 2015 (PB 2.0; ref. 18) 
and 2023 (PB 3.0; ref. 19). The latest iteration quantitatively assesses 
the status of all nine PBs for the first time.

The PB framework has seen widespread uptake (Fig. 1). Indeed, it 
has inspired countless scientific publications, and consequently, civil 
society initiatives, business practices and policy implementation20–22. 
For example, three PB articles (including two direct assessments11,18 
and one informed by the PB framework23) appear in the top ten most 
cited scientific papers in global policy documents24. PBs have further 
given rise to broad societal discourse on action for global sustain-
ability, sparking scientific debates about the environmental risks of 
anthropogenic pressures and the capacity of societies to navigate 
sustainable pathways25.

In this Review, we take stock of the evolution, applications, and 
societal and policy impacts of the PB framework. We begin by discuss-
ing the emergence of the PB framework, including the identification 
of the nine PBs and their assessments. We follow with consideration of 
the broadscale adoption of the PB framework in Earth system science, 
governance, economics and sustainable development, and their inte-
gration. The use of PBs in society is subsequently discussed, focusing 
on their implementation for business and policy. We next examine 
the opportunities and challenges experienced in operationalizing the 
framework for navigating transformations to sustainable development 
in the Anthropocene. Finally, we reflect on the future development of 
the PB framework and science and their roles for furthering the global 
sustainability agenda.

Earth’s safe operating space
The PBs define the safe operating space for humanity. The framework’s 
emergence, evolution and analytical quantification are now discussed.

Emergence and fundamentals of the PB framework
The PB framework was originally presented as a ‘challenge’ to the 
scientific community26, asking for critical review of the idea. It was 
sparked by overwhelming evidence of the great acceleration3 and 
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Fig. 1 | Origins, evolution and societal uptake of the Planetary Boundary 
framework. Key features informing (bottom) and drawing on (top) the 
Planetary Boundary (PB) framework, including science (grey), global policy 
(blue), regions/countries/cities (red) business (purple), Anthropocene evidence 

(orange), Earth system dynamics (teal) and palaeoclimate research (brown). 
PB science is not only informed by multiple strands of scientific enquiry but has 
influenced academia and policy across disciplines and sectors. SDG, Sustainable 
Development Goals.
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stewardship. Both provide the evidence (across all academic fields) that 
humanity needs to find ways of being stewards of its interactions with 
the planet as a whole to ensure its future. The need to raise stewardship 
to the planetary scale is not suggesting a top-down anthropocentric 
management of the planet, but it does suggest the need for humanity 
to reconnect the human world with planet Earth, and for all human 
interactions with the living and non-living parts of the planet to align 
with Earth stability and resilience.

Assessing Earth system risks with PBs
Nine systems and processes were selected to comprehensively and 
systematically capture the key functions that regulate the Earth system 
on its trajectory in the Anthropocene: climate change, introduction of 
novel entities, stratospheric ozone depletion, atmospheric aerosol 
loading, ocean acidification, biogeochemical flows, freshwater change, 
land system change, and change in biosphere integrity. These systems 
and processes are often called ’boundaries’ in the PB context (for further 
disambiguation, see Supplementary Table 1).

While all important individually, the nine PBs can be grouped 
into various categories. For instance, the ‘core boundaries’18 (change 
in biosphere integrity, climate change) control the Earth system state 
through geological time52; introduction of novel entities also takes 
on the characteristics of a core boundary during the Anthropocene19 
given its potential to change Earth system function through effects on 
the biosphere or by altering the Earth’s energy balance53. Earth system 
impacts can also be separated into those that result from extraction 
and use of resources (freshwater change, land system change, change 
in biosphere integrity) versus the release and introduction of waste 
products (the remaining six). The PBs can also be grouped themati-
cally. The biosphere-related boundaries (freshwater change, change 
in biosphere integrity, biogeochemical flows, land system change), for 
example, are all associated with local-to-regional-scale tipping, and 
might contribute to planetary-scale state shift through Earth system 
interactions and regulation of energy and element flows. Moreover, 
the climate-related boundaries (climate change, stratospheric ozone 
depletion, ocean acidification) are all scientifically based on evidence 
of their importance in regulating the state of the planet and risks of 
crossing climate tipping points6.

The nine PB processes are quantified by one or more control vari-
ables. These control variables are necessary to set a boundary value. 
Beyond this value, quantified based on the precautionary principle, 
there is a zone of increasing risk, wherein the lower range demarks the 
safe boundary and the upper range entry into the high-risk zone; these 
zones are based on an assessment of the range of uncertainty. Critical 
debates and advancing scientific knowledge have led to improved 
definitions and the introduction of new control variables (Table 1 and 
Fig. 2), particularly for freshwater change54–59, biosphere integrity60, 
biogeochemical flows61,62 and novel entities53.

The freshwater change PB, which encapsulates the global hydro-
logical cycle, has witnessed various changes from PB 1.0 to PB 3.0 (Table 1  
and Fig. 2). The PB process and the control variable were originally 
called ‘freshwater use’ — the globally aggregated consumptive use of 
blue water (rivers, lakes, reservoirs and renewable groundwater stores). 
In response to the need for better representation of the functions of 
freshwater for flow-dependent ecosystems55, the minimum percent-
age of mean monthly river flow was added as a control variable for PB 
2.0. However, there was still a need to better represent the broader 
role of freshwater in supporting and regulating regional climate pat-
terns, moisture feedback, biomass production, carbon uptake and 

biodiversity57,63, including the role of green water (soil moisture). For 
PB 3.0, the boundary was therefore renamed ‘freshwater change’, and 
its control variables revised to be the fractions of ice-free land areas 
with green or blue water changes that exit Holocene-like baseline 
conditions19,59,64.

Biosphere Integrity has also seen major updates (Table 1 and Fig. 2). 
In PB 1.0, the biosphere was incorporated into the PB framework as 
‘biodiversity’, the only control variable at the time being rate of species 
extinctions (genetic diversity). However, genetic diversity does not 
capture the function of living organisms, initiating the provisional use 
of the Biodiversity Intactness Index65 as a second control variable for 
PB 2.0; the name of the PB was also changed to ‘biosphere integrity’. 
The Biodiversity Intactness Index was limited in that it requires expert 
elicitation for historical changes in species abundances, impossible for 
many ecosystems including the ocean, and that it does not correlate 
well with anthropogenic perturbation of the Earth system66. Therefore, 
PB 3.0 recommended human appropriation of net primary production 
(HANPP)67 as the control variable for functional biosphere integrity, 
particularly given that the capture and transport of carbon is one of 
the most important biosphere functions contributing to Earth system 
state. HANPP had also been suggested as a separate boundary for the 
framework68.

Control variables for biogeochemical flows — which currently 
captures human perturbation of the global nitrogen and phosphorus 
cycles — have further evolved (Table 1 and Fig. 2). For PB 1.0, it was rec-
ognized that the phosphorus control variable successfully measured 
the global risk for anoxic events in the ocean. However, concerns were 
raised that major damage would have already taken place upstream in 
freshwater ecosystems prior to ocean anoxia61. As a result, PB 2.0 added 
the regional control variable measuring phosphorus flow from fertiliz-
ers to erodible soils. Nitrogen cycle metrics were changed to include 
industrial and intentional biological fixation of nitrogen (Table 1). 
The framework keeps open the possibility of including other global 
element flows heavily perturbed by human activities18.

The novel entities PB has other challenges. In contrast to most PBs, 
the novel entities boundary cannot be established based on under-
standing of how the Earth system has performed during the Holocene, 
as these entities did not exist. Focus is therefore given to the release of 
synthetic chemicals as the control variable, the boundary being zero 
emission of synthetic chemicals that have not undergone a strenuous 
testing of potential ecosystem effects prior their release in the open 
environment53. This PB has also evolved (Table 1 and Fig. 2). Originally, 
the PB was named ‘chemical pollution’ (described by examples, yet 
still undefined), but it evolved in PB 2.0 to include the introduction of 
human-created chemicals and entities (such as gene-modified organ-
isms) to the environment, and the increased mobilization of naturally 
occurring elements and entities. In PB 3.0, this boundary was restricted 
to include only anthropogenically introduced entities that are truly 
novel, an appropriate change given that mobilization of naturally 
occurring elements (for example heavy metals) could be included in 
the biogeochemical flows boundary19, should evidence arise of threats 
by them to Earth system functions.

Other PBs and their control variables have seen minor updates 
(Table 1). Land system change, where the control variable changed from 
cropland to remaining forest cover, shifted focus in PB 2.0 to biogeo-
physical processes in land systems that directly regulate climate. Global 
values are a weighted average of the three individual biome boundaries 
and their uncertainty zones: tropical, temperate and boreal biomes, 
with tropical and boreal forests identified as being more important in 
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Table 1 | Overview of definitions and quantifications in PB versions 1.0, 2.0 and 3.0

Planetary 
Boundary 
process, 
sub-boundaries 
and control 
variables

PB 1.0 PB 2.0 PB 3.0

Baseline Boundary 
value

High-risk 
line

Current 
value

Baseline Boundary 
value

High-risk 
line

Current 
value

Baseline Boundary 
value

High-risk 
line

Current 
value

Climate change

CO2 
concentration 
(ppm)

280 350 550 387 Unchanged Unchanged 450* 398.5 Unchanged Unchanged Unchanged 417

Radiative 
forcing (W m−2)

0 1 1.5 1.6 Unchanged Unchanged Unchanged 2.3 Unchanged Unchanged Unchanged 2.91

Introduction of novel entities

Share of 
released 
chemicals 
without 
adequate safety 
assessment and 
monitoring53 (%)

Name: Chemical pollution
Control variable: undefined; no boundary 
position or zone of uncertainty quantified

Name: Introduction of novel entities
Control variable: defined, but no boundary 
position or zone of uncertainty quantified

0 0 Not quantifieda

Stratospheric ozone depletion

Global average 
stratospheric O3 
concentration 
(DU)

290 275.5 261 283 Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged 284.6

Atmospheric aerosol loading

Interhemispheric 
difference of 
aerosol optical 
depth (AOD)

Control variable: ‘Overall particulate 
concentration in the atmosphere, on a 
regional basis’; no boundary position or 
zone of uncertainty quantified

Control variable: AOD; no global quantification of 
boundary position or zone of uncertainty

0.03 0.1 0.250 0.076

Ocean acidification

Global surface 
average 
carbonate ion 
concentration 
(Ωarag)

3.44 2.752 2.408 2.9 Unchanged Unchanged Unchanged 2.8896 Unchanged Unchanged Unchanged 2.8

Modification of biogeochemical flows

N2 removed from 
atmosphere 
for human 
use (Tg yr−1)

0 35 49 121 Control variable abandoned* Control variable abandoned

Industrial and 
intentional 
biological 
fixation of 
nitrogen62 
(Tg yr−1)

New control variable, not existing in PB1.0 0 62 82 150 Unchanged Unchanged Unchanged 190

Global P flow 
from freshwater 
systems into the 
ocean (Tg yr−1)

1.1 11 100 8.5 Control variable replaced by regional one for 
visual (Fig. 2)*

Control variable replaced by regional one for 
visual (Fig. 2)

Regional P flow 
from fertilizers 
to erodible 
soils61 (Tg yr−1)

Additional, regional control variable not 
existing in PB 1.0

0 6.2 11.2 14 Unchanged Unchanged Unchanged 17.5

Freshwater change

Consumptive 
blue water use 
(km3 yr−1)

415 4,000 6,000 2,600 Unchanged Unchanged Unchanged Unchanged Original PB name (freshwater use) and control 
variable abandoned*
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determining Earth system state than temperate. For aerosol loading, a 
global control variable could not be defined before PB 3.0. The climate 
change boundary (with the control variables of radiative forcing and 
atmospheric CO2 concentration) has seen an update for the high-risk 
line in PB 2.0 — it had to be brought down from 550 ppm to 450 ppm to 
account for new insights about risks arising from elevated greenhouse 
gas concentrations.

Yet other PBs have remained more static (Table 1). For instance, 
the stratospheric ozone (stratospheric O3 concentration) and ocean 
acidification (carbonate ion concentration, average global surface 
ocean saturation state with respect to aragonite) boundaries are lit-
tle changed from PB 1.0 to PB 3.0. Further knowledge could see more 
changes emerge in the future, and potentially the addition of new con-
trol variables. Beyond HANPP68, additional PBs have been proposed for 

Planetary 
Boundary 
process, 
sub-boundaries 
and control 
variables

PB 1.0 PB 2.0 PB 3.0

Baseline Boundary 
value

High-risk 
line

Current 
value

Baseline Boundary 
value

High-risk 
line

Current 
value

Baseline Boundary 
value

High-risk 
line

Current 
value

Freshwater change (continued)

Basin scale: 
blue water 
withdrawal from 
mean monthly 
river flow (%)

Additional basin-scale control variable, 
not existing in PB1.0 (never shown 
in visual)

Not 
applicable

25; 55 
(low-flow; 
high-flow 
months)

55; 85 
(low-flow; 
high-flow 
months)

Not 
applicable

Control variable abandoned

Blue water: 
human-induced 
disturbance 
of blue water 
flow64 (% land 
area with 
deviations from 
preindustrial 
variability)

New control variable, not existing in PB1.0 New control variable, not existing in PB 2.0 9.4 10.2 50 18.2

Green water: 
human-induced 
disturbance of 
water available 
to plants59 
(% land area with 
deviations from 
preindustrial 
variability)

Additional control variable, not existing 
in PB1.0

Additional control variable, not existing in PB 2.0 9.8 11.1 50 15.8

Land system change

Global land 
cover converted 
to cropland (%)

1 15 20 11.7 Control variable abandoned* Control variable abandoned

Global forested 
land area (% of 
original)

New control variable, not existing in PB1.0 100 75 54 62 Unchanged Unchanged Unchanged 60

Change in biosphere integrity

Genetic 
diversity: 
extinction rate 
(extinctions 
per million 
species-years)

1 10 100 >100b Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged

Functional 
integrity 
(% of human 
appropriation 
of net primary 
production, 
in GtC yr−1)

Additional control variable, not existing 
in PB1.0 (when functional aspect was 
merely mentioned, and PB name was still 
“Rate of Biodiversity loss”).

Interim PB 2.0 control variable for functional 
aspect was Biodiversity Intactness Index

1.9 10 20 30

*Asterisks in this table correspond to asterisks in Fig. 2, indicating differences in wedge-length among panels that result from redefinitions or updates of control variables or values (rather 
than reflecting actual changes in current status). aLack of quantification visualized by a hatched wedge in Fig. 2. bUncertainty visualized by a fading wedge in Fig. 2.

Table 1 (continued) | Overview of definitions and quantifications in PB versions 1.0, 2.0 and 3.0
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ocean circulation69 and soil degradation70; at present none of these pro-
posals relates to Earth system processes that are not already captured 
by the framework, and they have therefore not been adopted.

The three PB assessments have made it clear that the boundaries 
to safe functioning of the Earth system are increasingly being trans-
gressed. Earth observations and analytics make these assessments 
possible, with quantification of all nine PBs being first achieved for 
PB 3.0 (ref. 19). With the exception of stratospheric ozone depletion, 
the state of PBs has worsened over time (Table 1 and Fig. 2). Six of the 
nine PBs are now transgressed: climate change, introduction of novel 
entities, change in biogeochemical flows, freshwater change, land 
system change, and change in biosphere integrity. The transgres-
sions of the boundaries of land use change, biosphere integrity and 
climate change are together eroding the ecological stability of large 
Earth-system-regulating biomes, such as the temperate, boreal and 
tropical forest systems. The latest assessments show that biodiversity 
loss, deforestation and climate forcing together place large parts of 
the Amazon basin at risk for crossing an irreversible tipping point 
towards a state of low tree cover71. Similarly, overuse of blue water 
and changes in green water flows, combined and interlinked with cli-
mate change, is drying out landscapes, triggering disease outbreaks 
in forests (for example bark beetle outbreaks) and vast forest fires63. 
The transgression of the global nitrogen and phosphorus boundaries 
causes eutrophication of freshwater lakes and rivers across the world 
and dead zones in marine coastal ecosystems, together eroding the 
ecological functions in aquatic ecosystems across the planet.

Knowledge of simultaneous transgressions of multiple PBs has put 
increasing attention on their resulting interactions, cascading effects 
and (mostly positive) feedbacks72–74. For example, transgressing terres-
trial components of the land system change, freshwater change, changes 
in biogeochemical cycling and biosphere integrity PBs will reduce the 
tolerable climate forcing for a safe climate boundary73. Land–climate 
boundary interactions, in particular, are of critical importance for 
delineating the size and shape of the safe operating space19.

Mainstreaming PB thinking
The PBs have attracted vast interest and engagement from a diverse 
and widened group of scientists, becoming mainstream across dis-
ciplines addressing global sustainability challenges (Figs. 1 and 3). 
Although based entirely on natural science at its core, the PB framework 
has inspired interdisciplinary research across the social sciences and 
humanities (Supplementary Figs. 1 and 2), being picked up in health 
sciences, education, philosophy, religious studies, psychology, law, 
governance, behavioural science, economics and creative arts. The 
broad adoption of the PB framework across Earth system science, 
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justice and governance, economics and planetary health (Fig. 3) is 
now discussed

Earth system science
The PB framework has substantially contributed to the development 
of Earth system science. In particular, it has improved understanding of 
the deeply intertwined and multi-scale interactions of the physical 
climate system with the biosphere75–78, and importantly, identified 
limitations in modelling their interactions72,73,79,80. Applied modelling 
work has further advanced knowledge of interacting PBs to, for exam-
ple, assess the potential of feeding the world population81 or creating 
biomass-based carbon sinks for climate change mitigation82, all within 
the bounds of PBs. The PBs have also highlighted knowledge gaps in 
certain aspects of Earth system science, specifically with regards to 
functioning and effects of accumulating novel entities53. For example, it 
remains unclear whether certain novel entities can affect ocean chem-
istry in a way that alters the formation of sea spray (aerosols formed 
from seawater at the air–sea interface), which, in turn, is an important 
component of the climate system.

Rising evidence of human pressures at the planetary scale — 
informed by the PBs — has made it clear that resilience as buffering 
capacity is important to preserve life-support functions. Concepts such 
as ‘stewardship of the Earth’s life-support systems’ and ‘stewardship of 

the Earth system’18,83 have thus become popular, reconnecting socio-
economic development with non-negotiable Earth system functions75. 
Together, human–environment or social-ecological research has 
‘entered the Anthropocene’ and connects scales from local ecosystems 
to global PBs. An improved understanding of the planetary-scale resil-
ience capacity provided by the biosphere, such as large-scale forest, 
wetland or phytoplankton ecosystems acting as carbon sinks and green 
water storage providing buffering capacity against human pressures, 
is much needed.

Earth system justice and governance
Beyond informing Earth system science, the PB framework has high-
lighted the need to articulate and implement Earth system justice: all 
people, current and future generations, have a right to live on a stable 
and resilient planet that remains within the safe operating space84. 
It comprises substantive and procedural components: substantive jus-
tice aims to ensure minimum access to natural resources (represented 
by the individual PBs) while reducing harm to people and allocating 
responsibilities fairly; procedural justice focuses on the need and right 
of people to have access to information, participate in decision making, 
and have legal and civic protection.

Achieving Earth system justice stresses the need for equity, con-
sidering minimum access rights85, affluence86 and Global North/Global 
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South perspectives87. Setting absolute boundaries at the planetary 
scale translates to finite budgets for all domains, immediately raising 
the challenge of fair distribution of resources. This issue is prominent 
in the climate policy arena, determining, for example, how to compen-
sate low-emitting countries whose fair shares of the safe carbon budget 
has been appropriated by nations with excess emissions88.

Ensuring ‘no significant harm’ to people from Earth system change 
represents another necessary condition for Earth system justice. The 
safe and just Earth system boundaries5 (ESBs) are an approach to com-
bine the biophysical, planetary safety assessment from the PBs with a 
social science justice assessment for the same systems and processes. 
So far, the social science assessment has complemented five of the 
nine PBs (called safe ESBs in this context) with just boundaries: climate 
change, freshwater change, change in biosphere integrity, biogeo-
chemical flows and aerosol loading. For the case of biosphere integrity, 
freshwater change and the phosphorus component of biogeochemical 
flows, the just ESBs are placed at the same level as the safe ESBs. Thus, 
substantial harm to people coincides with when these PB systems are 
likely to start losing their stability and function — there is strong align-
ment between Earth system stability and human justice. For climate 
change, aerosol loading and the nitrogen component of biogeochemi-
cal flows, however, the just ESBs are set at a lower, more stringent level 
than the safe ESBs. For example, the safe ESB for climate change is set at 
<1.5 °C, while the just ESB is set at 1 °C; given that global mean surface 
temperature rise reached 1.48 °C in 2023 (ref. 89), humanity is deep in 
the global climate crisis in terms of safety and justice.

The PB framework has also triggered new thinking in Earth system 
governance90,91. Indeed, it has been argued that a reform of interna-
tional environmental governance is required90 to navigate human 
development in the Anthropocene, and that a framework such as the 
PBs can be an element of such global governance.

The quantification of a safe operating space defined by PBs has fur-
ther inspired suggestions of goal-oriented international environmental 
law instruments as tools to strengthen multilateral agreements92, and 
triggered new thinking of how to strengthen environmental law at the 
Earth system scale93,94. An example is the integration of environmental 
law and PB science into the ‘Planetary Condominium’ legal framework 
that balances private and collective assets95.

Although often framed from the perspectives of opportunities, 
critiques of the PB framework for policy and governance have also 
emerged. These critiques relate to implications of uncertainties in 
Earth system science on reaching consensus in policy, and difficulties 
in governing PBs as they imply transferring certain sovereignty from 
national to a collective global level96. Also, agreeing on adopting, and 
thereby governing, PBs raises concerns of political conflicts97.

The Earth system science of risks in the Anthropocene, which 
forms the basis of the PB framework, so far outpaces the capacity 
of institutions and political systems to adequately balance national, 
regional and global governance of sustainability and planetary sta-
bility. That said, it is not as if global governance of certain PBs has 
not been attempted. The 1987 Montreal Protocol is a global govern-
ance regime for the stratospheric ozone boundary (established well 
before the PB framework was formulated); the Paris Climate Agree-
ment is a legally binding framework for the climate boundary; and the 
Kunming–Montreal UN CBD Global Biodiversity Framework (from 
the 2022 UN Biodiversity Conference COP15) is a legal framework 
for the biosphere integrity boundary.

New ideas for global governance, at the interface between PBs 
and global governance, are closely linked to governance of the global 

commons (common pool resources) to be managed within finite limits. 
However, global commons are currently only recognized (and associ-
ated with legal frameworks) for systems beyond national jurisdictions, 
including Antarctica, the high seas (and deep seabed), the atmosphere 
and outer space. Based on the PB framework, it has been argued that 
the global commons ought to include all major biophysical systems 
on Earth that regulate its state and functioning98. Thus, the comple-
mentary planetary commons arose. The concept puts emphasis on 
collective PB resources that everyone, irrespective of sovereignty or 
jurisdiction, depends on for the stability of the Earth system99, moving 
away from an exploitable common pool of resources. Tipping elements, 
such as the Amazon rainforest and Boreal permafrost, thereby qualify 
as planetary global commons. With this change comes the challenge of 
how to govern the planetary commons, and particularly, how to ensure 
governance is equitable and economically fair given scarcities arising 
from finite PB budgets. New approaches and legal frameworks at the 
national and global scale will be required.

Contribution to economic thinking
The understanding of PBs as finite planetary commons calls for their 
integration into economic theory100 and reinforces the need for apply-
ing strong sustainability principles. The feasibility and/or necessity of 
strong as opposed to ‘weak’ (which assume that many natural resources 
can be substituted by others) sustainability measures in order to navi-
gate in our world has been debated. Because human activities are affect-
ing the environment at the planetary level and with respect to such 
a wide range of systems and processes, the PB framework provides 
additional scientific evidence to the longstanding debate on weak 
versus strong sustainability policy, in favour of the latter — at least in 
terms of necessity. This need implies economics that operate within 
PBs, which — expressed in economic terms — are finite boundaries for 
natural capital101–103.

Translating PBs to finite budgets (for carbon, nitrogen, phospho-
rus, land use, and use of green and blue water) creates scarcities with 
implications on cost and trade. Ecological economists have thus been 
inspired to rethink the relation between three basic economic goals 
of sustainable scale, just distribution and efficient allocation104. In 
other words, the PB framework informs welfare economics by posing 
cost-effectiveness and global resource limitations100,105. The finite global 
natural resource budgets, arising from ‘operating’ within PBs, has trig-
gered attempts of expanding — from climate to all PBs — the assessment 
of investment opportunities using cost-abatement curve methods106.

The doughnut economics concept107,108 connects these finite budg-
ets with necessary requirements for human wellbeing. It adopts the PBs 
as the outer ring of the ‘doughnut’ defining the ‘ceiling’ of the operating 
space for economies. The floor (the inner circle of the doughnut) is 
defined by agreed social targets such as the Sustainable Development 
Goals (SDGs). That approach differs substantially from the safe and 
just ESBs. Doughnut economics, like steady-state economics, builds 
on the notion of questioning infinite economic growth as it is cur-
rently understood on a finite planet. The PB framework, based on Earth 
system evidence and tipping point risk assessment, strengthens the 
call to create regenerative economies that operate within the cycles 
of a Holocene-like Earth-system109, resulting in finite guardrails for 
the economy.

The PB and doughnut economics frameworks have been further 
developed into the ‘good lives for all within planetary boundaries’ 
initiative. Here, pragmatic interpretations of the PB quantifications 
(using proxy control variables where data are available at country level) 
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are compared for more than 150 countries against established indica-
tors of ‘good human lives’ (access to food, education, equality, demo-
cratic quality, social support and so on)110,111 (Supplementary Table 2). 
This initiative represents a key advancement in applying concepts of 
human development within PBs in real economic assessments. Other 
academic contributions to the debate concerning alternative growth 
paradigms also draw on the PB framework112–116.

The relationship of PBs in terms of sustainability to these other 
concepts is straightforward: if there is a biophysical ceiling (defined 
by PBs) on Earth, then there must also be a social floor (defined by 
equity and justice).

Sustainable development research and planetary health
Increasingly, achieving SDGs within PBs has become an explicit articula-
tion of a people–planet approach to global sustainable development 
(Fig. 3), addressing the need to stay within PBs to reduce inequality, limit 
ecological damage and secure resilience117,118. A ‘wedding cake’ version 
of the SDGs visualizes this articulation119. It argues that the 17 SDGs 
form a hierarchy: there is a PB base layer represented by the freshwater 
(SDG 6), climate (SDG 13), ocean (SDG 14) and biodiversity (SDG 15) 
goals, with social, economic and governance goals forming integrated 
layers that must deliver inside the non-negotiable safe space of the 
planetary SDG goals.

Sustainable development research, aiming to identify ways to 
put the abovementioned goals into practice, has to deal with a fun-
damental dilemma of responsibilities. Transgressions of global-scale 
boundaries are the result of the aggregation of widespread local-to-
regional-scale environmental impacts. Thus, for the PB framework 
to inform governance of global and planetary commons, it must be 
operationalized in some format at subglobal levels120, encompass-
ing two tasks. First, PBs must be translated into operational limits 
or targets, perhaps as per-capita allocations to historic responsibili-
ties and economic capacities121; the PBs’ finite budgets of ecological 
space need to be shared in an equitable way, for example through 
accounting systems based on quota allocations for global resource 
use122. Second, the local-to-global chain of impacts must be addressed. 
The PB framework provides absolute limits of acceptable impacts for 
environmental management and has therefore been linked to life-cycle 
assessment applications. For example, it has inspired the development 
of methods aimed at quantifying demand for global natural resources 
arising from individual products and services, or individual sectors or 
governance units, such as nations or cities123,124. This work of applying 
PB framing in natural resource use has been supported by the downs-
caling of PBs to the national level125–127, connecting the two parts of the 
operationalization task.

The PB framework also inspired a new scientific field — planetary 
health. The field integrates human and planetary health, recognizing 
that transgressions of PBs present risks to Earth system functioning and 
human health. For instance, shifts in PBs present risks for heat stress, 
infectious diseases, food and water insecurity, pollution-related disease 
and mental disorders. The idea for planetary health was motivated by 
the Lancet Planetary Health commission report launching ‘a new sci-
ence for exceptional action’128,129, and gained immediate traction. This 
integration of human and planetary health is exemplified by the ‘plan-
etary health diet’, which quantifies healthy diets based on sustainable 
food systems, where the environmental quantifications were guided by 
the PB framework23. The strong scientific connections between PBs and 
planetary health have been further advanced in high-level health policy. 
For instance, the WHO Council on the Economics of Health for All used 

the PB framework to argue that economics needs to be rethought, put-
ting human health at the centre by integrating planetary and human 
health130. Moreover, the Royal Netherlands Academy of Arts and Sci-
ences called for prioritizing research in the emerging and increas-
ingly broad field of planetary health for understanding and guiding 
actions to safeguard both human and planetary health across sectors 
(including energy, food, health and transport)131.

Mainstreaming PBs in society
In addition to scientific discourse, the PB framework is reflected in 
societal narratives of global environmental change and sustainability 
(Fig. 1), highlighting biophysical boundaries that socioeconomic devel-
opment should not cross132,133. Indeed, PBs are increasingly embedded 
within global policy, national assessments and business sectors.

Owing to their science-based assessment of the global resource 
base, PBs have informed various global policies. In particular, the 
PBs feature heavily in UN frameworks or contexts, including: the UN 
SDGs134, UN Convention on Biological Diversity (UN CBD)135, state of 
the planet assessments in the UN Environment’s Global Environment 
Outlook136,137 (GEO 5 and 6) and UN Office for Disaster Risk Reduction 
(UNDRR) mid-term review of the Sendai Framework138.

The formulation of the SDGs134,139 — which provide a universal 
agenda integrating aspirational goals for people with sustainable 
global targets for the planet — was informed by the PBs through the 
High-Level Panel on Global Sustainability20, the Rio+20 UN Summit and 
the Planet Under Pressure conference (https://ccafs.cgiar.org/events/
planet-under-pressure) (Fig. 1). During the work of the UN High-Level 
Panel on Global Sustainability20, which laid the foundation for the 
decision at UN Rio+20 Summit in 2012 to transition the Millennium 
Development Goals into SDGs, PB science had a central role. A PB 
science-informed working session was held at the Royal Swedish Acad-
emy of Science in 2011 (ref. 140), between the 2nd Nobel Symposium on 
Global Sustainability and the UN High-Level Panel. The PB 1.0 paper and 
the Nobel Symposium created a scientific synthesis of the necessity of 
integrating social and ecological resilience at the planetary scale, pro-
viding guidance to the UN High-level Panel reporting to the UN Rio+20 
Summit (Resilient People, Resilient Planet; https://sustainabledevelop-
ment.un.org/). It is likely that this interaction between PB science and 
global policy contributed to the integration of global sustainability 
targets into the human aspirations (eradicating poverty, hunger, good 
health, peace, and dignified socioeconomic development for all) set 
out in the SDGs (SDGs 6, 13, 14 and 15, on freshwater, biodiversity, 
oceans and climate).

The UN CBD — which aims for the conservation of biological diver-
sity, the sustainable use of its components, and the fair and equitable 
sharing of benefits arising out of the use of genetic resources — is also 
aligned with the PBs. The UN CBD target to halt and reverse loss of 
biodiversity matches the genetic diversity boundary for Biosphere 
Integrity. Moreover, the UN CBD target to preserve 30% of intact nature 
on land and in the ocean translates the Land System Change boundary 
into a science-aligned quantitative policy target141, and at the same 
time, aligns with HANPP, the control variable for functional Biosphere 
Integrity. The PB framework also informs global policy through inter-
national initiatives and partnerships between science, businesses and 
other actors, as evidenced by the Global Commons Alliance (https://
globalcommonsalliance.org/), the Global Commons Stewardship 
Framework142 and the Climate Governance Commission (https://
globalgovernanceforum.org/climate-governance-commission/). In all 
of these initiatives, PBs form the scientific basis, guiding the focal 
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policy areas (taking an Earth-system-wide approach to governance, 
business, and development) and providing quantitative ‘dashboards’ 
for accounting.

Several regions, nations and cities have further used the PB frame-
work to assess their global environmental impacts or have aligned 
their environmental aspirations with it (Fig. 1). Uptake is particularly 
prominent in the European Union. Indeed, the PBs form the basis of 
legally binding EU action plans (the 7th and 8th European Environ-
ment Action Programme: ‘living well, within planetary boundaries’; 
https://environment.ec.europa.eu/strategy/environment-action-
programme-2030_en), and scientific assessments of environmen-
tal footprints (‘Is Europe living within the limits of our planet?’)143. 
National Environmental Protection Agencies of EU countries, including 
Sweden144 and the Netherlands145, have further separately assessed 
the contribution of their respective countries to the PBs, and a similar 
assessment is planned for Switzerland146. Switzerland also explicitly 
expressed the need to respect PBs, as similarly acknowledged by the 
Wellbeing Economy Governments partnership (comprising Scot-
land, New Zealand, Iceland, Wales, Finland and Canada; https://weall.
org/wego). In cities, the PB framework is primarily applied through 
the doughnut economics concept107,108, the tools and concepts of 
which are adopted in local governance (https://doughnuteconom-
ics.org/themes/1) to align residents’ aspirations for good lives in a 
healthy local environment with their global responsibility to respect 
the wellbeing of all people within PBs111.

The PB framework similarly resonates with some segments of the 
business community. Indeed, the World Business Council for Sustain-
able Development incorporated PBs into its 2050 vision147. Various 
sectors are also undertaking work to internalize PB thinking, including: 
the food industry (Unilever, PepsiCo, DSM and Walmart), fashion (H&M, 
Patagonia and Houdini), beauty (L’Oréal and Kering) and technology 
(Ericsson and Hitachi). Moreover, many major financial consultancy 
firms (such as McKinsey, Arup and BCG) now profile PBs in their mes-
saging regarding services, and a growing number are referring to the 
framework in their sustainability reporting.

The Science Based Targets initiative (SBTi) and Science Based 
Targets Network (SBTN)22 provide a concrete example of how PBs have 
inspired thinking about the future. The SBTi translates the finite global 
carbon budget into mitigation pathways (approximately 50% emission 
reductions by 2030 and net zero by 2050 to align with science)148, with 
the SBTN doing the same for PBs, translating global boundaries into 
operational targets for businesses and cities. As of August 2024, SBTN 
has, in addition to existing methods for climate, released methods 
for target setting for water (including nitrogen and phosphorus) and 
land — with targets for the ocean forthcoming. Companies and cities 
can apply these methods to identify their individual targets. However, 
the increasing uptake of quantitative PB-informed science-based tar-
gets does raise concerns over equity (fair distribution of responsibility), 
transparency and democratic control149.

Guiding transformation pathways
The PB framework not only informs current management, such as 
through science-based targets, it also serves as a guide for a ‘landing 
zone’ for trajectories of future development40 (Fig. 4). The framework 
has informed paradigm shifts on human relations to the planet, and 
several transformation-pathway initiatives across economic sectors, 
from national to regional and global scales.

The PB framework has inspired deeper thinking about needed 
transformations in economics100, philosophy150 and social science151. 

Interdisciplinary sustainability research has argued for the need to 
reconnect the human world with the living biosphere152, impacting on 
all facets of socioeconomic development. The work of the Earth Com-
mission on quantifying justice across planetary boundaries, address-
ing significant harm and equitable access levels within finite global 
boundaries, represents social science advancements inspired by the 
PB framework.

The challenges of shifting social paradigms to navigate human 
development in a world of increasing Earth system risks have been 
discussed in the past within philosophical concepts and systems think-
ing such as the Gaia theory38 and steady-state economics101. Today, the 
PBs inform such philosophical discussions, for example the need to 
find new collective ways for humanity to inhabit Earth153. Also, the safe 
operating space has been presented as a target in considerations about 
a prevailing ‘ingenuity gap’154, which describes the inability to speed 
up and scale development and innovation enough to keep pace with 
ongoing changes to the functions of the Earth system155. Similarly, the 
urgent need to engage grassroots innovation also in social transitions 
within PBs has been emphasized156. Another example is the emerging 
concept of ‘provisioning systems’157, providing evidence as to why and 
how to transform distribution of resource allocations to satisfy social 
needs within PBs.

These social and philosophical efforts of aligning develop-
ment discourses with a stable planet inform multiple examples of 
development or transformation pathways that integrate SDGs and 
PBs. Deep socioeconomic transformation is required to achieve the 
SDGs and to maintain societal development within the safe operat-
ing space158. Early examples include back-casting explorations with 
the Tellus Polestar model159 and explicit assessments with the IMAGE 
model160. Further efforts are demonstrated by The World in 2050 
initiative: from a transformation-pathway assessment (guided by 
socioeconomic-pathway-informed sustainable development path-
ways)25, systematic targets emerged that translated the 169 objectives 
of the 17 SDGs into quantified world development and Earth system 
indicators161 (Fig. 4) — a guide to meet SDGs within PBs. The synergies 
and trade-offs between SDG and PB targets have also been explored 
using an SDG narrative162.

These transformation pathways can also be used to explore indi-
vidual SDGs. Those related to food are particularly relevant given that 
the food system is the dominant cause of PB transgression163,164 and that 
unhealthy food is the single largest cause of premature deaths world-
wide at 10–11 million deaths per year (refs. 23,165). The PBs provide a 
target space for transformation of the food system, setting universal 
boundaries and thereby advancing a planetary health diet23. To remain 
within PBs, nothing less than a systemic and global transformation, 
including the adoption of healthy diets (less animal protein, more 
plant-based calories), radically cutting food waste, and transitioning 
towards regenerative agricultural practices, is required to eradicate 
hunger and improve human nutrition and food security23,81,164,166–171. 
PB science also provides the boundary conditions for the transforma-
tion of the industrial sector towards circular and decarbonized busi-
ness models that adhere to sustainable production and consumption 
principles172. Several initiatives158,172,173 have used PB science to set the 
boundaries for industrial development (across novel entities, climate 
change, biosphere integrity and land use change).

In terms of feasibility, a broader picture has been painted by a 
50-year update of the Limits to Growth report32, and the Earth for All initi-
ative explored transformation pathways that foster world development 
within PBs173. Five ‘turnarounds’ across energy, food, equity, finance and 
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empowerment were quantitatively assessed against PBs. Even with very 
optimistic projections of sustainable transitions that deliver equitable 
economic development and achieve the SDGs, a return to the safe oper-
ating space is barely within reach, in particular for climate and biosphere 
integrity173. These challenges are also reflected in the emerging focus of 
seeking positive social tipping points that accelerate transformation 
pathways back into the safe operating space174,175.

Summary and future perspectives
The PB framework identifies, defines, quantifies and offers path-
ways toward the safe operating space for humanity — with stable, 
quasi-equilibrium conditions not vastly different from those expe-
rienced during the Holocene. PBs have become integral to the way 
global sustainability is understood and addressed, influencing research 
across the social and natural sciences, and having applications in policy, 
business and civil society. Despite its widespread adoption, the PB 
framework will continue to evolve as new knowledge about the Earth 
system and human–Earth-system interactions becomes available.

Many scientific challenges remain with respect to advancing 
the PB framework, including the need for improved quantifica-
tions. For instance, the demarcation of the upper edge of the zone 
of increasing risk (called the high-risk line) is currently associated 
with more uncertainty than the placement of the safe PB for many 

variables. Also, the zone of increasing risk (between the PB and the 
high-risk line) is characterized by uncertainty about the exact degree 
of risk (Supplementary Table 1). For genetic diversity, the safe boundary 
and high-risk line are 10 and 100 extinctions per million species-years, 
respectively, and for climate forcing, 1 and 1.5 W m−2, respectively. 
Nevertheless, there is high confidence that biophysical boundaries 
at the Earth system scale do exist. Still, this uncertainty needs to be 
reduced, by advancing scientific analyses of Earth resilience, and in 
particular Earth system feedbacks between PB processes. A Tipping 
Point Model Intercomparison Project (TIPMIP) has been launched to 
increase the understanding of how Earth system interactions affect 
the risks of crossing planet-regulating tipping points, which, in turn, 
will help to reduce the uncertainty range in setting PBs. Earth system 
modelling on PB interactions is also of critical importance in verifying 
and improving quantifications of the safe operating space.

More explicit quantifications of PBs with respect to the Holocene 
are also necessary. PB science is premised on the notion that the Holo-
cene is the only state known for certain to support the world as it is 
known and is, thus, the reference state for setting PBs. Yet only the safe 
boundary for the climate change PB has been explicitly assessed against 
the Holocene. Other boundary processes are increasingly adopting this 
approach, including defining control variables for green and blue water 
for the freshwater change boundary59,64 and quantifying the safe level 
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Fig. 4 | Past and possible future Earth system 
trajectories. Coloured arrows represent hypothetical 
trajectories for the co-occurring planetary boundaries 
on climate change and change in biosphere integrity: 
the great acceleration (red arrow) has moved the Earth 
system from the safe operating space (green) into the 
zone of increasing (yellow) or high risk (red–purple). 
This trajectory could continue with business as usual 
(orange–yellow arrow) or, through political goals and  
targets that accelerate climate change mitigation  
and biosphere regeneration, exhibit the ‘great  
turnaround’ (blue to green arrow) whereby the Earth 
system returns to the safe operating space. White lines 
represent alternative future Earth system trajectories 
with increasing transgression of planetary boundaries, 
and orange rings important political goals and targets 
in the years 2030, 2050 and 2100. Planetary Boundary 
science highlights that to stay clear of the high-risk 
zone, an integrated approach to Earth system analysis 
and governance is needed, taking into account the 
complex interactions and feedbacks between climate, 
biosphere integrity and the collective dynamics of 
human societies. SDGs, Sustainable Development Goals.
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for functional diversity for biosphere integrity5,19. PB science should 
continue to move towards a generic method development across all 
PBs, where maximum allowed deviation from the Holocene range of 
variability becomes a guiding principle. Doing so is a major scientific 
challenge given the lack of data on Holocene range of variability across 
all biosphere PBs, but improved Earth system modelling and closer col-
laboration between Earth system science and palaeosciences can shed 
important light on the ‘corridor of life’ for all PBs during the Holocene.

Moreover, the interaction between PBs and the concurrent trans-
gression of multiple PBs needs improved assessment. At present, the 
PBs are often assessed in isolation, with the implications of simultane-
ous transgression of multiple boundaries little examined19,73. In par-
ticular, there is a need to assess the impacts of lost biosphere resilience 
(responding to change in biosphere integrity, land system change, 
ocean acidification, freshwater change, introduction of novel entities, 
and change in biogeochemical flows) on the climate boundary, and 
how these biosphere-induced climate stressors might cause feedbacks 
that, in turn, further undermine biosphere resilience. Coupled Earth 
system models are required to assess how various interactions influ-
ence each other, and to identify key entry points to cut short harmful 
causal chains.

The aforementioned aspects would all benefit from high-
resolution Earth observation being better connected to the PBs. 
Indeed, linking Earth observation analytics could potentially provide 
global assessments of transgressions in aggregated form, as well as spa-
tially distributed high-resolution maps. Furthermore, connecting with 
Earth observations would allow opportunities for new control variables 
to be added for each PB, as done with the subdivision of blue and green 
water for freshwater change. These control variables must be relevant 
indicators for safety at the planetary scale, while also having the poten-
tial to be scaled to, and thereby implemented at, national, sectoral or 
even the city and industry level. They should capture the function of 
ocean biology and land use activities (beyond deforestation), and in all 
cases must be carefully evaluated to avoid cherry-picking and ensure 
their ability to support the intention of the PB framework. These devel-
opments would not only contribute to improving the precision and 
validation of PB risk assessments, but also increase the usefulness of 
the framework across scales and in different sectors (as different stake-
holders use different benchmarks). Multiple control variables could 
further aid management and equitable sharing of responsibility for 
addressing pressures on spatially heterogeneous PB processes (such 
as land system change, freshwater change and biosphere integrity)176.

In addition to integration with Earth observations, PB-based 
world–Earth modelling could also help to advance the PB framework, 
aiming at a deeper integration of processes, interactions and feedbacks 
between the biophysical Earth system and human societies. ‘World’ 
refers here to complex human societies as embedded in the biophysical 
Earth system (Supplementary Table 1). Some attempts have been made in 
this regard173,177,178, which highlighted the need to deepen understanding 
of human–environment interactions at the global scale, coupling Earth 
system assessments with research on human agency, innovation and 
transformation. Social tipping points research falls in this category174. 
Increasingly, world–Earth modelling can be validated with new Big-Data 
and artificial intelligence approaches that integrate PB-wide Earth 
observations, with statistical neural network methodologies to test 
safe boundary setting and integrate human dynamics179,180.

Collectively, these actions could also contribute toward reduced 
time between PB updates. On average, these updates have occurred 
every 6–8 years, which, given the rapidly approaching tipping points, 

is much too long. More regular, potentially even annual, updates would 
provide a measurement dashboard for the planet that stakeholders can 
use to monitor progress towards sustainable development.

Regardless of the interval between updates, it is clear that some 
PBs have been transgressed and that others are increasingly at risk of 
being transgressed. So far, however, negative Earth-system feedbacks 
are working against an irreversible transition to a new state; dampening 
feedbacks are dominating, as evidenced by 93% of anthropogenic heat 
being taken up by the ocean and 56% of anthropogenic carbon being 
taken up by the biosphere9 (although there are signs that biosphere 
resilience is being lost with Brazilian part of the Amazon tipping from 
carbon sink to source181). It is unclear how long the Earth system can 
continue to buffer anthropogenic stress with multiple transgressed PBs 
and whether it will instead self-amplify them182. The overall resilience of 
the Earth system must therefore be investigated, as with the challenge 
to reduce uncertainties, mentioned previously. Tipping point research 
is the most prominent example to achieve that.

Welfare economics, sustainable development and scenario analy-
ses of transformation pathways need to be broadened to ensure that 
ongoing world development occurs within safe (and just) boundaries. 
Currently, scenario analyses of future trajectories of world develop-
ment tend to focus on single domains, such as climate and the energy 
transition, or land–water-biodiversity and the food transition. Yet 
transformation pathways that meet the ‘landing zone’ of desired out-
comes for world development (SDGs) within PBs need to be explored. 
This broadening has started across several initiatives, pioneered by 
The World in 205025. A global modelling intercomparison on transfor-
mation pathways that meet the SDGs within PBs (include safe PBs and 
justice-based Earth system boundaries) is being undertaken under the 
auspices of the Earth Commission, where a wider community of global 
modelling teams are invited to explore transformation pathways that 
can meet world development within planetary boundaries5,161.

Governing and monitoring Earth’s stability and resilience is not 
optional, it is a necessity given the risks of planetary state being destabi-
lized. The PB framework offers a much-needed complement to how sus-
tainable development is understood and pursued, as evidenced by the 
broad scientific uptake of PB science. We add the quest to reach human 
prosperity and equity on a stable and resilient planet, within planetary 
boundaries, that provides all people, generations, communities and 
societies with a safe operating space on Earth.
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