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Introduction

The planetary-boundaries framework was developed to identify major Earth-system processes that
help maintain the relatively stable environmental conditions within which human societies developed.
Will Steffen and colleagues’ 2015 article refined an earlier 2009 framework by defining control
variables and zones of increasing risk for climate change, biosphere integrity, biogeochemical flows,
land-system change, freshwater use, ocean acidification, stratospheric ozone depletion, atmospheric
aerosol loading, and novel entities. These boundaries are not predictions of one sudden global
collapse and should not be interpreted as nine perfectly measurable walls. They are precautionary
risk thresholds intended to define a “safe operating space” in which human pressure is less likely to
destabilize critical Earth-system functions (Steffen et al., 2015). The framework has continued to
evolve as evidence improves. A 2023 assessment concluded that six of the nine boundaries were
transgressed, and the 2025 Planetary Health Check assessed seven as transgressed after ocean
acidification moved beyond its boundary. That change illustrates both worsening environmental
pressure and the framework’s deliberately revisable scientific character.

From the 2015 Framework to the 2025
Assessment

The nine boundaries are climate change, biosphere integrity, biogeochemical flows of nitrogen and
phosphorus, land-system change, freshwater change, ocean acidification, stratospheric ozone
depletion, atmospheric aerosol loading, and novel entities such as synthetic chemicals and plastics. In
2015, the framework identified particularly serious pressure on biosphere integrity and nutrient cycles
while emphasizing interactions among global and regional processes (Steffen et al., 2015). Richardson
and colleagues’ 2023 analysis quantified all nine boundaries for the first time and concluded that
climate change, biosphere integrity, land-system change, freshwater change, biogeochemical flows,
and novel entities were already beyond the assessed safe operating space (Richardson et al., 2023).
The 2025 Planetary Health Check added ocean acidification to that list, bringing the total to seven of
nine. Stratospheric ozone depletion and global aerosol loading remained within the assessed safe
zone, although aerosols continue to produce severe regional health and environmental effects. The
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updated status shows that the framework is not a static diagram tied permanently to the evidence
available in 2015.

Scientific revision is especially visible in the freshwater and novel-entities boundaries. Freshwater
analysis now extends beyond river flow to include “green water” stored in soils and vegetation
because terrestrial ecosystems depend on both surface-water and soil-moisture conditions. Novel
entities remain difficult to aggregate because thousands of manufactured chemicals, plastics,
pesticides, pharmaceuticals, and other substances differ in persistence, mobility, exposure, and
biological effect. Ocean acidification likewise demonstrates how boundaries can move as
measurements and ecological understanding improve. Increasing atmospheric carbon dioxide alters
seawater carbonate chemistry, reducing carbonate-ion availability and creating stress for calcifying
organisms and marine food webs. A boundary should therefore be understood as a risk-management
tool based on the best available control variables, not as an immutable natural number. The
usefulness of the framework depends partly on scientists stating uncertainty openly, explaining why
particular indicators were chosen, and revising them when better evidence becomes available.

Systems Thinking and Interacting Risks

The framework’s major strength is that it links environmental pressures that are often governed
separately. Fertilizer use affects nitrogen and phosphorus cycles, freshwater quality, coastal
ecosystems, greenhouse-gas emissions, and biodiversity. Deforestation alters carbon storage, habitat,
regional rainfall, soil stability, and local temperature. Plastic and chemical production influences novel
entities while also depending on energy, extraction, land, and waste systems. These interactions
mean that progress on one problem can create new pressure elsewhere. Replacing fossil fuels with
poorly planned biomass, for example, could reduce direct carbon emissions while increasing land
conversion and biodiversity loss. Planetary boundaries encourage policymakers and organizations to
evaluate absolute environmental outcomes rather than assuming that a solution is sustainable
because it improves one indicator. The same systems perspective explains why the framework is
precautionary. Waiting until an ecological threshold is demonstrated with complete certainty may
leave little opportunity to avoid irreversible change, so boundaries are often placed within a zone of
rising risk rather than directly on a proven tipping point (Steffen et al., 2015).

Regional Variation, Equity, and Human
Development

A global boundary cannot describe every local condition. Humanity may remain within a global
freshwater threshold while a particular river basin experiences severe depletion, pollution, or conflict;
conversely, a local ecological crisis may have limited effect on a global indicator while being
devastating to residents. Distribution also raises ethical questions that the biophysical framework
cannot answer by itself. Historical emissions, colonial extraction, wealth, population, consumption,
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and development needs differ greatly. A low-income community seeking electricity, sanitation, and
safe housing does not create the same ethical claim on environmental space as luxury consumption
with a very large material footprint. Planetary boundaries therefore need to be paired with social
foundations concerning health, food, energy, education, housing, political voice, and economic
security. Environmental protection that displaces Indigenous communities or makes basic energy
inaccessible can remain socially unjust even if a global indicator improves. Conversely, development
built on permanently high fossil and material throughput may improve welfare temporarily while
undermining the ecological systems required to sustain it.

This relationship between ecological ceilings and social needs means the framework should guide
development rather than be treated as opposition to development. Clean energy, efficient buildings,
public transport, ecosystem restoration, circular design, safer chemistry, reduced food waste, and
more sustainable agriculture can improve human wellbeing while reducing multiple environmental
pressures. Technology is necessary but insufficient because efficiency gains can be cancelled when
total production and consumption increase faster than impact per unit declines. Governance also
differs among boundaries. The Montreal Protocol shows that coordinated science, international law,
finance, monitoring, and technological substitution can reverse pressure on stratospheric ozone, while
climate, biodiversity, nutrient pollution, and novel entities involve more fragmented institutions and
economic interests. There is no single world authority capable of enforcing the entire planetary-
boundaries framework. Action must instead occur through treaties, national and local law, finance,
business standards, infrastructure, public procurement, innovation, and social movements.

Using the Framework Without False Precision

The familiar planetary-boundaries diagram is powerful because it turns complex Earth-system science
into an accessible visual representation, but simplicity can invite misunderstanding. A red wedge does
not mean that every location has crossed the same physical cliff, and a green wedge does not prove
that local environmental harm is absent. Control variables also differ in scientific maturity. Climate
has relatively well-developed global measures, while biodiversity, chemical pollution, and aerosols
involve more heterogeneous processes. Corporate use creates another risk. A company can display a
boundary graphic or claim that its targets are “science based” without reducing absolute impacts if
production expands faster than efficiency improves. Credible application requires transparent
methods, geographic context, independently verifiable data, and attention to burden shifting across
supply chains. Organizations should use boundaries as risk signals, identify the sectors and regions
producing pressure, examine interactions, set measurable absolute reductions where possible, and
revise assumptions when stronger science emerges rather than presenting one allocation formula as
morally or scientifically final.
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Conclusion

The planetary-boundaries framework remains influential because it integrates climate, biodiversity,
land, water, nutrients, oceans, pollution, ozone, and atmospheric processes within one account of
Earth-system risk. The 2015 article established a precautionary structure for a safe operating space,
the 2023 assessment found six of nine boundaries transgressed, and the 2025 Planetary Health Check
now assesses seven as transgressed after ocean acidification crossed its boundary. These findings do
not mean that global environmental collapse is scheduled at a precise threshold, nor do they make
every boundary equally certain. They indicate that human pressure has moved multiple Earth-system
processes into zones of increasing risk. The framework is therefore most useful when combined with
regional evidence, social justice, democratic governance, and measurable reductions in absolute
impact. Its scientific value lies in systems thinking and precaution; its political and ethical limitations
lie in questions of allocation, responsibility, and development that biophysical indicators cannot
answer alone. Responsible use treats the boundaries as a revisable warning system rather than either
unquestionable numbers or merely symbolic environmental advocacy.
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