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2009

A Safe Operating Space for Humanity
johan rockström, will steffen, 
kevin noone,  et al.

Summary

• New approach proposed for defi ning preconditions for human 
development

• Crossing certain biophysical thresholds could have disastrous conse-
quences for humanity

• Three of nine interlinked planetary boundaries have already been 
overstepped

Although Earth has undergone many periods of signifi cant environ-
mental change, the planet’s environment has been unusually stable for 
the past 10,000 years.1–3 This period of stability—known to geologists as 
the Holocene—has seen human civilizations arise, develop and thrive. 
Such stability may now be under threat. Since the Industrial Revolu-
tion, a new era has arisen, the Anthropocene,4 in which human actions 
have become the main driver of global environmental change.5 This 
could see human activities push the Earth system outside the stable 
environmental state of the Holocene, with consequences that are detri-
mental or even catastrophic for large parts of the world.

Johan Rockström, Will Steffen, Kevin Noone, Åsa Persson, F. Stuart Chapin III, 
Eric F. Lambin, Timothy M. Lenton, Marten Scheffer, Carol Folke, Hans Joachim 
Schnellhuber, Björn Nykvist, Cynthia A. de Wit, Terry Hughes, Sander van der Leeuw, 
Hening Rodhe, Sverker Sörlin, Peter K. Snyder, Robert Costanza, Uno Svedin, Malin 
Falkenmark, Louise Karlberg, Robert W. Corell, Victoria J. Fabry, James Hansen, Brian 
Walker, Diana Liverman, Katherine Richardson, Paul Crutzen, Jonathan K. Foley. 2009. 
“A safe operating space for humanity.” Nature 461:472–475.
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492 Johan Rockström et al.

During the Holocene, environmental change occurred naturally and Earth’s 
regulatory capacity maintained the conditions that enabled human  development. 
Regular temperatures, freshwater availability and biogeochemical fl ows all stayed 
within a relatively narrow range. Now, largely because of a rapidly growing reli-
ance on fossil fuels and industrialized forms of agriculture, human activities have 
reached a level that could damage the systems that keep Earth in the desirable 
Holocene state. The result could be irreversible and, in some cases, abrupt en-
vironmental change, leading to a state less conducive to human development.6 
Without pressure from humans, the Holocene is expected to continue for at least 
several thousands of years.7

Planetary Boundaries

To meet the challenge of maintaining the Holocene state, we propose a 
framework based on “planetary boundaries.” These boundaries defi ne the safe 
operating space for humanity with respect to the Earth system and are associated 
with the planet’s biophysical subsystems or processes. Although Earth’s complex 
systems sometimes respond smoothly to changing pressures, it seems that this will 
prove to be the exception rather than the rule. Many subsystems of Earth react 
in a nonlinear, often abrupt, way, and are particularly sensitive around threshold 
levels of certain key variables. If these thresholds are crossed, then important 
subsystems, such as a monsoon system, could shift into a new state, often with 
deleterious or potentially even disastrous consequences for humans.8,9

Most of these thresholds can be defi ned by a critical value for one or more 
control variables, such as carbon dioxide concentration. Not all processes or sub-
systems on Earth have well-defi ned thresholds, although human actions that un-
dermine the resilience of such processes or subsystems—for example, land and 
water degradation—can increase the risk that thresholds will also be crossed in 
other processes, such as the climate system.

We have tried to identify the Earth-system processes and associated thresh-
olds which, if crossed, could generate unacceptable environmental change. We 
have found nine such processes for which we believe it is necessary to defi ne 
planetary boundaries: climate change; rate of biodiversity loss (terrestrial and ma-
rine); interference with the nitrogen and phosphorus cycles; stratospheric ozone 
depletion; ocean acidifi cation; global fresh-water use; change in land use; chemi-
cal pollution; and atmospheric aerosol loading (see Fig. 1 and Table).

In general, planetary boundaries are values for control variables that are 
either at a “safe” distance from thresholds—for processes with evidence of 
threshold behaviour—or at dangerous levels—for processes without evidence of 
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A Safe Operating Space for Humanity 493

thresholds. Determining a safe distance involves normative judgements of how 
societies choose to deal with risk and uncertainty. We have taken a conservative, 
risk-averse approach to quantifying our planetary boundaries, taking into account 
the large uncertainties that surround the true position of many thresholds. (A 
detailed description of the boundaries — and the analyses behind them — is 
given in ref. 10.)

Humanity may soon be approaching the boundaries for global freshwater 
use, change in land use, ocean acidifi cation and interference with the global 
phosphorus cycle (see Fig. 1). Our analysis suggests that three of the Earth-system 
processes — climate change, rate of biodiversity loss and interference with the 
nitrogen cycle — have already transgressed their boundaries. For the latter two of 
these, the control variables are the rate of species loss and the rate at which N2 is 
removed from the atmosphere and converted to reactive nitrogen for human use, 

Figure 1. Beyond the boundary. The boundaries in three systems (rate of biodiversity 
loss, climate change and human interference with the nitrogen cycle) have already been 
exceeded.
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Planetary Boundaries

Earth-system 
process Parameters

Proposed 
boundary

Current 
status

Pre-industrial 
value

Climate 
change

(i) Atmospheric 
carbon dioxide con-
centration (parts per 
million by volume)

350 387 280

(ii) Change in radia-
tive forcing (watts per 
metre squared)

1 15 0

Rate of bio-
diversity loss

Extinction rate 
 (number of species 
per million species 
per year)

10 >100 0.1–1

Nitrogen 
cycle (part of a 
boundary with 
the phosphorus 
cycle)

Amount of N2 
removed from the 
atmosphere for 
human use (millions 
of tonnes per year)

35 121 0

Phosphorus 
cycle (part of a 
boundary with 
the nitrogen 
cycle)

Quantity of P fl owing 
into the oceans (mil-
lions of tonnes 
per year)

11 8.5–9.5 –1

Stratospheric 
ozone 
depletion

Concentration of 
ozone (Dobson unit)

276 283 290

Ocean 
acidifi cation

Global mean 
 saturation state of 
aragonite in surface 
sea water

2.75 2.90 3.44

Global fresh-
water use

Consumption of 
freshwater by humans 
(km3 per year)

4,000 2,600 415

Change in land 
use

Percentage of global 
land cover converted 
to cropland

15 11.7 Low
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A Safe Operating Space for Humanity 495

respectively. These are rates of change that cannot continue without signifi cantly 
eroding the resilience of major components of Earth-system functioning. Here 
we describe these three processes.

Climate Change

Anthropogenic climate change is now beyond dispute, and in the run-up to 
the climate negotiations in Copenhagen this December, the international dis-
cussions on targets for climate mitigation have intensifi ed. There is a growing 
convergence towards a “2°C guardrail” approach, that is, containing the rise in 
global mean temperature to no more than 2°C above the pre-industrial level.

Our proposed climate boundary is based on two critical thresholds that sep-
arate qualitatively different climate-system states. It has two parameters: atmo-
spheric concentration of carbon dioxide and radiative forcing (the rate of energy 
change per unit area of the globe as measured at the top of the atmosphere). 
We propose that human changes to atmospheric CO2 concentrations should not 
exceed 350 parts per million by volume, and that radiative forcing should not 
exceed 1 watt per square metre above pre-industrial levels. Transgressing these 
boundaries will increase the risk of irreversible climate change, such as the loss of 

Atmospheric 
aerosol loading

Overall particulate 
concentration in the 
atmosphere, on a 
regional basis

To be determined

Chemical 
pollution

For example, 
amount emitted to, 
or concentration of 
persistent organic 
pollutants, plastics, 
endocrine disrupters, 
heavy metals and 
nuclear waste in, the 
global environment, 
or the effects on eco-
system and function-
ing of Earth system 
thereof

To be determined

Data sources: ref. 10 and supplementary information
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496 Johan Rockström et al.

major ice sheets, accelerated sea-level rise and abrupt shifts in forest and agricul-
tural systems. Current CO2 concentration stands at 387 p.p.m.v. and the change 
in radiative forcing is 1.5W m–2 (ref. 11).

There are at least three reasons for our proposed climate boundary. First, 
current climate models may signifi cantly underestimate the severity of long-term 
climate change for a given concentration of greenhouse gases.12 Most models11 
suggest that a doubling in atmospheric CO2 concentration will lead to a global 
temperature rise of about 3°C (with a probable uncertainty range of 2–4.5°C) 
once the climate has regained equilibrium. But these models do not include 
long-term reinforcing feedback processes that further warm the climate, such as 
decreases in the surface area of ice cover or changes in the distribution of vegeta-
tion. If these slow feedbacks are included, doubling CO2 levels gives an eventual 
temperature increase of 6°C (with a probable uncertainty range of 4–8°C). This 
would threaten the ecological life-support systems that have developed in the late 
Quaternary environment, and would severely challenge the viability of contem-
porary human societies.

The second consideration is the stability of the large polar ice sheets. Palaeo-
climate data from the past 100 million years show that CO2 concentrations were 
a major factor in the long-term cooling of the past 50 million years. Moreover, 
the planet was largely ice-free until CO2 concentrations fell below 450 p.p.m.v. 
(±100 p.p.m.v.), suggesting that there is a critical threshold between 350 and 550 
p.p.m.v. (ref. 12). Our boundary of 350 p.p.m.v. aims to ensure the continued 
existence of the large polar ice sheets.

Third, we are beginning to see evidence that some of Earth’s subsystems are 
already moving outside their stable Holocene state. This includes the rapid re-
treat of the summer sea ice in the Arctic ocean,13 the retreat of mountain glaciers 
around the world,11 the loss of mass from the Greenland and West Antarctic ice 
sheets14 and the accelerating rates of sea-level rise during the past 10–15 years.15

Rate of Biodiversity Loss

Species extinction is a natural process, and would occur without human ac-
tions. However, biodiversity loss in the Anthropocene has accelerated massively. 
Species are becoming extinct at a rate that has not been seen since the last global 
mass-extinction event.16

The fossil record shows that the background extinction rate for marine life 
is 0.1–1 extinctions per million species per year; for mammals it is 0.2–0.5 extinc-
tions per million species per year.16 Today, the rate of extinction of species is 
estimated to be 100 to 1,000 times more than what could be considered natural. 
As with climate change, human activities are the main cause of the acceleration. 
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Changes in land use exert the most signifi cant effect. These changes include the 
conversion of natural ecosystems into agriculture or into urban areas; changes in 
frequency, duration or magnitude of wildfi res and similar disturbances; and the 
introduction of new species into land and freshwater environments.17 The speed 
of climate change will become a more important driver of change in biodiversity 
this century, leading to an accelerating rate of species loss.18 Up to 30% of all 
mammal, bird and amphibian species will be threatened with extinction this 
century.19

Biodiversity loss occurs at the local to regional level, but it can have pervasive 
effects on how the Earth system functions, and it interacts with several other plan-
etary boundaries. For example, loss of biodiversity can increase the vulnerability 
of terrestrial and aquatic ecosystems to changes in climate and ocean acidity, thus 
reducing the safe boundary levels of these processes. There is growing under-
standing of the importance of functional biodiversity in preventing ecosystems 
from tipping into undesired states when they are disturbed.20 This means that ap-
parent redundancy is required to maintain an ecosystem’s resilience. Ecosystems 
that depend on a few or single species for critical functions are vulnerable to dis-
turbances, such as disease, and at a greater risk of tipping into undesired states.8,21

From an Earth-system perspective, setting a boundary for biodiversity is dif-
fi cult. Although it is now accepted that a rich mix of species underpins the re-
silience of ecosystems,20,21 little is known quantitatively about how much and 
what kinds of biodiversity can be lost before this resilience is eroded.22 This is 
particularly true at the scale of Earth as a whole, or for major subsystems such as 
the Borneo rainforests or the Amazon Basin. Ideally, a planetary boundary should 
capture the role of biodiversity in regulating the resilience of systems on Earth. 
Because science cannot yet provide such information at an aggregate level, we 
propose extinction rate as an alternative (but weaker) indicator. As a result, our 
suggested planetary boundary for biodiversity of ten times the background rates 
of extinction is only a very preliminary estimate. More research is required to 
pin down this boundary with greater certainty. However, we can say with some 
confi dence that Earth cannot sustain the current rate of loss without signifi cant 
erosion of ecosystem resilience.

Nitrogen and Phosphorus Cycles

Modern agriculture is a major cause of environmental pollution, including 
large-scale nitrogen- and phosphorus-induced environmental change.23 At the 
planetary scale, the additional amounts of nitrogen and phosphorus activated by 
humans are now so large that they signifi cantly perturb the global cycles of these 
two important elements.24,25
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Human processes — primarily the manufacture of fertilizer for food pro-
duction and the cultivation of leguminous crops — convert around 120 million 
tonnes of N2 from the atmosphere per year into reactive forms — which is more 
than the combined effects from all Earth’s terrestrial processes. Much of this 
new reactive nitrogen ends up in the environment, polluting waterways and the 
coastal zone, accumulating in land systems and adding a number of gases to 
the atmosphere. It slowly erodes the resilience of important Earth subsystems. 
Nitrous oxide, for example, is one of the most important non-CO2 greenhouse 
gases and thus directly increases radiative forcing.

Anthropogenic distortion of the nitrogen cycle and phosphorus fl ows has 
shifted the state of lake systems from clear to turbid water.26 Marine ecosystems 
have been subject to similar shifts, for example, during periods of anoxia in the 
Baltic Sea caused by excessive nutrients.27 These and other nutrient-generated 
impacts justify the formulation of a planetary boundary for nitrogen and phos-
phorus fl ows, which we propose should be kept together as one boundary given 
their close interactions with other Earth-system processes.

Setting a planetary boundary for human modifi cation of the nitrogen cycle 
is not straightforward. We have defi ned the boundary by considering the human 
fi xation of N2 from the atmosphere as a giant “valve” that controls a massive fl ow 
of new reactive nitrogen into Earth. As a fi rst guess, we suggest that this valve 
should contain the fl ow of new reactive nitrogen to 25% of its current value, or 
about 35 million tonnes of nitrogen per year. Given the implications of trying to 
reach this target, much more research and synthesis of information is required to 
determine a more informed boundary.

Unlike nitrogen, phosphorus is a fossil mineral that accumulates as a result 
of geological processes. It is mined from rock and its uses range from fertilizers 
to toothpaste. Some 20 million tonnes of phosphorus is mined every year and 
around 8.5 million–9.5 million tonnes of it fi nds its way into the oceans.25,28 This 
is estimated to be approximately eight times the natural background rate of infl ux.

Records of Earth history show that large-scale ocean anoxic events occur 
when critical thresholds of phosphorus infl ow to the oceans are crossed. This 
potentially explains past mass extinctions of marine life. Modelling suggests that 
a sustained increase of phosphorus fl owing into the oceans exceeding 20% of the 
natural background weathering was enough to induce past ocean anoxic events.29

Our tentative modelling estimates suggest that if there is a greater than ten-
fold increase in phosphorus fl owing into the oceans (compared with pre- industrial 
levels), then anoxic ocean events become more likely within 1,000 years. Despite 
the large uncertainties involved, the state of current science and the present ob-
servations of abrupt phosphorus-induced regional anoxic events indicate that no 
more than 11 million tonnes of phosphorus per year should be allowed to fl ow 
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into the oceans — ten times the natural background rate. We estimate that this 
boundary level will allow humanity to safely steer away from the risk of ocean an-
oxic events for more than 1,000 years, acknowledging that current levels already 
exceed critical thresholds for many estuaries and freshwater systems.

Delicate balance

Although the planetary boundaries are described in terms of individual 
quantities and separate processes, the boundaries are tightly coupled. We do not 
have the luxury of concentrating our efforts on any one of them in isolation from 
the others. If one boundary is transgressed, then other boundaries are also un-
der serious risk. For instance, signifi cant land-use changes in the Amazon could 
infl uence water resources as far away as Tibet.30 The climate-change boundary 
depends on staying on the safe side of the freshwater, land, aerosol, nitrogen-
phosphorus, ocean and stratospheric boundaries. Transgressing the nitrogen-
phosphorus boundary can erode the resilience of some marine ecosystems, po-
tentially reducing their capacity to absorb CO2 and thus affecting the climate 
boundary.

The boundaries we propose represent a new approach to defi ning biophysi-
cal preconditions for human development. For the fi rst time, we are trying to 
quantify the safe limits outside of which the Earth system cannot continue to 
function in a stable, Holocene-like state.

The approach rests on three branches of scientifi c enquiry. The fi rst ad-
dresses the scale of human action in relation to the capacity of Earth to sustain it. 
This is a signifi cant feature of the ecological economics research agenda,31 draw-
ing on knowledge of the essential role of the life-support properties of the envi-
ronment for human wellbeing32,33 and the biophysical constraints for the growth 
of the economy.34,35 The second is the work on understanding essential Earth pro-
cesses6,36,37 including human actions,23,38 brought together in the fi elds of global 
change research and sustainability science.39 The third fi eld of enquiry is research 
into resilience40–42 and its links to complex dynamics43,44 and self- regulation of liv-
ing systems,45,46 emphasizing thresholds and shifts between states.8

Although we present evidence that three boundaries have been overstepped, 
there remain many gaps in our knowledge. We have tentatively quantifi ed seven 
boundaries, but some of the fi gures are merely our fi rst best guesses. Further-
more, because many of the boundaries are linked, exceeding one will have im-
plications for others in ways that we do not as yet completely understand. There 
is also signifi cant uncertainty over how long it takes to cause dangerous environ-
mental change or to trigger other feedbacks that drastically reduce the ability of 
the Earth system, or important subsystems, to return to safe levels.
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The evidence so far suggests that, as long as the thresholds are not crossed, hu-
manity has the freedom to pursue long-term social and economic development.
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Commentary
Johan Rockström, Will Steffen, Kevin Noone, et al., 
“A Safe Operating Space for Humanity” (2009)
susan owens

“A Safe Operating Space for Humanity,” published as a feature in the journal Na-
ture in September 2009, offered a brief but startling analysis of the consequences 
of human action for global environmental change. Johan Rockström (of the 
Stockholm Resilience Center) and twenty-eight colleagues, predominantly earth 
and environmental scientists, argued that the relative environmental stability of 
the Holocene—the most recent period of the Earth’s history, going back about 
ten thousand years—was increasingly threatened by the destabilizing impacts of 
multiple human activities. In the absence of such adverse interference, the Ho-
locene might continue for several thousand more years, but if pressures persisted, 
critical earth systems might shift into states that were much less conducive to 
human fl ourishing. The result, the authors suggested, could be “irreversible and, 
in some cases, abrupt environmental change,” with consequences that might 
be “detrimental or even catastrophic for large parts of the world” (472). Almost 
four decades earlier, a team at the Massachusetts Institute of Technology had 
reached broadly similar conclusions, widely publicized in The Limits to Growth 
(see Part 2): they too predicted that business-as-usual would soon breach plan-
etary limits, probably leading to “a rather sudden and uncontrollable decline” in 
population and industrial capacity (Meadows et al. 1972, 23).

What was different, then, about the Rockström paper in Nature, that it 
should generate renewed attention within academic and political communities? 
An important part of the novelty lay in the attempt by Rockström et al. to defi ne 
the “safe operating space for humanity” in terms of “planetary boundaries,” each 
associated with essential biophysical systems and processes. The emphasis was 
on critical earth systems, rather than on nonrenewable resources; the paper was 
grounded in extensive research; and it was accompanied by compelling graph-
ics. Eleven processes were identifi ed, and boundaries estimated for nine. These 
planetary boundaries, often interlinked, were the authors’ best estimates of “safe” 
thresholds beyond which there could be a serious risk of disruptive environmen-
tal change. Three of them—related to climate change, the rate of biodiversity 
loss, and interference with the nitrogen cycle—had already been transgressed.

This was heady stuff, but another important reason for the paper’s impact 
was that it caught the temper of the times. In the early twenty-fi rst century, con-
cern about limits to growth was once again discernible after several decades of 
being subsumed within the more emollient narratives of ecological moderniza-
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tion and sustainable development. Since the 1980s, much had been made of 
society’s technical and institutional capabilities for doing more with less, while 
Gro Harlem Brundtland’s vision of a sustainable world had been an integrative 
(and extremely infl uential) one, in which environment and development were 
seen not as “separate challenges” but as “inexorably linked” (WCED 1987, 37). 
In spite of progress in many areas, however, the bigger picture on environmental 
change, as humanity entered the new century, was not encouraging: societies, it 
seemed, could become more ecologically modern without becoming environ-
mentally sustainable. Absolute impacts mattered, and the question of limits had 
never actually gone away. Now it was re-emergent in a new language of tipping 
points, criticality, and boundaries, and even in warnings of a “perfect storm” for 
humanity if resource and environmental pressures were not addressed (Bedding-
ton 2009). “A safe operating space for humanity” became emblematic of this new 
environmental discourse.

Although it addressed these re-emergent issues, the planetary boundaries 
framework might be seen as less deterministic, and less inevitably apocalyptic, 
than the models underpinning The Limits to Growth. The boundaries identifi ed 
by Rockström and his colleagues—the precautionary thresholds beyond which 
modifi cation of earth systems should not go—were derived from the authors’ as-
sessment of planetary limits combined with their judgements about appropriate 
precaution; the boundaries were not presented as limits to growth per se. In a 
lively exchange on the Nature website (and responding to criticism of his paper’s 
silence on the vexed issue of human numbers), Rockström maintained that the 
defi nition of critical earth system processes could be done “irrespective of our hu-
man impacts on the planet,” and that once boundaries were defi ned, “humanity 
should be able to thrive within the safe operating space that the boundary levels 
provide” (emphasis added).

Two arguments follow. One is that if human fl ourishing involves growth, it 
must be growth that differs in fundamental respects from the continuous expan-
sion of gross domestic product sought so eagerly by governments worldwide. The 
idea of growth within boundaries is not new. Attempts to reconcile development 
and environment, after the polarized and often acrimonious “growth debate” of 
the 1970s, moved away from the concept of “zero growth” but envisaged develop-
ment that would be constrained (as well as enabled) by energy, chemicals, and 
materials cycles (IUCN 1980): in Brundtland’s words, patterns of consumption 
would have to remain “within the bounds of the ecological[ly] possible” (WCED 
1987, 44). Other antecedents (such as the work of Kenneth Boulding) were cited 
by Rockström et al. themselves. What was different about their paper—and this 
was another reason for its prominence—is that they were bold enough to seek to 
defi ne what the limits might be.
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If boundaries are to be identifi ed a priori, as Rockström suggests, to defi ne 
the space within which human ends can be pursued, there is a further important 
implication: a considerable scientifi c effort would need to be devoted to their 
delineation. It is not surprising, perhaps, that in initial responses to the paper, 
particular attention focused on the parameters used by its authors in characteriz-
ing the critical thresholds, and on the values that they had attached to the bound-
aries. The word “arbitrary” recurred frequently in invited commentaries (Nature 
461), and the authors themselves readily acknowledged that their fi rst estimates 
were little more than “best guesses” (475). But as some commentators also recog-
nized, the whole framework raised profound questions about scientifi c authority, 
social meaning, and political agency. Given that earth system science deals with 
extreme complexities, and precaution is invariably contested, would it ever be 
possible to pin down planetary boundaries in some way that could generate con-
sensus? (We can hardly be encouraged by the confl ict over atmospheric carbon 
dioxide concentrations alone.) And can the aggregation of variables at a global 
scale ever adequately refl ect the lived experience of environmental degradation, 
or provide a basis for political action in particular places at particular times? This 
important question was discussed by Mike Hulme (2009) in his critical analysis 
of climate discourse. But perhaps the most challenging issue concerns the very 
possibility of identifying “the biophysical preconditions for human development” 
(474) as a purely “scientifi c” endeavor, irrespective of normative judgement and 
human choice. As Ezrahi (1980, 120) has shown, when scientifi c uncertainties 
combine with “unsettled, ambiguous or contradictory” human ends, science and 
politics “interpenetrate.” The project of delineating a “safe operating space for 
humanity” would seem to fi t fi rmly into this hybrid realm, and that, perhaps, 
will ensure that it continues to generate intense debate across the natural and the 
social sciences.
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