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ABSTRACT
Nine planetary boundaries have been proposed, capturing
essential biophysical processes that sustain the Earth System
and its biosphere in an accommodating state for humanity. Drawing on economics literature, we propose conditions
under which remaining within these boundaries is in line
with economic policy. We assert that pervasive uncertainties
combined with impacts of trespassing planetary boundaries
clearly legitimate using safe minimum standards or precautionary approaches. Moreover, information about the risk
structure of these processes, including potential large-scale
regime shifts, could help refine policies for how to relate
to the zones of uncertainty of the boundaries. Planetary
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boundaries may be interpreted as “growth within limits”
especially in relation to the biophysical expansion of the
human dimension. Here, we picture them as warning signs
creating incentives for shifting development into new directions, new pathways, where growth in human well-being is
the focus rather than growth in GDP. In this sense, we reiterate the framework of ecological economics of sustainable
scale (i.e., developing within planetary boundaries), efficient
allocation, and fair distribution, and emphasize the need for
“biosphere economics” to help navigate globalization within
the capacity of the biosphere as the complex adaptive system
it truly is.

1

Introduction

The rapid expansion of human activities into globalized societies implies that human beings now have expanded from local and regional
environmental impacts into imprints at the planetary scale, shaping the
dynamics and functioning of the entire biosphere and the Earth System
as a whole (Steffen et al., 2011). This major achievement, and at the
same time major challenge for the future wellbeing of humanity, now
leaves marks at geological time scales, defining a new geological era,
the Anthropocene — Earth shaped by human actions (Turner, 1990;
Crutzen, 2002; Steffen et al., 2007).
The view and analysis of the environment in relation to economic
development as presented here differs from approaches that address the
environment as a sector, as a subpart of the development agenda, or as
an amenity only. Here, we adhere to the view that the biosphere provides
the biophysical preconditions for social and economic development, preconditions that need to be accounted for to secure human wellbeing and
prosperous social and economic development. In line with the ecological
economics approach, we see society and the economy as part of the
biosphere, as subsystems of the living planet (Costanza, 1991; Jansson
et al., 1994; Folke et al., 2011). The biosphere is the thin layer on planet
Stellenbosch Institute for Advanced Study.
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Earth where life exists — the global ecological system integrating all
living beings, including humans, and their relationships and how they
interact with the elements of the Earth’s crust, the water cycle, atmosphere, and the poles and permafrost regions. Concepts like natural
capital, ecosystem services, and life-supporting ecosystems have been developing to reflect essential features of the biosphere for human wellbeing
and development (e.g. Odum, 1989; Costanza and Daly, 1992; Jansson
et al., 1994; Arrow et al., 1995; Daily, 1997; Dasgupta et al., 2000).
The size, connectivity and speed of the human enterprise combined
with the necessity to sustain life-support services from the biosphere’s
ecosystems call for clarifying safe zones of human operations for prosperous development. Approaches like planetary boundaries (Rockström
et al., 2009a; Rockström et al., 2009b; Steffen et al., 2015), the precautionary principle (Costanza and Perrings, 1990; Cameron, 1991;
Timothy and Jordan, 1995), safe minimum standards (Ciriacy-Wantrup,
1952; Bishop, 1978; Bishop, 1979) and others have been suggested. The
task is not trivial since the global Earth system and its subsystems,
human societies and economies included, operate as complex adaptive
social-ecological systems,1 where periods of gradual change interact with
periods of rapid, abrupt change and where there may be regime shifts2
between alternate basins of attractions or pathways of development
(Levin et al., 2012) with substantial impacts on human well-being.
In this article, we discuss to what extent economic analysis and tools
can help bring more light on how to address the role of the biosphere for
human well-being. We present current knowledge on biosphere dynamics,
the significance of a functioning biosphere and the planetary boundaries
framework and relate it to the economics literature on safe minimum
standards, precautionary approaches, economic growth, regime shifts
and thresholds. We discuss whether or not the planetary boundaries
concept motivates setting safe standard or being precautionary. Further,
we address the challenges of managing a global social-ecological system
in relation to economic growth and increase in the human population
and discuss to what extent growth is possible given current biosphere
conditions. We also discuss to what extent current economic knowledge
1
Social-ecological systems are linked systems of people and nature (Berkes and
Folke, 1998).
2
Regime shifts are abrupt and persistent changes in system structure and function.
(Biggs et al., 2012).
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can help manage the biosphere with its inherent uncertainties, complex
interactions across spatial and temporal scales and potential regime
shifts. We present recent advances that shed light on the management
strategies available. In particular, we touch on the concept of resilience
as insurance in relation to growth within planetary boundaries. Finally,
we identify new insights obtained from analysing jointly these different strands of literature and highlight potential directions for future
research.

2
2.1

The Global Scene
The Anthropocene

The last 10,000 years of the Earth have been unusually stable and
have provided favourable environmental conditions for humanity. In
this era, called the Holocene, agriculture was born, villages and cities
have developed, and human civilizations have flourished (Costanza
et al., 2007; Steffen et al., 2007). Humanity has built its infrastructure,
interactions, and collaborations under the unusually stable conditions
of the Holocene. Environmental conditions on Earth before that period
may have been too unpredictable for humans to settle down and develop
in one place (Young and Steffen, 2009).
The Anthropocene is the result of what some refer to as the Great
Acceleration of human actions reflected in rapid increases in, e.g., population numbers, economic activities, resource extraction, land use
change, technical progress, health improvements, and so on, and in a
fashion never experienced before (McNeill, 2000; Steffen et al., 2004).
The acceleration propelled after the Second World War, made possible through the development of the fossil fuel-based infrastructure,
innovation, and novel institutional arrangements.
The amazing increase in size of the human enterprise has resulted
in a world that is much more connected, with information travelling
fast and where things can rapidly change and at large scales. Not
only the political, economic, and technical systems but also the Earth’s
biophysical life support systems connect societies around the world
creating complex new dynamics across sectors, areas, and societies in
yet unknown ways (Young et al., 2006; Walker et al., 2009).
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Over 50 percent of the world’s population dwell in cities that ecosystems worldwide support with essential ecosystem services like food,
water purification, fertile soils, storm protection, sinks for greenhouse
gases, and other wastes (Folke et al., 1997). Climate change is very
likely to alter the variability of rainfall patterns that may affect the
frequency, magnitude, and duration of droughts, fires, storms, floods,
and other shocks and surprises. This may impact food production,
trade, migration, and possibly socio-political stability. In addition new
phenomena may accelerate the pace of these changes, like the increasing
size of a prosperous middle class and its effects on consumption and
diets. Information technology, nano-technology, and molecular science
are accelerating with unknown potentials.
The favourable Holocene conditions and the capacity of the biosphere to sustain economic development are generally taken for granted
in investment decisions, political actions, and international agreements.
However, the success of all human activities rest on the capacity of
the Earth’s biosphere to sustain them with natural capital, ecosystem
services, and a hospitable environment, even though people may not
perceive this support or believe it valuable (Arrow et al., 1995; Millennium Ecosystem Assessment (MA), 2005). The human expansion of
the Anthropocene in particular was supported by escalating use of the
natural capital and ecosystem services of the biosphere, and it has led
to side effects in the form of global environmental challenges confronting
the future well-being of the human population on Earth (Steffen et al.,
2011).
2.2

Natural Capital and Ecosystem Services

Natural capital is the stock of ecosystems and environmental assets
and their dynamic capacity to provide a flow of goods or services of
significance to people now and in the future (e.g. Costanza and Daly,
1992). In addition to non-renewable natural capital like ore, minerals,
fossil fuels, living ecosystems provide a huge range of services like
food production, climate amelioration, water recycling, and biodiversity
(Daily, 1997; MA, 2005). Some services operate on large temporal and
spatial scales and form critical support functions for human wellbeing.
These include the provision of fertile soils, the upwelling of ocean
circulation that brings nutrients from the deep ocean to support many
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of the marine ecosystems, and glaciers that act as giant water storage
facilities. Earth System regulatory services also include storage of
carbon into the ocean, the chemical reactions in the atmosphere that
form ozone (essential for filtering out ultraviolet radiation from the sun)
and regulation of Earth temperature thanks to large polar ice sheets
(Steffen et al., 2011).
Natural capital complements physical capital (factors of production such as machinery, buildings, or computers), human capital (stock
of competencies, social and personality attributes, including creativity), and social capital (the expected collective or economic benefits
derived from cooperation between individuals and groups) (Ostrom,
1994; Putnam, 1995; Partha and Serageldin, 1999). Human activities
and well-being as well as the generation of physical, human and social
capital all rest on the capacity of ecosystems from local levels to the
biosphere as a whole, with its stock of natural capital and ecosystem
services (Odum, 1989).
The recent large scale degradation of natural capital may not be a
crucial problem if human-made capital can replace natural capital (weak
sustainability, Solow, 1974a, 1974b, 1986, 1993; Hartwick, 1977, 1978a,
1978b). Natural resources may then decline as long as human-made
capital increases to offset the decline (Solow, 1974a; 1974b; Hartwick’s
rule, 1977). For example, extracting oil to produce plastic products
replaces the natural resource oil with the manufactured plastic product
useful for people.
However, supporters of weak sustainability focus on non-renewable
resources, and do not account for the life-support and ecosystem services
provided by the biosphere. In particular, production of essential lifesupport services like food and air is a prerequisite for humans to exist
on the planet. Hence, many ecosystem services cannot be replaced by
human-made capital (Turner et al., 1997). The concepts of critical natural capital and strong sustainability clarify that perfect substitutability
is more of an exception than a rule in relation to natural capital (Pearce
et al., 1996; Ekins et al., 2003; Ayres, 2007). Furthermore, substitution
between natural and human-made capital could trigger disturbances
and alter the resilience of the system (van den Bergh, 2007) and substitutability of ecosystem goods and services becomes tricky when they
perform multiple functions. For example, trees not only provide wood
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but also contribute to climate regulation, erosion control, shading, etc.3
(Foley et al., 2005; Raudsepp-Hearne et al., 2010a).
It is clear that we live in a human-dominated world where many
ecosystem functions and services are difficult to replace given current
technology, and where such replacement may cause greater problems
which are difficult to solve at larger scales (Holling and Meffe, 1996;
Sterner et al., 2006; Westley et al., 2011). The real challenge is to align
economic development with the capacity of the biosphere to sustain
it, or even enhance this capacity instead of degrading it (Folke et al.,
2011).
2.3

Regime Shifts and Uncertainty

Ecosystems are complex adaptive systems (Levin, 1999b; Levin, 1999a).
They consist of individual species and physical variables that interact
and evolve over time and human actions increasingly influence this
dynamics (Folke et al., 2004) and should even be analysed as part of their
dynamics and essential for the production of ecosystem services (Reyers
et al., 2013). The possibility of non-marginal changes, unobserved slow
structural changes, spatial variation, and selection are all features of
complex adaptive systems (Levin et al., 2012). In particular, regime
shifts are an essential aspect of ecosystem dynamics (Scheffer et al.,
2001; Biggs et al., 2012) with potential major impacts on well-being
(Crépin et al., 2012).
While most of the earlier economic and ecological literature focused
on incremental change, recent developments provide substantial evidence
that abrupt change occurs and may sometimes be irreversible (Holling,
1973; MA, 2005, Regime shift database,4 Dasgupta and Mäler, 2003;
Crépin et al., 2012).
Resilience is the capacity of a system to absorb disturbance and
reorganize while undergoing change so as to retain essentially the same
function, structure, and feedbacks (Folke et al., 2010). Most economic
policy and the results it generates assume incremental change. In
contrast, regime shifts are more difficult to deal with and many decision
problems involving the economic exploitation of systems with regime
3

For further discussion on substitutability and other references see Ang and
van Passel (2012).
4
www.regimeshifts.org.
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shifts have proved to be non-trivial (Carpenter et al., 1999; Mäler et al.,
2003; Crépin, 2003; Crépin, 2007). In particular, multiple regimes can
sometimes be optimal depending on what has happened in the past
(Mäler et al., 2003; Brock and Starrett, 2003; Crépin, 2003; Crépin,
2007), and it is unlikely that conventional policy tools can be used in
the same way as for situations with no regime shifts (Mäler et al., 2003;
Crépin et al., 2011) and precaution may be an optimal policy (Margolis
and Nævdal, 2008; Polasky et al., 2011b). Further, the reversibility
or irreversibility of such regime shifts has implications for the level of
uncertainty in the system, the degree of its predictability, and the time
over which predictability extends (Polasky et al., 2011a).
Irreversibility is highly relevant since decisions leading to irreversible
outcomes imply foregone opportunities (Arrow and Fisher, 1974; Henry,
1974) and require different policy tools. Pizer (2003) discusses regulation
policies in the context of catastrophic climate change. In such extreme
conditions, a comparison of price and quantity mechanisms shows that
even if quantity control is to recommend, price incentives do not perform
much worse compared to no policy at all. In case of catastrophic climate
change, putting in place some kind of regulation to limit climate change
is much more important and a better policy than delaying action to find
the perfect regulation. Pizer (2003) argues in favour of price regulation
that performs better for less catastrophic climate change.
The complex adaptive system nature of the global social-ecological
system is difficult and even impossible to predict. Situations of radical
uncertainty occur in complex adaptive systems, such that the probability
of all the possible states may not be known and sometimes there are even
totally unknown states. Some of this uncertainty may be resolved in the
future, for example, through scientific discoveries. However, uncertainty
about the global social-ecological system stems from a combination of
imperfect understanding, the inherent variability of complex systems,
and the coevolving nature of people and the biosphere. Research can
improve our understanding, but we will never be able to fully predict
the future evolution of the global social-ecological system because of
its complex and potentially chaotic dynamics. (Polasky et al., 2011a;
Carpenter et al., 2012). Positive feedbacks, occurring for example in
the climate system, are likely to magnify uncertainties.
Experts can still use available knowledge to establish subjective
probabilities of future conditions (IPCC, 2013), meanwhile science also
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tends to focus on manageable uncertainties and may fail to consider all
potential outcomes, or to give adequate weight to “unlikely” outcomes
(Polasky et al., 2011a; Carpenter et al., 2012). Risk and uncertainty
can also be perceived in a biased way (Biggs et al., 2009), particularly
so when there is a non-negligible risk of catastrophic change and “fat
tail” events may occur (Weitzman, 2009b; Weitzman, 2009a).
Uncertainties also imply that coming close to thresholds is more
dangerous because irreversible thresholds may be trespassed by mistake.
In the Anthropocene, this motivates the need to relate economic development to the proposed safe operating space at the planetary level.
Indeed, the economy is embedded in all kinds of social interaction which
in turn depend on ecosystem services provided by the biosphere. Such
interdependence means that any sustainability-related issue must be
considered holistically.

3

Defining Safe Zones of Operation

Facing a world of pervasive uncertainty and non-negligible risks of largescale regime shifts and global welfare impacts, motivates defining and
combining a global safe operating space for humanity with challenges
of decision making in a world where risk, uncertainty, and potential
catastrophic change is part of the picture.
3.1

Planetary Boundaries: A Safe Operating Space

While the Anthropocene unfolds, prosperous economic development
would benefit from a planet that remains in a Holocene-like regime
(Rockström et al., 2009a; Steffen et al., 2011). It becomes important to
appreciate the range of variability that characterizes the Holocene as a
baseline to interpret the global changes that are now developing.
Planetary boundaries attempt to visualize the biophysical preconditions of a Holocene-like regime, the only regime that we can be sure
provides a favourable environment for the further development of human
societies (Rockström et al., 2009a; Rockström et al., 2009b). Based
on a major effort to synthesize current scientific understanding, nine
planetary boundaries for critical biophysical processes in the Earth’s
system were identified. Together, they describe what Rockström et al.
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(2009a) call an envelope for a safe operating space for humanity within
which the biosphere is likely to remain in a Holocene-like regime.
Staying within the safe operating space means avoiding zones of
uncertainty where there may be critical thresholds of large scale Earth
System processes. The boundaries are set at a “safe distance” from a
dangerous level or a global threshold, i.e., at the lower end of these
zones of uncertainty. The proposed boundaries, recently updated based
on the latest scientific developments, are coarse first estimates only,
characterized by large uncertainties and knowledge gaps and so far
their interactions have not been fully clarified. The updated boundaries
include two core boundaries climate change and biodiversity integrity
due to their critical role in the Earth system and its biosphere and
with interactions to the other proposed boundaries stratospheric ozone,
ocean acidification, the nitrogen and phosphorus cycles, land use change,
freshwater use, aerosol loading, and novel entities (Steffen et al., 2015).
The boundaries for climate change, changes of the global nitrogen cycle,
and the rate of biodiversity loss may already have been transgressed.
The boundaries and the scientific analyses behind them are presented in
detail and discussed in Rockström et al. (2009b) and Steffen et al. (2015).
A significant message of the planetary boundaries work is that the global
environmental and sustainability challenge is much more than climate
change. Transgressing one or more planetary boundaries may have
serious consequences for human well-being due to the risk of crossing
thresholds that can trigger non-linear, abrupt environmental change
within continental- to planetary-scale systems. Planetary boundaries
are interdependent, because crossing one of them may shift the position
of other boundaries or cause them to be transgressed. How far we are
willing to move into the uncertainty zones and risk crossing critical
thresholds with possible major impact on human wellbeing is a reflection
of worldviews, choices, and actions — hence the urgent need to reconnect
human actions and economic development, and economics as a subject
area to the biosphere.
Figure 1 illustrates the concept of planetary boundaries in relation
to the Holocene and the Anthropocene. The horizontal axis represents
some critical dimension of the Holocene like mean temperature (climate)
or species loss (biodiversity), and the vertical axis the probability of a
planetary regime shift. The Holocene represents a safe operating zone
limited by the planetary boundary here represented by the dashed line
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Figure 1: The Holocene, the Anthropocene, and planetary boundaries. There may
be a threshold of uncertain location but a range of uncertainty can be defined with
the Holocene zone as a range of a particular driver that for sure will not lead to
crossing a threshold and an alternative biosphere regime as a range of the driver
that we know will lead to radically different conditions for life. In between there is a
zone of uncertainty. The Anthropocene spans over this zone. In the Anthropocene,
we push drivers to limits never reached before and may have triggered a critical
threshold already.

at the lower end of the uncertainty zone. The yellow line represents the
probability of a regime shift, which is equal to zero left of the planetary
boundary and strictly positive but unknown to the right of it. The full
line represents the threshold to an alternative biosphere regime, a zone
where humanity does not want to go because its capacity to support
current global development of society and well-being is unknown. The
Anthropocene is the current situation where humanity influences Earth
system dynamics on a large scale, challenging the Holocene situation.
Large parts of the Anthropocene span across a zone of uncertainty,
in which there is risk that humanity may end up in an alternative
biosphere. In this figure, we may still remain in the current biosphere
configuration while living in the Anthropocene provided that human
impacts on Earth dynamics are not substantial enough to trigger a shift
into an alternative biosphere.

68

3.2

Crépin and Folke

Precautionary Approaches to Uncertainty and Thresholds in
Economics

The concept of planetary boundaries is emerging in the economics
literature.5 Planetary boundaries are tightly related to concepts of safe
minimum standards and precautionary approaches. Here, we focus on
the economics literature on problems of decision making with uncertain
outcomes and possibly large impacts.
3.2.1

Decisions under large uncertainties and safe standards

Uncertainties surrounding global dynamics go beyond risk. We are
unaware of the range of consequences associated with trespassing many
of the critical thresholds and dangerous levels of particular variables
described in Rockström et al. (2009b). We are even less likely to have
information on the probability distribution of the possible outcomes. For
such situations of true uncertainty, Arrow and Hurwicz (1972) showed
that only extreme strategies could be consistent with rational behaviour.
This could motivate choosing the policy for which the worst possible
outcome is the least bad (Arrow and Hurwicz, 1972; Bishop, 1978;
Gilboa and Schmeidler, 1989; Woodward and Bishop, 1997). When
irreversible damage can occur and utilitarian calculus is inapplicable,
Safe (Minimum) Standards have also been traditionally discussed as
something morally or ethically right to do even if the resulting policy is
not necessarily maximizing social welfare (Bishop, 1978; Randall, 1991;
Crowards, 1998).
Regarding the stability of the Earth system, two strategies materialize. We could choose to stay in the safe zone within the planetary
boundary as defined in Figure 1. An immediate welfare loss may result
from the costs of remaining within the boundaries but the benefits of the
current regime of the biosphere could be enjoyed for a long time. These
5
For example a search (December 10, 2014) through the American Economic
Association’s electronic database (Econlit), the world foremost source of references
to economic literature, hits only 16 titles of which most concern governance and
political science issues, one of the few exceptions being an article on growth by van
den Bergh and Kallis (2012). In contrast, Web of science core collection reports 989
citations for Rockström et al. (2009a) and 194 for Rockström et al. (2009b). Of
these, 72 are attributed to economic journals and among these most are either in
political sciences or not addressing the issue as a central part like Hepburn (2010).
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costs and benefits should be put in relation with enjoying a higher level
of well-being in the short run at the price of possible future catastrophic
welfare losses if the biosphere leaves its current stability domain. Recent
studies of climate change favour remaining within the climate boundary
(IPCC, 2014). Entering an alternative regime of the biosphere is likely
to have large impacts on well-being and the threshold for this occurring
is surrounded with large uncertainties. Hence, Arrow and Hurwicz’s
(1972) rationality argument and the ethical argument would certainly
legitimate not wanting to trespass the planetary boundaries although
the cost in foregone development opportunities could be substantial.
In addition to these arguments that pertain when uncertainty is
substantial (probability distributions are unknown), Ciriacy-Wantrup
(1952) suggested that when damage are highly uncertain, possibly severe
and likely to be irreversible, it can be optimal to use a safe minimum
standard even from a utilitarian framework. Margolis and Nævdal
(2008) picture situations when there are boundaries which divide the
state space into sets with different stochastic structures (risk thresholds),
for example, no risk of entering a dangerous zone/some risk of entering
a dangerous zone. They show formally that safe minimum standards
could be optimal if some risk threshold can be identified below which
there is no risk of a regime shift and above which the risk is positive.
They describe the risk of a regime shift as a hazard rate — some
probability that the system will shift under particular conditions and at
a particular time. They illustrate that if the change in risk at the risk
threshold is relatively abrupt and the potential damage large enough
then establishing a safe minimum standard could be an optimal policy.
They give a simple condition for when to establish a safe minimum
standard before learning more about the risk. While Rockström et al.
(2009b) argue that “determining a safe distance involves normative
judgments of how societies choose to deal with risk and uncertainty”,
Margolis and Nævdal (2008) define risk thresholds as dividing the state
space into risky and non-risky zones. Their calculation of the safe
minimum standard hinges on using a utility function with underlying
assumptions about risk preferences. This is one way of formalizing the
normative judgment about risk that (Rockström et al., 2009b) refer to.
If the Margolis and Nævdal condition (2008, Proposition 2 and
below, p. 416) is satisfied a safe minimum standard should be set at
the risk threshold. Such policy would be particularly appropriate for
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dynamic processes with global scale thresholds like climate change, ocean
acidification, and to some extent stratospheric ozone (Rockström et al.,
2009b). If we can determine the risk threshold and assess that the risk
is steeply increasing at this threshold, this should be the limit beyond
which society would not want to go. This is very similar to the approach
taken in the planetary boundary framework, which is strongly based on
observations; the most fundamental one being that the Holocene is the
only Earth system regime that we know for sure can support complex
human societies. The planetary boundaries define the biophysical limits
of the Holocene based on observations about, for example, ice core data
and observed limits of eutrophication of freshwaters. No predictions
are needed about the nature of the alternative regime; it is enough to
know that the zone beyond the boundary is more risky in the sense that
more surprises are likely to occur (Steffen et al., 2015). Hence, Figure 2
illustrates how these three measures (planetary boundary, safe minimum
standard, and risk threshold) coincide when risk, represented by the
yellow curve, is steeply increasing at the risk threshold. In this case, no
risk at all is acceptable (Margolis and Nævdal, 2008, Section 5.2).

Probability of
a global
regime shiŌ

Possible threshold of
uncertain locaƟon

Risk threshold =
Safe standard

1

Holocene

AlternaƟve
biosphere
regime

Steep increase in
risk at the risk
threshold.

0
Probability of
anthropogenously triggered
global regime shiŌ

Zone of uncertainty
about the stability of the
biosphere

CriƟcal dimension of
the holocene, e.g
climate change or
biodivesity loss

Figure 2: Planetary boundary at a risk threshold.
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Precautionary approaches

In other cases, some risk may be acceptable but it could still be optimal
to be precautious in the way defined by Polasky et al. (2011b) and take
actions that lessen exploitation to reduce probabilities of bad future
outcome. For example if at the threshold the change in risk is small,
Margolis and Nævdal (2008) suggest that it can be optimal to accept
some risk. However they argue that it could still be motivated to
have a safe standard if the expected cost of the bad outcome is large
enough. In such a situation an optimal economic policy could either
be to recommend a safe standard, if the average cost is large or to
recommend a standard that is not safe anymore but still likely to be
somewhere beyond the risk threshold, as illustrated in Figure 3. The
planetary boundary as defined in Rockström et al. (2009b) and Steffen
et al. (2015) would coincide with the safe standard or the risk threshold.
Polasky et al. (2011b) revisit precautionary approaches in the context
of management of a renewable natural resource and regime shifts. They
identify four different cases depending on whether management can or

Probability of
a global
regime shiŌ

Risk threshold =
Safe standard

Unsafe
standard

1

Possible
threshold of
uncertain
locaƟon

AlternaƟve
biosphere
regime

Holocene

Flat increase in risk at
the risk threshold.

0
Probability of
anthropogenously triggered
global regime shiŌ

Zone of uncertainty
about the stability of the
biosphere

CriƟcal dimension of
the holocene, e.g
climate change and
biodiversity loss

Figure 3: Unsafe standard set beyond the risk threshold when risk increases slowly
at the risk threshold.
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cannot impact on the risk of a regime shift and whether the regime
shift materializes as a change in system dynamics or a stock collapse.
They find that precaution is an optimal strategy if management actions
can influence the risk of a regime shift and when such shift would result
in a substantial reorganization of system dynamics. If the regime shift
could lead to a stock collapse and management can influence the risk of
a shift then the impact of management on the stock level still implies
that precaution is recommended. However, the risk of losing the stock
also tends to increase exploitation. This works in the opposite direction
making precaution or not unclear. If the potential loss is relatively large
compared to the discount rate and the risk of losing the stock, then
it may still be optimal to act precautionary (Reed, 1989; Clarke and
Reed, 1994; Tsur and Zemel, 1996).
We could draw on the Polasky et al. (2011b) result in the framework
of Figure 1 by picturing the resource as the accumulated amount of
resources that we derive from the Earth system and the regime shift as
a shift out of the Holocene. Such regime shift could result either in a
change in system dynamics that would substantially affect the flow of
ecosystem goods and services or in a resource collapse in case the shift is
so substantial that vital functions for human life cannot be maintained.
In such context, the risky zone between the dashed line and the dotted
line would be a zone of increased precaution rather than a no go zone.
It is likely though that the level of precaution should be increasing as a
function of risk and that an additional no go zone may be defined as the
risk becomes so high that it is simply not acceptable, beyond the dotted
line in Figure 3. It is tempting to equal planetary boundaries with
the risk threshold. However, since Rockström et al. (2009b) propose
that “determining a safe distance involves normative judgments of how
societies choose to deal with risk and uncertainty”, it is unclear how the
risk threshold, safe standard and unsafe standard relate to the concept
of planetary boundaries. In addition Steffen et al. (2015) specify that a
planetary boundary also allows society time to react to early warning
signs that it may be approaching a threshold and consequent abrupt
or risky change. In contrast, the economic literature typically does not
account for such lagged effects and only considers immediate risk.
Margolis and Nævdal deal with safe standards for a single variable.
Increasing the chance of maintaining the Holocene involves keeping a
complex system within several boundaries that may sometimes interact
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with each other. Nævdal and Oppenheimer (2007) study a problem with
multiple thresholds of unknown locations that they apply to a potential
major change in the thermohaline circulation. They show that if the
damage following the trespassing of a threshold is high enough, it is
then optimal to apply a precautionary principle. In the particular case
they study this means putting a limit on global mean temperature and
emissions of CO2 . Their model could be generalized to more boundaries
and thus complement the planetary boundaries framework. However,
none of these approaches envisage multiple thresholds that interact as
do the thresholds of many of the global processes discussed.
These approaches focus almost solely on the consequences of reaching
a critical threshold and much less on the dynamics of the system below
the critical thresholds. The following section discusses the ways to
navigate the global social-ecological system within planetary boundaries.
4

Navigating the Global Social-Ecological System

How can we relate to a system with planetary boundaries? Do we need
to limit growth in human population and economic growth? Can we
trust technological progress to help us overcome the challenges? Section 4.1 addresses these questions while Section 4.2 considers improving
resilience — the capacity to deal with change and continue to develop
and even transform to alternative development paths as ways to deal
with regime shifts and complex dynamics within planetary boundaries.
4.1

Growth Within Planetary Boundaries, A Spectrum of Different Understandings

Exponential human population growth and associated human activities
is of concern in a world of biosphere constraints, albeit dynamic. Among
the general public and parts of the scientific community, economic
growth is often portrayed as the source of many environmental problems
and of current unsustainable development trajectories. Others believe
that technological change will solve the challenges.
4.1.1

Population Growth

Malthus (1798) suggested that an exponential population growth could
not continue forever since food only grew arithmetically while population
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grew exponentially and this exponential increase would result in a
population collapse due to war, starvation, or disease. The current
imprint of over 7 billion people and activities on the biosphere and
ecosystem services is substantial (Steffen et al., 2011). World population
is starting to stabilize with recent projections to reach some 9–9.5 billion
people on Earth by 2070 (Lutz et al., 2014). According to predictions,
most of the population increase will take place in sub-Saharan Africa
and in Asia. The implications for food and water consumption are
substantial along with the rise of the middleclass in these regions with
altered and increased patterns of consumption (Cleland, 2013; Mora,
2014). Education, future health, quality of governance, the capacity to
adapt to climate change, and economic growth are vital in determining
future population growth (Lutz et al., 2014). But, even if population
growth was to stabilize substantially sooner, this may not help if the
amount of resources and ecosystem services appropriated by the current
population was to continue to increase as it has in the past (Ehrlich
and Ehrlich, 2013). This is tightly linked to the discussion on economic
growth and planetary boundaries.
4.1.2

Economic growth

Generally, the economic growth literature tends to explain economic
growth independently of environmental concerns, except for availability
of non-renewable resources (fossil fuels and minerals).
The environmental Kuznets curve (EKC) literature studies the
relationship between economic growth and environmental impacts and
suggests that it should have an inverted U shape. This literature builds
on many empirical studies showing a positive correlation between growth
and environmental impacts, often measured as pollution, for low level of
development and a negative correlation for high levels of development.
Grossman and Krueger (1995) point to three effects that would explain
such dynamics (1) a scale effect, a larger scale economy would use more
resources and incur more waste; (2) a composition effect, as the economy
grows richer it tends to focus more on activities like services which are
less polluting than industries; (3) a technological effect, technological
progress in richer countries leads to less polluting processes. Theoretical
literature complementing these findings focus on dynamic or static
optimization models with environmental considerations, e.g., optimal
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growth model with pollution and abatement expenditure (Selden and
Song, 1995) or with models where pollution increases with growth up
to some threshold (John and Pecchenino, 1994; Stokey, 1998; Jaeger,
1998).
While it is tempting to use this literature as evidence that increased
economic growth will solve environmental problems, no convincing argument can be made on this point and the approach has been criticized
(Arrow et al., 1995; Steffen et al., 2004). Indeed due to lack of appropriate data most of the EKC literature focuses on pollution of particular
pollutants involving short term local costs rather than, for example,
pollutants involving more long term and dispersed costs (CO2 ), resource
stocks, provision of ecosystem services or land use change. The environmental improvement observed in a particular country may also be
explained to some extent by transfers of polluting activities to other
countries (pollution havens, Levinson and Taylor, 2008) or increase in
the use of some other pollutants (Lopez, 1994). And importantly, this
literature has so far discarded the risk of irreversible environmental
regime shifts triggered by increased environmental pressure.
To what extent does economic growth impact on the biosphere?
Surprisingly little economics literature focuses on the sources of lifesupporting ecosystems as a critical foundation for the economy even
though Nordhaus (1974), possibly inspired by Boulding (1966) pictured
a “’spaceship economy”, where “great attention must be paid to the
sources of life and to the dumps where our refuse is piled” in contrast to
“the cow-boy economy” Nordhaus (1974, p. 22) that had been prevailing. Meadows et al. (1972) modelled limits to growth but was widely
criticized on many aspects including poor empirical support and flawed
assumptions about technological progress and population growth.
However, the substantial growth of the economy in terms of consumption and production, or the Great Acceleration that has taken
place since the Second World War (Steffen et al., 2007), is to many
the root of numerous environmental problems. Ecological economics
has long debated economic growth in relation to energy, material flows,
ecosystems and natural capital broadly (e.g., Daly, 1968; Norgaard,
1994; Arrow et al., 1995; Costanza et al., 1997; Jackson, 2009). Degrowth has been put forward as a way to decrease the impacts of the
human enterprise on the environment by downsizing the economy (e.g.
Martinez-Alier, 2009; Schneider et al., 2010; Kallis, 2011). According
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to this perspective, fixing market imperfections, increasing efficiency
and technological progress will not be sufficient to deal with global
challenges. van den Bergh (2011) argues though that degrowth may not
be an efficient strategy to reduce environmental pressure.
Economic growth is traditionally measured in GDP rather than in
social welfare, the focus of economic theory. Only under unrealistic
conditions can GDP approximate social welfare (Weitzman, 1976). Individual welfare depends on things like access to basic goods and services,
social status, adaptation to change, income, which are unlikely to be
well represented by one aggregate measure of GDP.6 GDP estimates
the costs of market-related activities in society but not their benefits
and discards all informal or non-market activities (for example, the
use of natural resources and the environment). Despite a steady GDP
growth in rich countries between 1950 and 1980, some happiness or
subjective well-being studies point to a stagnating or even decreasing
level of welfare (Layard, 2005; Costanza et al., 2013; Raudsepp-Hearne
et al., 2010b).
If GDP is not a good indicator of social welfare, the A-growth theory
(van den Bergh, 2011) suggests that we should ignore it. Policy makers
should instead focus on correcting market inefficiencies that create
environmental problems and develop policies to ensure that human
behaviour does not push us outside of a safe operating space (van den
Bergh and Kallis, 2012). In many respects, further economic growth
based on biophysical expansion is deeply problematic for sustainability.
Still there are options for economic growth that do not damage the
environment but the potential for redirecting economic development in
tune with the life-supporting ecosystems is yet to materialize. Obviously,
new approaches and measures of social welfare (e.g. Inclusive Wealth,
Dasgupta et al., 2000; Arrow et al., 2003, happiness index, Human
Development Index) and institutions that can redirect economic growth
from quantity to quality and into active collaborations with the biosphere
are urgently needed (Walker et al., 2009; Folke et al., 2011).

6

See van den Bergh, 2009 for an overview of why GDP is a poor approximate of
welfare.
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The role of technological change

Many economic theories suggest that environmental problems, be it
pollution or overuse of resource, will have effects on prices that will
trigger technological progress to overcome the original problems and
thus support infinite growth.
Neoclassic growth models argue that exogenous factors like the
savings rate (Harrod-Domar model) or the rate of technical progress
(Solow model) determine the long run rate of economic growth. As resources become scarce and thus expensive, alternative resources become
relatively cheap and economically viable; new technologies become more
cost effective, which drives technological progress. (Solow, 1956).
In contrast, endogenous growth theory argues that new technologies
and human capital play an important part to explain how growth is
determined (e.g. the AK model) (Arrow, 1962; Uzawa, 1965). Contributions focus on positive externalities like spillover effects (Romer, 1986;
Lucas, 1988; Rebelo, 1991), imperfect markets (Grossman and Helpman,
1990) and research and development (Aghion and Howitt, 1992).
Recent literature has incorporated environmental concerns and
claims that sustained growth is not optimal unless resources are devoted
to pollution abatement. If emissions are chosen in an optimal way,
then constant pollution might be compatible with a growing economy
(exogenous growth). If the economy spends resources on abatement
and development of clean technology, sustained economic growth is
possible if the marginal productivity of capital has a lower bound. The
same holds true if intellectual capital has public good characteristics so
that output, capital, consumption and knowledge may grow unbounded
while environmental quality improves. In some cases, environmental
policy may even increase growth (see Xepapadeas, 2005, for a more
detailed review of these results).
Meanwhile, these results focus on pollution, rather than humans’
use and dependence of the ecosystem services of the biosphere. The
endogenous growth literature has developed as an attempt to explain the
exogenous growth variable, with different kinds of endogenous growth
processes. However, emission growths contribute significantly to output
growth and the use of the environment as a not fully compensated factor
of production could also explain some share of output growth that is
traditionally explained by technical change (Xepapadeas et al., 2007).
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More scientific evidence on this issue is needed. Experiences from the
past indicate that innovation and technical progress is likely to bring
forward improvements to many problems that we are facing today.
While it is essential to account for the important mechanisms by
which price adjustments occur and stimulate technological progress
(Bretschger, 2005; Vollebergh and Kemfert, 2005), voices in the scientific
community have raised two concerns that economists, to our knowledge,
have failed to address properly: (1) technological progress may not occur
fast enough to prevent humanity trespassing critical thresholds and (2)
innovations that solve one problem may also create other environmental
and social problems that in the longer run turn out to be of larger scale
and even more difficult to solve (Norgaard, 1994; Holling and Meffe,
1996; Sterner et al., 2006). In a world where we are pushing the limits
for a safe operating space for humanity and where human actions driven
by the search for economic growth may trigger large scale regime shifts,
these two concerns should be seriously addressed. Technological change
needs to be stimulated to work with the processes of the biosphere rather
than further disrupting critical life support services, a path dependence
that so far seems to have dominated many innovation, technological
change, and development paradigms (Norgaard, 1994; Westley et al.,
2011; Galaz et al., 2014).
4.2

Resilience and Long Term Efficiency

We now leave behind what happens at the limits of the stable biosphere
zone in which we thrive and focus instead on what can be done to
improve management within the current domain of stability of the
biosphere. Economics traditionally focuses on welfare improvements,
optimization, efficiency, and policies to correct imperfect markets. In
contrast, managing resilience of desirable social-ecological regimes has
been highlighted as a way forward in the face of complex systems and
uncertainty (e.g. Costanza et al., 1993; Levin et al., 2012). Resilience is
the capacity of a system to deal with change and continue to develop,
using shocks and disturbances to spur renewal and innovation. Resilience
thinking embraces learning, diversity and the view that humans and
nature are not just linked but intertwined social-ecological systems.
(Walker and Salt, 2006; Folke et al., 2010) Short-sighted managers will
often find substantial trade-offs between resilience and efficiency. For
example specializing in one particular crop that is well adapted to its
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current environment can improve short term profits and welfare but
decreases system resilience as diversity is reduced and the current crop
may be poorly adapted to future environmental conditions (Norberg
et al., 2001). Hence, specialization may not be an optimal long run
strategy if it implies that future profits would drop when environmental
conditions change. In a complex evolving world, where regime shifts
can occur, investing in resilience is like insurance against unexpected
changes. It may also be fruitful to learn more about the underlying
mechanisms that maintain the resilience of an unwanted social-ecological
regime so as to gain knowledge about how to break out of it, to break out
of traps (Durlauf, 2006). Robust management aiming to achieve robust
performance and/or stability in the presence of bounded uncertainties
could be another strategy. However, increasing robustness to biological
variations may result in decreased robustness with respect to economic
variations (Anderies et al., 2007; Anderies et al., 2013).
The economic literature has recently started to address issues of
ecological thresholds and regime shifts.7 Beside the results mentioned
in Section 2.3.1, Levin et al. (2012) review the implications of socialecological systems as complex adaptive systems and Crépin et al. (2012)
provide a review of the literature on regime shifts and management.
This literature focuses on strategies to avoid a regime shift as well
as strategies to deal with a regime shift once it has occurred. Here
we go through three avenues to manage resilience: system resilience
(Section 4.2.1), policy resilience (Section 4.2.2) and learning and adaptive
capacity (Section 4.2.3).
4.2.1

System resilience

Even though some thoughts have been given to the consequences of
leaving the Holocene focusing on adaptation and transformation in
particular with regard to impending climate change (IPCC, 2014), the
main strategy still remains to avoid such regime shifts. The main
strategy suggested by the planetary boundary framework is to reduce
the probability of a regime shift by releasing pressure on essential
biosphere dynamics and thereby remaining in a Holocene-like state.
7
See Li and Löfgren (1998), Kremer and Morcom (2000), Nævdal (2000), Nævdal
(2001), and Nævdal (2003), Muradian (2001), Crépin (2002), Brock and Starrett
(2003), Mäler et al. (2003), Arrow et al. (2003), Wagener (2003) for examples of early
work.
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This is a global resilience increasing strategy. We find strong support
also in the economic literature that remaining below risk thresholds is
an optimal policy response (see Section 3.2) when the implications of a
planetary regime shift could be catastrophic.
However, negotiations to address global environmental problems like
climate change are failing and threshold uncertainty might explain why.
Experimental evidence shows that cooperation around the provision
of a common public good like improved climate policy breaks down
if the threshold for catastrophic climate impacts is uncertain (Barrett
and Dannenberg, 2013). Focusing on planetary boundaries identified as
risk thresholds rather than on the uncertain thresholds for catastrophic
climate change may improve the situation. Indeed the empirical scientific
support for defining the planetary boundaries is substantial, thereby
limiting the range of uncertainty compared to identifying the thresholds
themselves (Rockström et al., 2009a; Rockström et al., 2009b; Steffen
et al., 2015). Hence planetary boundaries/risk thresholds have potential
to act as focal points and there is substantial evidence that agreeing to
remain below planetary boundaries/risk thresholds is an optimal policy
(Margolis and Nævdal, 2008).
In addition better knowledge of Earth system dynamics could be
useful to figure out ways to alter the system’s capacity to absorb change
and thus earn time. One possible pathway would be to exploit interactions between Earth system dynamics by temporarily putting more
pressure on dynamics that are far from the risk threshold/boundary
if that helps release pressure on other dynamics that are closer to the
boundaries/risk threshold. For example, keeping high levels of atmospheric aerosol loading may buy time to avoid critical climate warming.
(Ramanathan et al., 2005). Figure 4 illustrates two mechanisms for
increasing resilience. If a change in risk structure from a to b occurred
it may become optimal to set a new standard (which is not entirely safe)
symbolized by the dotted red line. A change in risk structure from b
to c would instead shift the risk threshold further away and legitimate
a new safe standard at the dotted line.
Economics provides policy recommendations that could help address
problems in relation to pressure on biosphere stability. Policy instruments addressing incremental change are well studied and selection
matrices depending on different criteria and conditions are available
(Xepapadeas, 1997; Sterner and Coria, 2012). However, evidence sug-
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Figure 4: Examples of how policies that affect risk structures can help increase
resilience: (a) shift in risk threshold and (b) change in risk structure.

gests that these recommendations need to be revisited for problems
dealing with phenomena that involve regime shifts or catastrophic
change. For example, it may sometimes be useful to combine price and
quantity regulations to regulate regime shifts. If a shift to a less desirable regime has occurred, a quantity instrument could be used to push
the system back into a more favourable regime, while once the system is
back in that regime, a price instrument may be better to help keep the
system within the desirable regime (Heijdra and Heijnen, 2013). While
some progress has been made recently (Pizer, 2003; Crépin et al., 2011;
Heijdra and Heijnen, 2013), more research is needed in that direction.
Improving system resilience is only one side of a set of policy reforms.
It is at least as important to also improve policy resilience so that society
is prepared and can react adequately if a crisis occurs.
4.2.2

Policy resilience

When possible, society can monitor early warning signals. A successful
signalling system must build on knowledge about what may happen,
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a good monitoring system of essential variables and critical changes
should trigger a warning signal followed up by an action plan ready
to use. These require substantial system knowledge and capacity to
respond adequately to such signals. Even so, some warning signals may
actually come too late to allow for a successful response that would help
avoid a regime shift (Biggs et al., 2009). Developing indicator systems
focusing on system resilience and potential regime shift could be the
first step in the direction of a good early warning signals system (e.g.,
Scheffer et al., 2012).
Even if society cannot avoid an impending regime shift, it can still
prepare to better handle it. Regime shifts and policies to address them
might impact people’s welfare unevenly making it more difficult to
reach agreements about how to address regime shifts (Crépin et al.,
2012). Hence, balancing the unfair welfare impacts that regime shifts or
policies to address them generate would improve the chance of success.
This could be achieved by putting in place good legitimate systems
for wealth redistribution so that at least the worst welfare impacts on
the most vulnerable can be avoided. Policy resilience also involves a
substantial governance capacity enhancing good governance practices to
deal with change in a welfare enhancing way. For example, strengthened
institutional linkages can help society react more quickly in an adequate
way (Folke et al., 2007; Young et al., 2008). Reducing inequalities and
building social capital and trust also increases the chance that society
will mobilize in a positive way in times of crisis rather than collapse
(Wilkinson and Pickett, 2006). A satisfying policy for the decision maker
will often result in a portfolio of measures that can handle different
aspects of potential regime shifts.
There are substantial intergenerational differences regarding regime
shifts too. The costs to avoid must be taken now while future generations
will benefits. This is problematic because future generations do not have
a voice in the debate. In addition, regime shifts create history dependency in the sense that what has happened in the past affects what the
future looks like. If a regime shift has occurred it may not be possible to
go back to the original regime, which can substantially decrease the range
of options available to future generations. Irreversible decisions taken
today can redistribute wealth among generations (Crépin et al., 2012).
Policy resilience also requires substantial amount of flexibility to
use windows of opportunities. The new stage set by the Anthropocene
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creates the need to stimulate social-ecological innovations to help maintain the geophysical conditions of the Holocene while also promoting
human development (Westley et al., 2011).
4.2.3

Learning and adaptive management

Good system knowledge and capacity to handle the unknown are essential prerequisites for system and policy resilience. Society’s learning
potential should become more focused than it is now on monitoring and
learning about social-ecological changes. More science is needed to do so
and particularly science that studies the interactions of global processes,
which have traditionally been studied in very separate clusters, and also
how those processes play out across levels and scales.
Given the seriousness of the issues involved it is essential to strike the
right balance between action and learning. Waiting to learn everything
before acting could be disastrous if regime shifts are triggered at the
global scale as a result. However, acting for the sake of doing something,
without having any idea of the consequences is no good either. Carefulness must be prioritized to ensure that actions taken do not have dramatic consequences that could have been avoided. However, the trade-off
is that short term opportunities to increase welfare may be foregone.
Adaptive management is a structured and iterative process of optimal decision making under uncertainty, aiming to reducing uncertainty
over time via system monitoring. While managing the system according
to best practices, the manager also gathers information to improve
future management. Learning and experimenting can be used to test
hypotheses and improve long-run management outcomes (Holling, 1978;
Walters, 1986). However, it may be challenging to balance the perspective of increased knowledge to improve management in the future
and the wish to achieve the best short-term outcome based on current
knowledge (Allan and Stankey, 2009). In particular, experiments at
the scale of the planet like geoengineering require substantial caution
(Barrett et al., 2014).
5

Concluding Remarks

Traditional economics provides a wide set of conceptual tools necessary
to analyse the role of the biosphere in relation to human well-being
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but these tools have been built in response to other kinds of problems
and are often relying on too restrictive assumptions to encompass
the essential challenges posed by the Anthropocene. Very little of
the economics literature has focused directly on a human-dominated
planet, and particularly not on the significance of the biosphere for
social welfare. This is also true for work on planetary boundaries and
where socialecological interactions form a complex dynamic system.
However, the economics literature on precautionary approaches and safe
minimum standards indicates almost unanimously that for the global
scale problems we are facing it is optimal to apply a precautionary
approach and often it is optimal to stay safe below a risk threshold. We
suggest that planetary boundaries can be interpreted as risk thresholds,
which they already are to a large extent (Rockström et al., 2009b; Steffen
et al., 2015). This would help create consensus around them. Individual
preferences about how to deal with risk will impact how society chooses
to relate to planetary boundaries, for example whether no risk or some
risk is acceptable may depend on risk aversion. However, preferences
should not impact on the location of the boundaries themselves.
In line with the proposition of operating within a safe space (Rockström et al., 2009a), economic growth needs not be limited, but redirected towards biosphere collaboration and certainly with reduced physical growth. This becomes quite obvious in relation to further population
growth, and in the light of poor measures, like GDP, that still dominate
measures of economic progress. Finally, resilience thinking could help
improve management, and counteract short term efficiency goals that
do not incorporate the risk of regime shift. This could help navigate
systems prone to regime shifts towards long term efficiency and avoid
unwanted and costly collapses of ecosystem services and welfare losses.
The planetary boundaries framework has literally exploded since
the concept was minted 2009. Current planetary boundaries research
focuses on refining the boundaries as some of those had been very
coarsely approached in the seminal articles. Recent contributions include Carpenter and Bennett (2011), Anderies et al. (2013) and Steffen
et al. (2015), with a strong focus on improving understanding of the
dynamic biophysical limits of the Holocene. Drawing on Section 3,
we suggest that it would be useful to also assess the risk structure of
the planetary boundaries by attempting to gather more information
about how risk may change beyond the boundary/risk threshold. This
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would help refine policy recommendation about how to relate to the
boundaries following Margolis and Nævdal (2008).
Another focus of planetary boundaries research concerns planetary
boundaries interactions. As already stated in the seminal articles,
several of the planetary boundaries are likely to interact with each other.
This implies that the planetary boundaries are highly dynamics and
must be assessed and used as such. Steffen et al. (2015) have initiated
work on planetary boundaries interactions.
While the planetary boundaries are concerned with phenomena
linked to biosphere dynamics, the need for more social and economic
boundaries in the form of minimum livelihood requirements and for
examples millennium development goals have been explored earlier. The
“doughnut” concept defining a safe and just space for humanity between
a floor of social foundations based on human rights and an environmental
ceiling consisting of planetary boundaries (Raworth, 2012) takes some
steps towards defining social-ecological boundaries and similar work on
Southern Africa and elsewhere is emerging (Leach et al., 2012; New,
2014), but more is needed.
In addition to planetary boundaries, further work must address
the implications of navigating complex social-ecological systems with
potential regime shifts (Biggs et al., 2009; Scheffer et al., 2012). In
particular, we need to empirically quantify the impacts of regime shifts
on people’s well-being, enquire about people’s behavioural responses to
regimes shifts in the resources they use and more systematically assess
the implication of regime shifts on optimal policy instrument design.
The delayed impacts of human actions due to lagged system dynamics
should be of particular concern and the consequences for policy design
should be examined.
The intricate relationships and trade-offs between efficiency and
resilience should be further studied. It would be particularly useful to
learn how resilience thinking can be used to increase long term wellbeing. Learning how to break the resilience of undesired situation would
also contribute to increased management options. The potential and
dangers of technical progress for helping societies out of crises should
also be studied in a more objective way than today to help clarify under
which conditions technical progress can be spurred to trigger desired
transitions and under which conditions it might generate new problems
in the future.
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Climate economics has recently exploded as a branch of economics
in the aftermath of impending climate change but climate change is only
one particular aspect of global change. Economics research must better
address the implications of living in the Anthropocene, in a totally
interconnected world where all kinds of dynamics interact in nonlinear
ways (Walker et al., 2009; Folke et al., 2011). This includes developing
a new class of Earth system/economic models, going far beyond climate
economic models. These models should capture implications of interacting biosphere processes and inherent non convexities and surprises
associated with the Anthropocene.
We propose ‘biosphere economics’ as a significant area of investigation that explicitly accounts for the scale, speed, connectivity, of the
intertwined social-ecological system and the social welfare challenges
of dealing with biosphere capacity and resilience. This perspective has
been raised in ecological economics, but now it needs more attention. In
other words, the social welfare challenges of the Anthropocene need to
be explicitly connected to the role of the biosphere and how it operates
with social and economic development as part of it. Hence biosphere
economics should build on state of the art empirical foundations of
economics and biosphere research (Rockström et al., 2009a; Rockström
et al., 2009b; Steffen et al., 2015; IPCC, 2014, are examples of excellent
reviews of the latter field). Biosphere economics should use the extensive
set of tools developed in economics and adapt and develop them further
to meet the particular challenges identified in this article. This article
has taken a normative approach focusing mostly on the situation of a
social planner asked to give policy advice. However, biosphere economics
should also seek a more descriptive approach to better understand why
we risk taking harmful decisions. Concepts like externalities, ill-defined
property rights, and results from political economy and game theory
are particularly relevant due to the global nature of the problems where
a social planner does not exist and regulation is minimal.
Finally, it is essential that biosphere economics also borrows tools
from other disciplines and builds on essential relevant knowledge available elsewhere, for example, about earth system dynamics and global
governance. Current empirical data is scattered across different fields
of economics, social and natural sciences that do not traditionally work
together. In that respect, it is essential to better link global empirical
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data in economics, social and natural sciences and analyse it using state
of the art statistical and econometric tools in relation to these issues.
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