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Summary

The corona pandemic has exposed the interconnected, tightly coupled and vulnerable
globalised world. This White Paper sets the scientific stage for understanding and
responding to such crises for global sustainability and resilient societies. We provide a
systemic overview of the current situation; where people and nature are dynamically
intertwined and embedded in the biosphere, placing shocks and extreme events as part of
this dynamic; where humanity has become the major force in shaping the future of the Earth
system as a whole; and where the rapid expansion of the human dimension has caused
climate change, simplification of life on earth, growing inequalities, and loss of resilience to
deal with uncertainty and surprise. Taken together, human actions are challenging the
biosphere foundation for a prosperous development of civilisations. The Anthropocene
reality, of rising turbulence, calls for transformative change towards sustainable futures.
Emerging technologies, social innovations, broader shifts in cultural repertoires, as well as a
diverse portfolio of active stewardship of human actions in support of a resilient biosphere
are highlighted as essential parts of such transformations.
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Introduction

Organisms have profoundly affected earth’s environment from the evolution of
photosynthetic cyanobacteria that resulted in a dramatic rise in oxygen concentrations in
the atmosphere 2.4 billion years ago. Humans only became an important species in
environmental transformations very recently on the time scale of the planet. Major
human influence on environmental conditions began with megafauna extinctions from
hunting, the rise of agriculture some 10 000 years ago and intensified with the start of the
Industrial Revolution 250 years ago. Discernible human influence on global environmental
conditions, however, became abundantly clear during the great acceleration in human
activity over past 75 years.

Humans are now the dominant force of change on the planet — giving rise to a proposed
new epoch referred to as the Anthropocene. This new epoch has profound meaning for
humanity and one in which we are only now beginning to fully comprehend. Depending on
the collective actions of humanity, future environmental conditions could be either
beneficial or hostile for sustaining human life and well-being.

We now know that society needs to be viewed as being part of the biosphere, and not
separate from it. In the Anthropocene, humans not only constitute the largest force of
change on Earth, but also have the power to change the environment on which humanity
depends. Whether humanity has the collective wisdom to navigate the Anthropocene to
sustain a livable biosphere for humanity, as well as for the rest of life with which we share
the planet, is the most formidable challenge currently and urgently facing humanity.

The Nobel Prize Summit will explore the challenges and opportunities for global
sustainability and evidence-based solutions at this critical juncture. Global sustainability
integrates scales and processes from local communities to the globalized world and from
local ecosystems to the functioning of the biosphere and the Earth system as a whole,
and does so in ways that intertwine society and the living planet. It places development in
the context of global environmental change and Earth resilience, focusing on solutions for
societal transformations towards biosphere stewardship and sustainable futures for
present and future generations.

This paper provides a systemic overview and background of identified key core themes of
the global sustainability agenda in focus of the Nobel Prize Summit, namely climate and
biodiversity, inequality and global sustainability, and technologies causing social
transitions and disruptions that bear on sustainability and inequality. Four major
pathways towards global sustainability are emphasized:
- Recognize that societal development is embedded in and critically dependent on
the biosphere and the broader Earth system for prosperity and wellbeing.
- Create incentives and design policies that enable societies to collaborate towards
just and sustainable futures within planetary boundaries.
- Transform the current pathways of social, economic, cultural development into
stewardship of human actions that enhance the resilience of the biosphere.
- Make active use of emerging and converging technologies for enabling the
societal transformation.



The Biosphere and the Earth system foundation

Humanity as part of the Biosphere

The Universe is immense; estimates suggest at least two trillion galaxies (Conselice et al.
2017). The Milky Way, our galaxy, holds some 100 to 400 billion stars. One of those stars,
our sun, has eight planets orbiting it. One of those, planet Earth, has a biosphere, a thin layer
of life at its surface. The thickness of this layer is only about twenty kilometres (twelve
miles)3. That’s the only place where we know life exists, indeed where there is a complex
web of life. We humans are embedded in the biosphere. We have emerged and evolved
within the biosphere. Our societies and economies are part of it. It is our home.

Across the oceans and the continents, the biosphere integrates all living beings, their
diversity, and their relationships (Odum 1989, Pace 1997). There is a dynamic interaction
between the living biosphere and the broader Earth system, with the atmosphere, the
hydrosphere, the lithosphere, the cryosphere, and the climate system (Steffen et al. 2004).
Life in the biosphere is shaped by the global atmospheric circulation, jet streams,
atmospheric rivers, water vapour and precipitation patterns, the spread of ice sheets and
glaciers, soil formation, upwelling currents of coastlines, the ocean’s global conveyer belt,
the distribution of the ozone layer, movements of the tectonic plates, earthquakes, and
volcanic eruptions. Water serves as the bloodstream of the biosphere, and the carbon,
nitrogen and other biogeochemical cycles are essential for all life on Earth (Falkenmark 2017,
Falkenmark et al. 2019, Gleeson et al. 2020, Steffen et al. 2020). Societies, cultures and the
globalised world exist as embedded part of the complex dynamics of the Earth system and
its biosphere (Clark and Munn 1986, Folke et al. 2016).

The biosphere has existed for about 3.5 billion years. Modern humans (Homo sapiens) have
effectively been around in the biosphere for some 250 000 years (Delson 2019, Mounier and
Lahr 2019). Powered by the sun, the biosphere and the Earth system coevolves (Lenton
2016) with human actions as an integral part of this coevolution (Palumbi 2001, Jérgensen et
al. 2019).

Human societies are reliant on a healthy and resilient biosphere providing suitable living
conditions. At the same time, human actions are now a major force in influencing the
dynamics of the whole biosphere and more recently also the broader Earth system (Turner
et al. 1990, Foley et al. 2005, Rockstrom et al. 2009, Folke et al. 2016, Steffen et al. 2018,
Dasgupta 2020). Social conditions, health, culture, democracy, power, justice, inequity,
matters of security, and even survival are interwoven with the Earth system and its

3 Almost all life exists between about 500 meters (1,640 feet) below the ocean's surface to about 6
kilometers (3.75 miles) above sea level. There is also a ‘deep biosphere’ —a zone of life under Earth's
surface — dominated by two forms of microbes (bacteria and archaea) estimated to make up 70
percent of all Earth's bacteria and archaea. Science Alert https://www.sciencealert.com/scientists-
lift-lid-on-massive-biosphere-of-life-hidden-under-earth-s-surface



biosphere in a complex interplay of local, regional, and worldwide interactions and
dependencies.

Existing as part of the biosphere means that the environment is not something outside the
economy or society, or a driver to be accounted for when preferred, but rather the very
foundation that civilizations exist within and rely upon (Figure 1).

The Biosphere
- o

Figure 1. The home of humankind. Our economies, societies and civilizations are embedded
in the Biosphere, the thin layer of life on planet Earth. There is a dynamic interplay between
the living biosphere and the broader Earth system, with the atmosphere, the hydrosphere,
the lithosphere, the cryosphere, and the climate system. Humans have become a major
force in shaping this interplay.

A dominant force in Earth system dynamics

The human population reached one billion around 1800. It doubled to two billion around
1930, and doubled again to four billion around 1974. It is now approaching 8 billion people
on Earth and is assumed to stabilize around 11 billion toward the end of this century (UN
2019).

During the past century, and especially since the 1950s, there has been an amazing
acceleration and expansion of human activities into a converging globalized society (Figure
2). This has been made possible through the discovery and use of fossil energy and
innovations in social organization, technology and cultural evolution (McNeill 2000, van der
Leeuw 2019). The world’s interdependence, through cross-border trade in goods and
services, technology, and flows of people, information, and investment, has sped up to an
unprecedented pace since the 1990s, with public policy changes and communication
technology innovations as important driving factors.

The globalized world connects people, places and cultures in new ways. Globalization has
helped focus attention on human rights, international relations and agreements leading to
greater collaboration and trust and, rather remarkably, it appears at least so far to have
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counteracted large-scale conflict between states that have plagued civilisations from time
immemorial. Boundaries between developed and developing regions are less clear and
global economic activity is increasingly dispersed across production networks that connect
metropolitan areas around the world (Coe et al. 2004, Liu et al. 2015). Health and material
standards of living for many people on Earth have improved. More people live longer,
healthier lives than at any time in history (Rosling 2015).

Despite vast and growing inequalities as well as too many people still in poverty (Dasgupta
1995, Stiglitz 2012, Piketty 2014), the remarkable acceleration appears to continue with a
rise of an affluent middle class in a rapidly urbanizing world (Meng et al. 2018) and with
information technology, nano-technology, synthetic biology, molecular revolution and
health science more broadly accelerating with unknown potentials, challenges, and futures.

Earth system trends
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Fig. 2. The Great Acceleration since mid-1900 (modified from Steffen et al. 2015b)

In this context, it is important to recall that all human civilizations have developed within an
unusually favourable interglacial period of the last 11 700 years of a relatively stable climate
and a resilient planet Earth - the Holocene geological epoch (Figure 5). This stability made
agriculture feasible, settlements multiplied and the human dimension accelerated into a
globalised society (Redman 1999, Ellis 2015, Kavanagh et al. 2018, van der Leeuw 2019). It is
the only state of the Earth system that we know for sure can accommodate contemporary
society (Steffen et al. 2011).

Now, there is ample evidence that the cumulative human culture has expanded to such an
extent that it has become a significant global force affecting the operation of the Earth
system and its biosphere at the planetary level. As a reflection of this unprecedented
expansion, a new geological epoch — the Anthropocene, the age of mankind - has been
proposed (Crutzen and Stoermer 2000, Steffen et al. 2007, Waters et al. 2016). In a binding
vote, the Anthropocene Working Group of the International Commission on Stratigraphy has
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https://www.nature.com/articles/s41562-018-0358-8?WT.feed_name=subjects_anthropology

recommended that the Anthropocene be formalised as a new epoch in the Geological Time
Scale, with a base (starting date) around the mid-20%™ century, terminating the Holocene at
that time (AWG 2019).

The biosphere in the Anthropocene is currently characterised by features like human-driven
land-use change (50 % of Earth's land area has been transformed into agriculture, cities,
roads and other infrastructure) and massive loss of species (on trajectory of losing 1 million
of 8 million known species) (Diaz et al. 2019), resulting in the global homogenisation of flora
and fauna. A single species (Homo sapiens) is commandeering the dominant part of net
primary production by plants and mining fossil net primary production (fossil fuels) to break
through the photosynthetic energy barrier, as well as directing evolution of all other species
(Vitousek et al. 1997, Williams et al. 2015, Jérgensen et al. 2019).

It is further characterised by a tightly interconnected globalised world operating at high
speed with hyper-efficiency in several dimensions. These dimensions include the globalised
food production and distribution system, extensive trade and transport systems, strong
connectivity of financial and capital markets, internationalized supply and value chains,
widespread urbanization and movements of people, social innovations, development and
exchange of technology and pervasive communication capacities (Peters et al. 2004, Vitali et
al. 2011, Helbing 2013, Frank et al. 2014, Liu et al. 2016, Nystrom et al. 2019) (Figure 3).

Figure 3. A snapshot of the interconnected world (source Globaia).

In addition, the technosphere (e.g. physical infrastructure, technological artefacts, novel
substances and associated social and technological networks) is a recent human-created
phenomenon of our planet, one that is developing extraordinarily fast, and an essential
feature of the globalised world. It now plays a significant role in shaping global biosphere



dynamics and has already left a deep imprint on the Earth system (Palumbi 2001).% The rapid
transformation of much of Earth’s surface mass into the technosphere and its numerous
components, their use in the contemporary globalized world, and their side-effects
underscores the novelty of the current planetary transformation (Arthur 2009, Galaz 2014,
Zalasiewicz et al. 2016, Carpenter et al. 2019).

Humanity has indeed developed into a dominant force in biosphere dynamics altering the
physical, chemical, and biological make up of our planet (Vitousek et al. 1997, Worm and
Paine 2016), a significant evolutionary force of the biosphere in new ways. This is unique in
the history of the living planet (Williams et al. 2016).

In the Anthropocene, where human activities now rival the great forces of nature (Steffen et
al. 2007), it seems like the expanding human dimension is confronted with dynamic,
interacting and large-scale thresholds and tipping points with pervasive implications for the
future wellbeing® of people on Earth (Scheffer et al. 2001, 2012, Steffen et al. 2018, Lenton
et al. 2019) many of which are encompassed in the planetary boundaries framework
(Rockstrom et al. 2009, Steffen et al. 2015b, Lade et al. 2020). There is truly something new
under the sun (McNeill 2000).

In this new reality, it is important to clarify that contemporary growth and development
economics, as well as the economics of climate change, have been constructed on the
thought that humanity is external to the biosphere (Dasgupta 2020). This has allowed
economists to work with models in which technological progress is expected to enable
humanity to enjoy ever growing GDP and thus consumption. Arguably, the view of the
economy as external to the environment may have been comparatively harmless so long as
the biosphere was more than able to supply the demands humanity made of it. That simply
is not the case any longer (Dasgupta and Ramanathan 2014). As made clear here, the
economy is embedded in the biosphere, and therefore the global economy is bounded,
meaning that indefinite growth in GDP and consumption is simply not possible. This
fundamental insight has far reaching and profound implications for contemporary models of
economic possibilities that many still work with and draw policy conclusions from (Dasgupta
2020).

4 Preliminary estimates suggest a technosphere mass (the summed material output of the
contemporary human enterprise) of approximately 30 trillion tonnes (Tt), which helps support a
human biomass that is only about 300 million tonnes, or 5 orders of magnitude smaller (Zalasiewicz
et al. 2016). It includes a growing residue layer, currently only in small part recycled back to sustain
energy and material flows of contemporary society. Other impacts include toxic, chemical, medical
waste and pollution, as well as diverse kinds of emissions including green-house gasses. Greenhouse
gas emissions, untreated urban and rural waste, pollutants from industrial, mining and agricultural
activities, oil spills and toxic dumping have had strong negative effects on soil, freshwater and marine
water quality and on the global atmosphere.

> Human wellbeing can be thought of as a state of being with others, where human needs are met,
when individuals can act meaningfully to pursue self-defined goals, and when they can enjoy a
satisfactory quality of life. Wellbeing is often related to material wellbeing, quality of life, and
relational well-being (Hicks et al. 2016) as well as identity, emotions, beliefs (Brown et al. 2019, Ives
et al. 2020).



Hence, although there are beliefs and values of humans and nature as separate entities that
have emerged with economic development, technological change, cultural evolution and the
amazing expansion of the human dimension, it has certainly not changed the fact that
humans are living within and are dependent upon a resilient biosphere and a stable,
Holocene-like dynamics of the broader Earth system.

The intertwined planet of people and nature

The Earth as transformed by human actions and the speed, spread, and connectivity of the
Anthropocene epitomize contemporary - not just linked but intertwined - systems of people
and nature®, intertwined across levels and scales (Turner et al. 1990, Reyers et al. 2018,
Nystrom et al. 2019).

Local events can escalate into global challenges and local places are shaped by global
dynamics (Adger et al. 2009, Crona et al. 2015, 2016, Liu et al. 2016, Kummu et al. 2020). The
tightly coupled human interactions of globalisation allow for the continued flow of
information, capital, goods, services, and people, but also create global systemic risk
(Centeno et al. 2015, Galaz et al. 2017, Tu et al. 2019). However, this interplay is not only
global between people and societies but coevolving with biosphere dynamics (Walker et al.
2009, Biggs et al. 2011, Homer-Dixon et al. 2015, Bai et al. 2016).

For example, extreme-weather and geopolitical events, interacting with the dynamics of the
food system, can spill over multiple sectors and create synchronous challenges among
disconnected areas and rapidly move across countries and regions (Rocha et al. 2018,
Cottrell et al. 2019). The rise of antibiotic resistance, the rapid spread of the recent corona-
pandemic, or altered moisture recycling across regions expose the intertwined world (Galaz
et al. 2011, Jorgensen et al. 2018, Keys et al. 2019).

Extensive urbanisation plays a central role in the dynamics of the Anthropocene. Indeed, we
live on an urban planet with over 50% of the population now living in cities. This is projected
to reach about 70% by 2050 (UN DESA 2018) as the world adds the equivalent of one new
city of one million people every five days. Power relations, inequalities, behaviours and
choices of urban dwellers shape landscapes and seascapes and their diversity around the
world through, e.g., markets, institutions, and global infrastructures (Turner et al. 2007,
Lambin and Meyfroidt 2011, Seto et al. 2012, Andersson et al. 2014, Cumming et al. 2014,
Elmquist et al. 2019).

The stunning acceleration of the human dimension over continents and in the oceans
(Steffen et al. 2015b, Jouffray et al. 2020) has escalated into a concentration of wealth and
power in the hands of a few ‘keystone actors’ that have a disproportionate capacity to
influence biosphere dynamics (Osterblom et al. 2015, Folke et al. 2019). It also reflects rising
inequality and social tension challenging smooth transformations towards global
sustainability (Piketty 2014, Carpenter et al. 2019, UNDP 2019). Clearly, there is need for

balso referred to as human-environment systems, social-ecological systems, social-environmental
systems, socio-natural systems, coupled human-natural systems (Berkes and Folke 1998, Turner et al.
2003, Ostrom 2009, Fischer et al. 2015, Matson et al. 2016, van der Leeuw 2019, Liu et al. 2007).
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greater collaboration among existing institutions, as well as new institutions, to help
construct and provide a social contract for global sustainability (Lubchenco 1998, Young et
al. 2006, O’Brien et al. 2009, Walker et al. 2009, Ebbesson 2010, Biermann et al. 2012, De
Fries et al. 2012, Brondizio et al. 2016, Dannenberg and Barrett 2018, Lubchenco and Gaines
2018).

In the 21t century, people and planet are truly interwoven and coevolve. It becomes evident
that it is all about our own future on Earth, as part of the biosphere, which is at stake. It is a
new situation with humans in the driver’s seat of Earth’s dynamics, having the power and
responsibility to exert stewardship over our planet.

This insight has major implications for human wellbeing in the face of climate change and
loss of biodiversity as elaborated on in the next section.

Climate change and loss of biodiversity

Contemporary climate change and biodiversity loss are not isolated phenomena but
symptoms of the massive expansion of the human dimension into the Anthropocene, the
novel, human-mediated state of the Earth System (Steffen et al. 2018).

The climate system plays a central role for life on Earth. It sets the boundary for our living
conditions. The climate system is integral to all other components of the Earth system,
through heat exchange in the oceans, albedo dynamics of the ice sheets, carbon sinks in
terrestrial ecosystems, cycles of nutrients and pollutants, and climate forcing through
evapotranspiration flows in the hydrological cycle and greenhouse pollutants. Together
these interactions in the Earth system interplay with the heat exchange from the sun and the
return flow back to space, but also in significant ways with biosphere-climate feedbacks that
either mitigate or amplify global warming. These global dynamics interact with regional
environmental systems (like ENSO or the monsoon system) that have innate patterns of
climate variability and also interact with one another via teleconnections (Steffen et al.
2020).

The living organisms of the planet’s ecosystems and biological diversity play a significant role
in these complex dynamics. The fabric of life on Earth has been “woven” by natural
processes over many millions of years (Diaz et al. 2019) and the genetic and species diversity
of the biosphere allow it to persist and adapt under changing conditions (Mace et al. 2014,
Lenton 2016). Earth has been oscillating between colder and warmer periods over a million
years (the entire Pleistocene), but the average mean temperature has never exceeded 2°C
(inter-glacial) above or 5°C below (deep ice age) the pre-industrial temperature on Earth
(14°C), reflecting the importance of biosphere feedbacks as part of regulating the
temperature dynamics of the Earth (Willeit et al., 2019) (Figure 5).

The biosphere feedbacks that support human life are currently being challenged by the
actions of the human population, including the challenge of climate change.
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Human-induced climate change

Through the discovery of fossil energy, the development of industrial societies and the
expansion of human actions, humans have accelerated into a major force that is altering
Earth’s climate, primarily through the emissions of greenhouse-gases (GHG: carbon dioxide
CO,, methane CHg4, and nitrous oxide N>O) that trap heat in the lower atmosphere and at the
Earth’s surface, thus warming the planet. These emissions have caused the global average
temperature on Earth to increase by 1.1°C as compared to preindustrial levels (WMO 2020)
(Figure 4).
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Figure 4. The average global temperature increase on Earth in relation to emissions of
greenhouse-gasses and compared to preindustrial levels (1850-1900) (modified from WMO
2019).

Human-induced global warming is unparalleled: for 98% of the planet’s surface, the warmest
period of the past 2000 years occurred in the late twentieth century (Neukom et al. 2019),
side by side with the great acceleration of the human dimension after WWII (Steffen et al.
2015b, Jouffray et al. 2020). Human-induced warming has steadily increased into the 21t
century with the average global temperature for 2015-2019 being the warmest of any
equivalent period on record (WMO 2020). If efforts to constrain emissions fail, the global
average temperature by 2100 is expected to increase 3-5°C (IPCC 2014) above preindustrial
levels.

The supply of energy and its use in buildings and transport generate about 55% of global
anthropogenic GHG emissions. The remaining 45% comes from emissions that arise from the
management of land and the production of buildings, vehicles, electronics, clothes, food,
packaging, and other goods and materials (Ellen MacArthur Foundation 2019). The food
system itself accounts for about 25% (21-37%) of global anthropogenic GHG emissions
(Poore and Nemecek 2018, Mbow et al. 2019). Human driven land-use change through
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agriculture, forestry and other activities (Lambin and Meyfroidt 2011) causes about 14% of
the emissions (Friedlingstein et al. 2019). According to C40 Cities, the cities account for more
than 70% of global CO2 emissions. Collectively, the top 10 emitting countries account for
three-quarters of global GHG emissions, while the bottom 100 countries account for only 3.5
percent (WRI 2020). Still, and despite local and regional efforts for mitigation and progress in
renewable energy, CO, emissions from fossil-fuel use continue to grow globally (Peters et al.
2020).

CO2 dominates and contributes about 66% of the radiative forcing by long-lived GHG.
Methane contributes about 17% of which some 60% derives from anthropogenic sources.
Human-driven emissions have increased CO; levels in the atmosphere from about 280 parts
per million (ppm) in the late 1800s to above 410 ppm in early 2020. Significant amounts of
CO2 remain in the atmosphere for centuries and in the ocean for even longer, thus locking in
ocean acidification and climate change for hundreds of years. The current levels of
atmospheric concentrations of carbon dioxide, methane and nitrous oxide are
unprecedented in at least the last 800,000 years (IPCC 2014).
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Figure 5. Ice-core data from the last 100 000 years in relation to human migration and
civilisation. The red circle marks the last 11 700 years of the accommodating Holocene
epoch. Evidence suggest that current levels of anthropogenic warming has already forced
the Earth system out of the Holocene climate conditions into the Anthropocene. There is
increasing consensus that pushing the Earth system to more than 2°C warming compared to
preindustrial levels constitutes unknown terrain for contemporary societies and a severe
threat to civilisation (see e.g. Clark et al. 2016, Burke et al. 2018, Steffen et al. 2018).

Already now at 1.1°C it appears we have moved out of the accommodating Holocene
environment that allowed agriculture and complex human societies to develop (Steffen et al.
2018). Furthermore, with increased warming humanity risks departing the glacier-
interglacial dynamics of the past 2.6 million years (Burke et al. 2018).
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During the past 2.6 million years, Earth’s mean annual global temperature has not exceeded
the preindustrial value by more than 2°C (Willeit et al. 2019). Although higher global
temperatures are old terrain in the history of Earth, living in a biosphere with a mean annual
global temperature exceeding 2°C of the preindustrial average is largely unknown terrain for
humanity and certainly novel terrain for contemporary society.

Climate change - faster and stronger than predicted

Already at current levels of global warming, evidence suggests that climate change impacts
are hitting people harder and sooner than predicted a decade ago. This is especially true for
extreme events, like heatwaves, droughts, wildfires, extreme precipitation, floods, storms
and variations in their frequency, magnitude and duration (Stott et al. 2004, Coumou and
Rahmstorf 2012, Turco et al. 2018, Yin et al. 2018). In particular, synchronous extremes are
risky in a globally-connected world, and may cause failure of crops across breadbaskets,
causing disruptions in global food production (Cottrell et al. 2019, Gaupp et al. 2020).

The impacts of extreme events are often region-specific. For example, Europe has seen a
particularly strong increase in heat extremes and the risk for wild fires in Australia has
increased by at least 30% since 1900 as a result of anthropogenic climate change (van
Oldenborgh et al. 2020). The US National Climate Assessment finds that the number of heat
waves, heavy downpours, and major hurricanes, and the strength of these events, has
increased in the United States. Some 220 million more heatwave exposures by vulnerable
elderly persons occurred in 2018 compared to the period 1986-2008. The largest economic
losses have been associated with tropical cyclones (WMO 2019). Climate variability and
extremes, like drought conditions, are negatively affecting food security (FAO). Pandemics,
like the COVID-19 outbreak and associated health responses, intersect with climate hazards
all around the world and will exacerbate and be exacerbated by the economic crisis and
long-standing socioeconomic and racial disparities, both within countries and across regions
(Phillips et al. 2020). Extreme events also have the prospect of widening existing inequalities
within and between countries and regions (UNDP 2019).

The warming of the Arctic is increasingly linked to extreme winter and summer climates at
mid-latitudes (Cohen et al. 2018, Coumou et al. 2018). Greenland and parts of Antarctic ice
sheets are showing signs of destabilizing sooner than expected (Millilo et al. 2019, Lenton et
al. 2019, IPCC 2019). Coastal cities and even whole nations, such as low-lying island states,
are threatened. Ocean heat is at record levels (Cheng at al. 2020) and there have been
widespread marine heatwaves (Oliver et al. 2018). Sea water is 26 percent more acidic than
at the start of the industrial era and ocean acidification is proceeding at a pace not seen in
over 300 million years (Honisch et al. 2012, Barange et al. 2018). The existence of vital
marine ecosystems like coral reefs are being challenged (Hughes et al. 2018). Climate trends
cause abrupt shifts in ecosystems crucial for livelihoods including forests, grasslands,
wetlands, freshwaters, coastal waters and coral reefs (Turner et al. 2020).

Vulnerability to climate change impacts is particularly high in countries and parts of the

human population with low incomes (Morton 2007, Cutter and Finch 2008). Changes to
glaciers, snow and ice in mountains will likely influence water availability for over a billion

14


http://c2es.org/content/national-climate-assessment/
http://nca2014.globalchange.gov/highlights/report-findings/extreme-weather
http://nca2014.globalchange.gov/highlights/report-findings/extreme-weather
https://science.sciencemag.org/content/335/6072/1058

people downstream by mid-century (Pihl et al. 2019). Some areas will experience increased
precipitation, while other areas are expected to see less due to shifting patterns of rainfall
and moisture feedback. Depending on scenarios of population growth and warming, over
the coming 50 years 1-3 billion people could experience a Sahara-like mean annual
temperature and thereby be left outside the climate conditions that have served humanity
well over the past 6000 years (Xu et al. 2020). There is significant concern that climate driven
events exacerbate conflict because they affect economic insecurity which, in itself, has been
shown to be a major cause of violent conflict and unrest (Adger et al. 2014, Collier and
Hoeffler 2004, Mach et al. 2019, Ide et al. 2020).

In general, the Anthropocene presents humanity with a new context and new intertwined
dynamics of people and planet, where the scale, speed and connectivity of the changes
become truly significant. Probabilities and consequences of the changes are not only scale-
dependent, but also changing over time as a result of human actions, where those actions
can either exacerbate or mitigate the likelihood or consequences of a given event (Levin et
al. 2020).

Some of these changes happen continuously and gradually over time, while others take the
form of more sudden and often potentially catastrophic change. In addition, some are to
some extent predictable, while others are more uncertain (Brock and Hansen 2017, Levin et
al. 2020). A recent analysis of a large database of social-ecological shifts suggests that in the
intertwined world one change may lead to another, or that events can co-occur because
they simply share the same driver (Rocha et al. 2018). Large-scale transitions can unfold
when a series of linked elements are all close to a tipping point, making it easier for one
transition to set off the others (Scheffer et al. 2012).

The climate and the biosphere interplay

The climate and the biosphere operate as a complex dynamic system with human actions
playing a central part in these dynamics. There is a delicate interplay between the climate
system and the biosphere. For example, at current global average temperature the oceans
absorb about 25% of annual carbon emissions (Global Carbon Project, Gruber et al. 2019)
and absorb over 90% of the additional heat generated from those emissions. Land-based
ecosystems like forests, wetlands, and grasslands draw down carbon dioxide through
growth, and all in all sequester close to 30% of anthropogenic CO; emissions (Global Carbon
Project 2019).

The total amount of carbon stored in terrestrial ecosystems is huge, almost 60 times larger
than the current annual emissions of global GHG (CO; equivalents, 2017) by humans. About
70% (1500-2400 Gt C) is found in soil (Ciais et al. 2013). The soil carbon (including
permafrost) is about 4.5 times larger than the atmospheric pool and about 5 times larger
than the carbon found in living plants and animals (Oelkers and Cole 2008). The ocean holds
a much larger carbon pool, at about 38,000 Gt of carbon (Houghton 2007).

Thus far, terrestrial and marine ecosystems serve as important sinks for carbon dioxide and
thereby contribute significantly to stabilizing the climate. These living systems reflect the
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delicate dynamics of the climate system and the operation of the biosphere. However, this
important ecosystem service (Ehrlich and Daily 1993), or Earth system service (Steffen et al.
2011), cannot be taken for granted (Lade et al. 2019). Recent research has shown that not
only human land-use change but also climate impacts, like extreme events and temperature
change, increasingly challenge those sinks (Anthony et al. 2018, Harper et al. 2018). For
example, the vast fires in Borneo in 1997 released an equivalent of 13-40% of the mean
annual global carbon emissions from fossil fuels at that time (Page et al. 2002, Folke et al.
2011).

The Earth system contains several biophysical sub-systems that can exist in multiple states
(depending on climate and global environmental changes), and which contribute to regulate
the state of the planet as a whole. These so-called tipping elements, or sleeping giants
(Figure 6), have been identified as critical in maintaining the planet in favourable Holocene-
like conditions (Lenton et al. 2008). These are now challenged by global warming and
human-driven biosphere degradation, threatening to trigger self-reinforcing feedbacks and
cascading effects that could push the Earth System toward a planetary threshold that, if
crossed, could prevent stabilization of the climate at intermediate global warming and cause
self-reinforced warming along a “Hothouse Earth” pathway even as human emissions are
reduced (Steffen et al. 2018).
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Figure 6. Tipping elements central in regulating the state of the planet, and identified
interactions among them that, for humanity, could cause serious cascading effects and even
challenge planetary stability (based on Lenton et al. 2008, 2019, Steffen et al. 2018).

Observations suggest that nine of these known sleeping giants are already starting to wake
up at the current levels of warming, with possible domino effects to come. That is, of a suite
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of tipping elements identified a decade ago (Lenton et al. 2008), and thought to be
reasonably stable at that time, nine are now actively undergoing large-scale changes (Lenton
et al. 2019).

The world’s remaining emissions budget to have a 50:50 chance of staying within 1.5°C of
warming is about 500 Gt of CO,. Permafrost emissions could take an estimated 20% (100 Gt
CO3) off this budget. Amazon dieback could release another 90 Gt CO, and boreal forests a
further 110 Gt CO; (Lenton et al. 2019), that is removing a further 40% of the remaining
budget.

It has become clear that the scale, connectivity and speed of the stunning acceleration of the
human dimension into a globalised world in less than a century are now manifested in a
significant imprint on the biosphere and the Earth system as a whole. Climate change is a
symptom of those actions, now rapidly challenging the future of humanity on Earth.

The significance of the challenge of holding global warming in line with the Paris climate
target is obvious. In 2019, the European Union (the European Parliament) declared a climate
emergency along with many other countries and municipalities. Collective human action is
urgently required to steer the Earth system away from the potential threshold, from
potential runaway climate change, and work towards stabilizing it in a habitable interglacial-
like state (Steffen et al. 2018).

In fact, the challenge is broader than climate alone. It is about navigating towards a safe-
operating space that depends on maintaining a high level of Earth resilience. Obviously,
incremental tweaking and marginal adjustments will not suffice. Major transformations
towards just and sustainable futures are the bright way forward.

Biological diversity in Biosphere and Earth system dynamics

The interactions and diversity of organisms within and across the planet’s ecosystems play
critical roles in the coevolution of the biosphere and the broader Earth system. It is this
complex adaptive interplay between living organisms, the physical climate and the broader
Earth system that has evolved into a resilient biosphere. Human societies and civilizations
have evolved with and are part of this dynamic. Development and wellbeing depend on
ecosystem services, or nature’s contributions to people (Daily 1997, Diaz et al. 2018).

For example, major biomes like tropical and temperate forests and their biological diversity
transpire water vapour that connects distant regions through precipitation. Nearly a fifth of
annual average precipitation falling on land is from vegetation-regulated moisture recycling,
with several places receiving nearly half their precipitation through this ecosystem service.
Such water connections are critical for semi-arid regions reliant on rain-fed agricultural
production and for water supply to major cities like Sao Paulo or Rio de Janeiro (Keys et al.
2016).

As much as nineteen megacities depend for more than a third of their water supply on water
vapour from land, a dependence especially relevant during dry years (Keys et al. 2018). In
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some of the world's largest river basins, precipitation is influenced more strongly by land-use
change taking place outside than inside the river basin (Wang-Erlandsson et al. 2018).

The biosphere is an array of life-supporting ecosystems supplying essential ecosystem
services that underpin human wellbeing and socioeconomic development. For example, the
biosphere strongly influences the chemical and physical composition of the atmosphere, and
biodiversity contributes through its influence in generating and maintaining soils, controlling
pests, and participating in biogeochemical cycles. These services represent critical life-
supporting functions for humanity (Odum 1989, Folke 1991, De Groot 1992, Ehrlich and
Ehrlich 1992, de Bello et al. 2010, Isbell et al. 2017). Biological diversity thus plays
fundamental roles in nature’s contributions to people (Daily 1997, Diaz et al. 2018).

As an example, the role of biodiversity in pollination is of significance in food production and
ecosystem functioning (Buchmann and Nabhan 1996, Dainese et al. 2019). Nearly 90% of
wild flowering plants depend at least to some extent on pollination by insects, birds, or
vertebrates. These plants are critical for the continued functioning of ecosystems as they
provide food, other resources and form habitats for a wide range of species (IPBES 2016).
Pollinator-dependent species encompass many fruit, vegetable, seed, nut and oil crops,
which supply major proportions of micronutrients, vitamins and minerals in the human diet.
More than three quarters of the leading types of global food crops rely to some extent on
animal pollination for yield and/or quality (IPBES 2016). Maintaining the biodiversity of
ecosystem service providers is vital to sustain the flow of key agroecosystem benefits to
society (Dainese et al. 2019). High diversity of wild, native pollinators can stabilize ecosystem
services against environmental change, like buffering the impacts of climate change (Rader
et al. 2013). Similarly, national food production of crops is stabilized by crop diversity
(Renard and Tilman 2019).

The ocean’s foodwebs, continental shelves and estuaries support the production of seafood,
serve as a sink for greenhouse gases, maintain water quality, and hedge against
unanticipated ecosystem changes from natural or anthropogenic causes. Marine ecosystems
with high diversity have slower fisheries collapse rates and higher rates of fisheries recovery
than marine ecosystems with lower diversity (Worm et al. 2006, Levin and Lubchenco 2008,
Palumbi et al. 2009).

Biodiversity performing vital roles in Biosphere resilience

Organisms do not just exist and compete in ecosystems; they perform critical functions in
ecosystem dynamics and in creating and providing resilience (Walker 1992, Jones et al. 1994,
Naeem an Li 1997, Tilman et al. 2014). Resilience refers to the capacity of a system to persist
with change, to continue to develop with ever changing environments (Holling 1973,
Carpenter et al. 2001, Folke 2006, Folke et al. 2010).

In many ecosystems, like lakes, coral reefs, oceans, forests or arid lands, smooth responses
to gradual change can be interrupted by sudden drastic switches to a contrasting state, often
referred to as a regime shift (Scheffer et al. 2001, Gunderson and Pritchard 2002). Regime
shifts are usually due to a combination of a shock such as a drought or flood, and slow
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changes in underlying variables and internal feedbacks that change the domains of
attraction of the different regimes (Gordon et al. 2008, Rocha et al. 2015). Humans are key
players in these dynamics (Folke et al. 2004, Biggs et al. 2009). Although diverse events, like
a climate-induced shock, can trigger such shifts, numerous studies have shown that a loss of
resilience through human actions is usually the pre-cursor for a state change or different
pathway of development (Scheffer et al. 2001, 2012, Cumming and Peterson 2017).

Biodiversity plays significant roles in the operation of ecosystems, in buffering shocks and
extreme events, and in regime shift dynamics (Peterson et al. 1998, Folke et al. 2004). The
diversity of functional groups and traits of species and populations appears to be critical for
resilience and for the generation of ecosystem services (Chapin et al. 1997, Luck et al. 2003,
Hooper et al. 2005, Diaz et al. 2007, Sterk et al. 2013). Functional traits are important
ecological attributes by which different organisms and biological communities shape
ecosystem services through their effects on underlying ecosystem processes (de Bello et al.
2010). Species perform essential functions in ecosystems, for example, pollinate, graze,
predate, fix nitrogen, spread seeds, decompose, generate soils, modify water flows, open up
patches for reorganization, and contribute to the colonization of such patches (Walker et al.
1999, Bartomeus et al. 2013).

Although species redundancy is essential, variation in responses of species performing the
same function, to change like shocks or extreme events, is particularly critical in resilience
(Chapin et al. 1997, Nystrom 2006, Oliver et al. 2015). Such ‘response diversity’, serves as
insurance for the capacity of ecosystems to regenerate and continue to develop after
disturbance (EImqvist et al. 2003, Bellwood et al. 2004, Bottom et al. 2009, Winfree and
Kremen 2009, Chillo et al. 2011), for example, for the resilience of grasslands in performing
carbon sequestration (Sasaki et al. 2019). The extent to which ecosystems possess response
diversity across landscapes and seascapes is central to their capacity to renew following
disturbance, like extreme events, and prevents shifts to undesirable ecosystem states
(Bengtsson et al. 2003, Hughes et al. 2007, Mori et al. 2013, Nash et al. 2016, Allen et al.
2016).

The likelihood of ecosystem shifts has increased where humans reduce resilience by such
actions as reducing species that confer response diversity, removing whole functional groups
of species, or removing whole trophic levels; impacting on ecosystems through emissions of
waste and pollutants and from climate change; and altering the magnitude, frequency, and
duration of shocks and events. The combined and often synergistic effects of those
pressures make ecosystems more vulnerable to changes that previously could be absorbed.
They have lost resilience (Folke et al. 2004).

The Amazon rainforest is a prime example. Conserving a diversity of plants species may
enable the Amazon forests to adjust to new climate conditions and protect the critical
carbon sink function (Sakschewski et al. 2016). Frequent extreme drought events have the
potential to destabilize large parts of the Amazon forest but the risk of self-amplified forest
loss is reduced with increasing heterogeneity in the response of forest patches to reduced
rainfall (Zemp et al. 2017). However, continuous deforestation and simultaneous warming is
likely to push the forest towards wide-ranging tipping points (Hirota et al. 2011, Staver et al.
2011). It has been estimated that loss of biodiversity and deforestation exceeding 40% of the
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forest area or a temperature increase of 4°C may shift the Amazon into a large-scale savanna
(Nobre et al. 2016) and with synergies between deforestation, climate change, and extensive
use of fire possibly already at 20-25% deforestation (Lovejoy and Nobre 2018). Also, with
greater climate variability tree longevity is shortened, thus influencing carbon accumulation
and the role of the Amazon forest as a carbon sink (Brienen et al. 2015). A large-scale shift of
the Amazon would cause major impacts on wellbeing far outside the Amazon basin through
changes in precipitation and climate regulation, and by linking with other tipping elements in
the Earth System (Steffen et al. 2018, Lenton et al. 2019, Figure 6).

Hence, the resilience of multifunctional ecosystems across space and time, and in both
aquatic and terrestrial environments, depends on the contributions of many species, and
their distribution, redundancy, and richness at multitrophic levels performing critical
functions in ecosystems and biosphere dynamics (Folke et al. 1996, Isbell et al. 2017,
Lefcheck et al. 2015, Reich et al. 2012, Gamfeldt et al. 2013, Nash et al. 2016, Soliveres et al.
2016, Hisano et al. 2019).

It becomes clear that species and biological diversity perform vital roles in Earth resilience,
from local ecosystems to the whole planet. They mediate biospheric processes, generate
ecosystem services and sustain nature’s contributions to people, and adapt and evolve with
changing conditions. As a matter of fact, biodiversity and a resilient biosphere is a reflection
of life continuously being confronted with uncertainty and the unknown. Diversity builds
insurance and keeps systems resilient to changing circumstances.

The acceleration of the human dimension has in several ways eroded the critical role of
biodiversity in Earth resilience and thereby increased social and economic vulnerability to
changing conditions. These are findings at a time of human-induced climate change where
diversity would be needed more than ever to buffer shocks and disturbances.

The Anthropocene Biosphere and biodiversity loss

Anthropogenic biomes, also known as Anthromes or human biomes, describe the terrestrial
biosphere in its contemporary, human-altered form using global ecosystem units defined by
global patterns of sustained direct human interaction with ecosystems (Figure 7). They show
that more than 75% of Earth’s ice-free land is directly altered as a result of human residence
and land use, with nearly 90% of terrestrial net primary production and 80% of global tree
cover under direct human influence (Ellis and Ramankutty 2008).

Similarly, in the oceans no area is unaffected by human influence and a large fraction (41%)
is strongly affected by multiple human drivers (Halpern et al. 2008). Just like the great
acceleration on land (Steffen et al. 2015b), there has been a more recent acceleration in the
oceans, the blue acceleration (Jouffray et al. 2020). As part of the blue acceleration, the
increase of countries claiming an extended continental shelf beyond their exclusive
economic zone, to explore and exploit seafloor resources, leaves less than 50% of the vast
seabed as humanity’s global commons in the oceans (Jouffray et al. 2020).
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Figure 7. Evolutionary Anthromes, illustrating that human actions not only interact with and
shape the Earth’s surface, but are also deeply intertwined with all biomes and a major force
in setting the stage for evolution on Earth. Darker colors indicate higher intensity of human
control (based on Ellis et al. 2010 and modified from Jorgensen et al. 2019).

In addition, as a consequence of rising nutrient loads coupled with warmer temperatures,
oxygen concentrations in both the open oceans and coastal waters have been declining since
at least the middle of the 20th century. Oxygen is fundamental to life and global cycles of
major nutrients and carbon. Oxygen-minimum zones for life in the open ocean have
expanded by several million square kilometres (Breitburg et al. 2018, Limburg et al. 2020).

The human dominance is further reflected in the fact that the weight of the current human
population is 10 times the weight of all wild mammals. If we add the weight of livestock for
human use and consumption to the human weight, only 4% of the weight of all mammals on
Earth remain wild mammals. There are about three times more domesticated than wild birds
on Earth in terms of biomass (Bar-On et al. 2018).

The human dimension has become a dominant force in shaping evolution of all species on
Earth. Through artificial selection and controlled reproduction of crops, livestock, trees, and
microorganisms, through varying levels of harvest pressure and selection, through chemicals
and pollution altering life-histories of species, and by sculpting the new habitats that blanket
the planet, humans, directly and indirectly, determine the constitution of species that
succeed and fail (Palumbi 2001, Smith et al. 2014, Jorgensen et al. 2019).

Conversion and degradation of habitats have caused global biodiversity declines and
defaunation (human-caused animal loss), with extensive cascading effects in marine,
terrestrial, and freshwater ecosystems as a result, altering ecosystem functions and services
(Jackson et al. 2001, Worm et al. 2006, Sala and Knowlton 2006, Carpenter et al. 2011, Estes
et al. 2011, Newbold et al. 2015, 2018, McCauley et al. 2015).

Rapid and pervasive urbanisation requires large support areas to be sustained (Folke et al.
1997, Grimm et al. 2008). Urbanisation is a force in homogenizing and altering biodiversity in
landscapes and seascapes (Seto et al. 2012b, McDonald et al. 2020), and land-use change
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(Meyfroidt et al. 2018) accounts for nearly a quarter of all anthropogenic greenhouse gas
emissions over the past decade (Arneth et al. 2019). Functional traits in ecosystems,
biomass, richness and distributions of species both on land and in the oceans change with
climate change (Parmesan 2006, Bjorkman et al. 2018, Pinsky et al. 2018, Lotze et al. 2019,
Free et al. 2019).

As a consequence of the human imprint, currently, an average of around 25% of animal and
plant species assessed are threatened, suggesting that around 1 million species face
extinction, many within decades, and at much higher rates than over the past 10 million
years (Diaz et al. 2019). Extinction risks will accelerate with future rises in global surface
temperatures (Urban 2015). Extinctions often occur when reductions in populations,
restrictions on movement and limitations on the availability of suitable habitats finally take
effect (Isbell et al. 2017).

Over the past 50 years of human acceleration, the capacity of nature to support quality of
life has declined in 78% of the eighteen categories of nature’s contributions to people
considered by the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services (IPBES). These categories range from pollination and dispersal of seeds and
propagules to formation of soils, to regulation of air quality, regulation of extreme events to
providing medical, biochemical, and genetic resources, to supporting human identities and
maintaining options (Diaz et al. 2019). In addition, such ecosystem simplification and
degradation increase the likelihood of disease emergence, including novel viruses (Myers
and Patz 2009).

Homogenization and critical transitions

Much of the Earth’s biosphere has been converted into production ecosystemes, i.e.
ecosystems simplified and homogenised for the production of one or a few harvestable
species (Nystrom et al. 2019). The increase in homogeneity worldwide denotes the
establishment of a global standard food supply, which in regard to crops at the national level
is relatively species-rich, but species-poor globally (Khoury et al. 2014). Globally, local
varieties and breeds of domesticated plants and animals are disappearing (Diaz et al. 2019).
Land-use intensification homogenizes biodiversity in local assemblages of species worldwide
(Newbold et al. 2018) and counteracts a positive association between species richness and
dietary quality. It also affects other ecosystem services and well-being in low- and middle
income countries (Lachat et al. 2018, Vang Rasmussen et al. 2018). In much of the world
more than half, up to 90%, of locally adapted varieties of major crop species (e.g. wheat and
rice) have been lost due to replacement by single high-yielding varieties (Heal et al. 2004)

The simplification and intensification of production ecosystems and their tight connectivity
with international markets has yielded a global production ecosystem that is very efficient in
delivering goods to markets, but globally homogenous, highly connected and characterized
by weakened internal feedbacks that mask or dilute the signals of loss of ecosystem
resilience to consumers (Meyfroidt and Lambin 2009, Bennett et al. 2014, Crona et al. 2016,
Ordway et al. 2019, Nystrom et al. 2019).
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In addition, the global food trade network has over the past 20 years become progressively
delocalized as a result of globalization (that is, modularity has been reduced) and as
connectivity and homogeneity increase, shocks that were previously contained within a
geographic area or a sector are becoming globally contagious and more prevalent (Tamea et
al. 2016, Tu et al. 2019, Kummu et al. 2020).

Homogenization reduces the diversity of ways in which species, people, sectors and
institutions can respond to change as well as their potential to functionally complement
each other (Nystrom et al. 2019). In addition, homogeneous landscapes lack the diversity of
ecosystem types for resilient responses when a single homogeneous landscape patch, such
as a production forest or crop, is devastated by pathogens or declines in economic value
(Holling and Meffe 1996). In homogenized systems, resilience, the capacity to live and
develop with change and uncertainty, experienced or unknown, gradual or abrupt, has been
eroded (Folke et al. 2010, Bennett et al. 2014). Diversity is central in resilience. Loss of
resilience implies vulnerability to changing circumstances (Biggs et al. 2012, Grét-Regamey et
al. 2019).

Although these alterations occur at local and regional scales, and increasingly across scales,
their cumulative effect is causing global conversion of the Earth’s biosphere. In parallel,
people, places, cultures and economies are increasingly linked across geographic locations
and socioeconomic contexts, making people and planet intertwined at all scales (Folke et al.
2016, Reyers et al. 2018, Nystrom et al. 2019).

Evidence suggests that homogenization, simplification, intensification, strong connections,
as well as suppression of variance, increase the likelihood of facing critical transitions, or
regime shifts, with thresholds and tipping points (Levin 1999, Scheffer et al. 2012, Carpenter
et al. 2015). These shifts may interact and cascade, thereby causing change at very large
scales with severe implications for the wellbeing of human societies (Hughes et al. 2013,
Rocha et al. 2018).

Comparison of the present extent of biosphere conversion with past global-scale regime
shifts suggests that global-scale biosphere regime shift is more than plausible. The biotic
hallmark for each earlier state change was pronounced change in global, regional and local
assemblages of species (Barnosky et al. 2012).

Planetary boundaries and a safe-operating space for humanity

Staying away from large-scale regional and even global tipping points is clearly in the self-
interest of humanity. Therefore, a major challenge is to work towards stabilizing the Earth
system and its biosphere in a state that, hopefully, is safe for humanity to operate within,
albeit a warmer state than the Holocene and one with a human-dominated biosphere
(Rockstrom et al. 2009, Steffen et al. 2018). Clearly, the climatic system and the biological
diversity and functional integrity of the biosphere, as well as their interplay, are foundational
for stabilizing and cultivating a resilient Earth system (Barnosky et al. 2012, Steffen et al.
2015, Dasgupta 2020).
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Climate and biosphere integrity constitute the two fundamental dimensions of the Planetary
Boundaries framework. Together with seven other planetary boundaries (land system
change, freshwater use, biogeochemical flows, ocean acidification, atmospheric aerosol
loading, stratospheric ozone depletion, and novel entities, and their interactions), the
framework defines a Holocene-like state of the Earth system (Figure 8). With four of the
boundaries, including the two core boundaries, already transgressed, the framework
provides a natural-science-based analysis underpinning the observation that global human
forcing has already, at the planetary scale, rapidly pushed the Earth system away from the
Holocene-like conditions, that have enabled civilisations to emerge and flourish, and onto an
accelerating Anthropocene trajectory (Steffen et al. 2015, 2018).

Climate change Novel entities
(Not yet quantified)

Biosphere
integrity Stratospheric ozone

depletion

Functional
diversity
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Atmospheric
aerosol
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Land-system
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Figure 8. The nine identified planetary boundaries. The green zone is the safe operating
space (below the boundary), yellow represents the zone of uncertainty (increasing risk), and
red is the high-risk zone. The planetary boundary itself lies at the inner heavy circle.
Processes for which global-level boundaries are not quantified are represented by grey
wedges (modified from Steffen et al. 2015).
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Within the framework zones of uncertainty have been identified for the nine boundaries. In
these potentially dangerous zones of increasing risk, there are likely continental and global
tipping points for some of the boundaries, although not for all them. Therefore, it is
important to stress that a proposed boundary does not represent a tipping point or a
threshold, but is placed upstream of it, that is, well before the risk of crossing a critical
threshold. The intent of this buffer between the boundary and a potential threshold in the
dangerous zone is to allow society time to react to early warning signs of approaching abrupt
or risky change (Rockstréom et al. 2009b, Steffen et al. 2015).

In recent years, there have been several efforts to further investigate and deepen the
understanding of planetary boundaries and the safe-operating space for humanity. These
include updates on the biodiversity boundary, the freshwater boundary, and the
biogeochemical flows (Carpenter and Bennett 2011, de Vries et al. 2013, Mace et al. 2014,
Newbold et al. 2016, Gleeson et al. 2020b), multiple regime shifts and possible links between
regional and planetary tipping points (Anderies et al. 2013, Hughes et al. 2013), regional
perspectives on the framework (Hayha et al. 2016, O’Neill et al. 2018) and creating safe
operating spaces (Scheffer et al. 2015). There are also propositions for integrating the
Planetary Boundaries framework with economic, social and human dimensions (Raworth
2012, Dearing et al. 2014, Downing et al. 2019) as well as tackling the policy and governance
challenges associated with the approach (Biermann et al. 2012, Galaz et al. 2012, Sterner et
al. 2019, Pickering and Persson 2020).

The Planetary Boundaries framework has attracted considerable interest and discussions
within the policy, governance, and business sectors as an approach to inform efforts toward
global sustainability. For example, it was highlighted as essential in the report of the United
Nations Secretary-General’s High-Level Panel on Global Sustainability ‘Resilient Planet,
Resilient People, A Future worth Choosing’. Another striking example is the EAT-Lancet
Commission’s report on healthy and sustainable food systems. Here, the global food system
is placed within the framework of planetary boundaries to define a safe-operating space for
human health and food production aimed at ensuring healthy diets from sustainable food
systems for nearly 10 billion people by 2050 (Willett et al. 2019). Finally, recent attempts to
qguantify interactions between planetary boundaries suggest that cascades and feedbacks
predominantly amplify human impacts on the Earth system and thereby shrink the safe
operating space for human actions in the Anthropocene (Lade et al. 2020).

In light of the profound challenges of navigating the future of human societies towards a
Stabilized Earth state (Steffen et al. 2018), it becomes clear that modest adjustments on
current pathways of societal development are not very likely to guide humanity into
sustainable futures. Stabilising the Earth System in a safe-operating space will require rapid,
transformative changes in many dimension of human actions and relations (Westley et al.
2011, Tallis et al. 2018, Clark and Harvey 2020).
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Inequality and global sustainability

Rising inequality in income, wealth, and political power is a major social concern, largely
because of issues regarding fairness, lack of progress on poverty alleviation, and potential
negative impacts on democratic processes, and the economy (Stiglitz 2012, Piketty 2014,
UNDP 2019).

Additionally, there are also important and complex interconnections between inequality, the
environment, and global sustainability (Leach et al. 2018). Greater inequality may make the
challenge of achieving global sustainability more difficult. Conversely, global environmental
change and unsustainable practices may exacerbate inequalities (Hamann et al. 2018)
(Figure 9). Excessive inequality may lead to weaker economic performance and cause
economic instability (Stiglitz 2012). Increasing income inequality may also leads to more
societal tension and increase the odds of conflict (Wilkinson and Pickett 2009, Durante et al.
2017).

The majority of countries for which adequate data exists have seen rising inequality in
income and wealth over the past several decades (Piketty 2014, World Inequality Report
2018). In the U.S., the share of income going to the top 1% rose from around 11% in 1980 to
above 20% in 2016, and the top 1% now earn more income than the bottom 50% (World
Inequality Report 2018). Wealth tends to be even more unequally distributed. For example,
in the U.S. the share of wealth of the top 0.1% more than tripled between 1978 and 2012,
and is roughly equal to the share of wealth of the bottom 90% (Saez and Zucman 2016). In
the US, Europe, and China, the top 10% of the population own 70% of the wealth, while the
bottom 50% own only 2% (World Inequality Report 2018).

Though inequality is rising within countries, global inequality has not increased as rapidly
because the economies of many lower- and middle-income countries have been growing
faster than the economies of high-income countries. Nevertheless, about 10% of the world
population in 2015, or some 740 million people, were living in extreme poverty (World Bank
2019). Furthermore, inequality within cities, the dominant living environment of the human
population, is widespread. Seventy-five per cent of the world’s cities have higher levels of
income inequalities than two decades ago, and the spatial concentration of low-income
unskilled workers in segregated residential areas acts as a poverty trap (UN-Habitat 2016).

Inequality may give rise to perceptions, behaviour, and social norms about status and
wealth, and disparities in worth and cultural membership between groups in a society - so
called “recognition gaps”. Inclusive cultural membership is an important dimension of
collective well-being that often is given less weight than other economic, demographic, and
political measures (Lamont 2018). Social norms are also important in supporting actions that
may help or hurt in trying to achieve global sustainability in a number of other dimensions
ranging from use of energy and other resources to fertility (Nyborg et al. 2016, Barrett et al.
2020). Also, gender inequality may have important reinforcing feedbacks with
environmental change (Bongaarts and O’Neill 2018, Fortnam et al. 2019) and has, for
example, been shown to change with shifts in tropical land-use in Indonesia (Maharani et al.
2019) or with changes in levels of direct use of local ecosystem services by households in
South Africa (Hamann et al. 2015).
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If status and self-esteem are tied to relative income and wealth accumulation, there can be a
never ending race for higher incomes and greater wealth accumulation as each person
strives to climb higher in the social rankings (Veblen 1899, Frank 1985). But since one
person’s gain in social ranking is another person’s loss, further growth in income does not
necessarily translate to gains in overall well-being. Greater economic activity may lead to all
racing harder to stay in the same place, and lead to globally unsustainable trajectories.

Many sustainability challenges require cooperation to manage common pool resources,
from communal pastures, healthy oceans, to climate change (Dietz et al. 2003, Folke et al.
2005, Barrett 2016, Bodin 2017, Bennett et al. 2019). Inequality can have negative impacts
on the sense of community and common purpose and make successful management of
common pool resources less likely (Ostrom 1990). A consistent theme that has hindered
progress in negotiations under the U.N. Convention on Climate Change has been the “north-
south” debate among countries over who should bear more of the burden of the costs of
reducing greenhouse gas emissions (Anand 2017). These debates involve ethical judgements
about differentiated responsibilities related to differential past contributions to atmospheric
greenhouse gases, current economic and social circumstances, and likely future growth. It is
harder to agree on differentiated responsibilities than it is to agree on proportionally equal
responsibilities among parties that are all roughly in the same situation.

Figure 9. Examples of pathways of interactions between inequality and the biosphere in
intertwined systems of people and nature (modified from Hamann et al. 2018).
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Inequality, poverty and climate change

Poor people in low-income countries are highly dependent on their local environment
(World Bank 2003, Barbier 2005, Kates and Dasgupta 2007, Leichenco and Silva 2014).
Greater inequality can lead directly to more rapid environmental degradation, because low
incomes lead to low investment in physical capital and education (human capital). Such
situations often cause excessive pressure and degradation of natural capital leading to
declining incomes and further degradation in a downward spiral, a poverty trap (Dasgupta
1995b, Bowles et al. 2006, Barrett and Bevis 2015). Furthermore, interventions that ignore
nature and culture can reinforce poverty traps (Lade et al. 2017), and economic and
environmental shocks, food insecurity and climate change may force people back into
poverty (UNDP, Wood et al. 2018).

The poor are more vulnerable to climate change (Althor et al. 2016, Hsiang et al. 2017, UNDP
2019) and to environmental shocks such as floods and droughts (Carter et al. 2008,
Hallegatte et al. 2016). The Covid-19 pandemic has further exposed the inequality in
vulnerability to shocks among the poor and marginalized, feeding off existing inequalities
and making them worse. Because they have less agency and fewer resources at their
disposal, the poor have lower capacity to deal with shocks (Brown and Westaway 2011,
Brown 2016). Similarly, access to freshwater has built wealth for advantaged communities,
whereas poor communities have often been confronted with degraded water quality and
infrastructure disinvestments (Keeler et al. 2020). Public investment in universal education in
poor countries and communities within countries in the near future is of significance for
enhancing societies' adaptive capacity vis-a-vis future climate change (Lutz et al. 2014).
Educating girls and having access to contraception have been shown to be significant factors
in reducing the number of births per woman and slowing population growth (Jejeebhoy
1995, Kebede et al. 2019).

Poor countries are thought to suffer the bulk of the damages from climate change, not only
because of poverty but also due to their location in low latitudes where further warming
pushes these countries ever further away from optimal temperatures for climate-sensitive
economic sectors (Mendelsohn et al. 2006, King and Harrington 2018). Examples include
countries with high numbers of vulnerable, poor or marginalized people in climate-sensitive
systems like deltas, semi-arid lands, and river basins dependent on glaciers and snowmelt
(Conway et al. 2019).

Climate-related shocks to international agricultural production and food supply chains can,
through interaction with multiple other factors, result in food price spikes and reduced
access to food for vulnerable groups (Challinor et al. 2017). Under future scenarios of land
use and climate change, up to 5 billion people face higher water pollution and insufficient
pollination for nutrition, particularly in Africa and South Asia. Hundreds of millions of people
face heightened coastal risk across Africa, Eurasia, and the Americas (Chaplin-Kramer et al.
2019). Emerging risks from climate-related displacements of populations affect all countries,
even those remote from the risks themselves (Xu et al. 2020).
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Ocean inequity - a special case

While inequality describes an unequal distribution of a scarce resource, benefit, or cost, and
does not necessarily represent a normative statement, inequity is a more normative term
that evokes an unfair or unjust distribution of privileges across society (Hamann et al. 2018).

In the oceans, inequity manifests, for example, in skewed distribution of commercial fish
catches, limited political power of small-scale fishers, particularly women and other minority
groups, limited engagement of developing nations in high-seas activities and associated
decision-making, and consolidated interests of global supply chains in a few transnational
corporations, with evidence of poor transparency and human rights abuses (Bennett et al.
2019, Osterblom et al. 2020).

The patterns of inequity are consistent across geographical scales (from local to global) and
can be found in all sectors (Osterblom et al. 2019). The results of inequity include negative
impacts on marine ecosystems and, a loss of livelihoods and limited financial opportunities,
and increased vulnerabilities of already marginalised groups, who are facing nutritional and
food security challenges (Harper et al. 2013, Hicks et al. 2019). The mechanisms upholding
inequity include existing norms and formal social institutions (Crona and Bodin 2010, Felipe-
Lucia et al. 2015) as well as historical and colonial legacies, insecure territorial and tenure
rights, and limited financial resources or technological capacity (Bourguignon 2015).

Climate change is projected to disproportionally affect marine and coastal ecosystems and
communities in least developed countries, particularly small-island development states
(Barnett and Campbell 2010), and disproportionally influence disadvantaged groups,
especially women, girls and indigenous communities (Islam and Winkel 2017).

A projected rise in developing nations’ inequity is not only due to projected climatological
changes but also to the sensitivity of coastal communities to shifts in the distribution and
abundance of fish stocks crucial to their livelihoods and nutrition (Blasiak et al. 2017). This
accentuated sensitivity is coupled with comparatively low levels of adaptive capacity, as
remote coastal communities often have limited access to education, health services and
alternative livelihoods, all of which could buffer the projected negative impacts from climate
change (Cinner et al. 2018).

As a means to improve fish abundance for coastal communities of developing nations, there
have been suggestions of closing the high seas to fishing through the use of regulatory
“clubs”, which refers to groups of states that commit to a set of international rules (Green
and Rudyk 2020). It has been suggested that closing the high seas would not only slow the
pace of overfishing, but would also cause stocks to migrate into countries’ Exclusive
Economic Zones (EEZs). It has been estimated that closing the high seas could be catch-
neutral while inequality in the distribution of fisheries benefits among the world’s maritime
countries could be reduced by 50% (Sumaila et al. 2015).
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Wellbeing and sustainability

It has been proposed that many systems tend to self-organise towards a situation where
wealth will inevitably be appropriated by a very small fraction of the population unless
effective wealth-equalizing institutions emerge at the global level (Scheffer et al. 2017).
Measures to counteract such self-organisation, ranging from regulations to economic
incentives, or from better corporate governance to investment in public goods, such as
education, health, and biosphere stewardship are essential to tackle existing wealth
inequalities and prevent further increases in inequality (Stiglitz 2012, Alvaredo et al. 2018,
Chapin 2020).

Inclusive (or genuine) wealth aims at capturing the aggregate value of all capital assets to
provide a comprehensive, long-term foundation for human wellbeing (Dasgupta and Maler
2000, Polasky et al. 2015). By incorporating costs associated with externalities in natural
capital (renewable and non-renewable natural resources, ecosystem services), human
capital (the capacity of people to accomplish their goals through education and training) and
social capital (empowerment of people to act collectively to solve problems) (Daly and
Costanza 1992, Brondizio et al. 2006), inclusive wealth provides a basis for designing
incentives for more sustainable market transactions (Dasgupta 2014, Clark and Harley 2019).

Produced capital and human capital have no doubt increased by many-fold, but as a stock of
natural capital the biosphere has shrunk considerably, implying that the huge rise in
economic activity has been built upon unsustainable foundations (Costanza 1991, Arrow et
al. 1995, Barrett et al. 2020). The ultimate challenge is to shift the trends of preceding
decades that have lifted many people out of poverty and extended life spans, but in the
process been running down the planet’s natural capital and resilience (Dasgupta and
Ramanathan 2014, Nystrom et al. 2019, Dasgupta 2020). Such a challenge will require
actively working to reduce and redirect growing inequalities and develop all-encompassing
collaboration and collective action within and between countries.

Reducing inequality and poverty is a central objective of the U.N. Sustainable Development
Goals agreed to by national governments. Achieving global sustainability is another
important set of objectives in the Sustainable Development Goals. However, simultaneously
reducing poverty and achieving global sustainability in a manner that is politically palatable is
quite challenging. Raising the entire global population to a decent standard of living requires
a large increase in income going to the lower end of the income distribution. In principle this
could be done by redistributing income from those who live well above the level needed for
a decent standard of living. But redistribution is politically unpopular and may be blocked by
those for whom redistribution would take away income or wealth. Without redistribution,
however, the scale of the income increase necessary to bring every person on the planet up
to a decent standard of living is daunting. For example, trying to increase over a global
population estimated to be nearly 10 billion in 2050 (UN 2019) to a per capita income of
$50,000 similar to the current per capita income in many developed countries would require
increasing global GDP to $500 trillion, which is almost a 6-fold increase from current global
GDP of $86 trillion (World Bank 2019). Achieving global sustainability with such a large scale
increase in economic activity could only be done by a fundamental transformation of the
economy and human impacts on the biosphere (Tallis et al. 2018, Diaz et al. 2019).
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Societal transformation and technological change

Currently, there are signs that human societies are moving out of the industrial revolution
era into a new era of development. Science has illustrated that as living systems approach
major transitions they tend to start fluctuating more wildly (Scheffer et al. 2012, Carpenter
et al. 2019). The interconnected globalized world is currently confronted with uncertain
futures, extremes, and turbulent times (pandemics, climate change, political tension,
extreme events, rising inequality, fake news, etc.). Information technologies allow
information to travel fast, and the participatory nature of new media give it a central role in
shaping individual attitudes, feelings and behaviours (Williams et al. 2015, Lazer et al. 2018),
can underpin large social mobilization and protests (Steinert-Threlkeld et al. 2015), and
influence social norms and policy-making (Barbéra et al. 2019, Stewart et al. 2019).

Clearly, technological change such as information technology, artificial intelligence, and
synthetic biology will drastically change economies, human relations, social organisation,
culture and civilization, creating new unknown futures. However, technological change alone
will not lead to transformations towards sustainability. It could take humanity into diverse
directions, pleasant and unpleasant ones, and with different distributional impacts.
Therefore, the technological dimension of development has to be deliberately and
strategically guided to contribute to sustainable futures (Westley et al. 2011, Galaz 2014).

On the other hand, transformations to sustainability are unlikely to happen without the
deployment of technologies that, e.g., help build resilience and development on the ground
(Brown 2016, USAID 2018), support transformations of current food production and
innovation systems (Gordon et al. 2017, Reardon et al. 2019), and contribute to a shift
towards carbon neutral (or even negative) energy systems (Rockstrém et al. 2017).

Novel technologies and sustainability

Much of the discussions about the importance to direct technological change towards
sustainability has centered on technologies associated with sectors with substantial impacts
on the climate system, such as energy production, transportation, and agriculture, including
the potential role of technologies that could help actively remove greenhouse gases from
the atmosphere.

In general, the following categories of new technologies will and are already having bearing
on global sustainability: the diversity of existing and emerging renewable energy
technologies, like solar cells, hydrogen energy, wind generators, or geothermal heating; the
digital transformation, with Artificial Intelligence (Al), satellite monitoring, quantum
computing, and precision agriculture; synthetic biology, including biotechnology and genetic
and molecular engineering, by redesigning and using organisms to solve problems in
medicine, manufacturing and agriculture; mechanical engineering, like robotics and also
nanotechnology. They should be considered as essential part of the way forward when
designing transformative pathways towards sustainability.
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As human pressures on the biosphere increase, so does the hope that rapid advances in Al
(including automated decision making, data mining and predictive analytics) in combination
with rapid progresses in sensor technology and robotics, will be able to increase society’s
capacities to detect, adapt and respond to climate and environmental change without
creating new vulnerabilities (Joppa 2017).

Such technologies are already now being applied in a number of research fields related to
the environment and climate change including environmental monitoring, conservation and
“green” urban planning (Reichstein et al. 2019, Hino et al. 2018, Wearn et al. 2019, llieva and
McPhearson 2018). A recent synthesis also points at possible applications related to the
Sustainable Development Goals (Vinuesa et al. 2020). While nascent in terms of both scale
and impact, such early applications should be viewed as examples of technological “niche-
innovations” with the potential to rapidly upscale and shape ecosystems and institutions in
multiple geographies (Geels et al. 2017). Such innovations have been claimed to be central
for a “digital revolution for sustainable development” (Sachs et al. 2019).

Applications of these technologies are likely to have effects that span beyond climate and
environmental research and monitoring, and more efficient natural resource use and
extraction. Al-supported recommender systems as an example, influence consumer choices
already today (André et al. 2018). Targeted attacks in social media by social bots,
applications of computer algorithms that automatically produce content and interact with
humans on social media, “trying to emulate and possibly alter their behavior" (Ferrara et al.
2016, Grinberg et al. 2019), also influence conversations in social media about climate and
environmental issues (Garcia et al. 2019) and affect institutions for deliberative democracy
(Dryzek et al. 2019).

So far, the technological changes to our social systems have not come about with the
purpose of promoting global sustainability (van der Leeuw 2019). This remains true of recent
and emerging technologies, such as online social media and information technology, causing
changes that are increasingly far-reaching, ambiguous, and largely unregulated (Del Vicario
et al. 2016, Bak-Coleman et al. in review). For example, online social networks are highly
dynamic systems that change as a result of numerous feedbacks between people and
machines. Algorithms suggest connections and people respond, and the algorithms, trained
to optimize user experience, adapt to the responses. Together, these interactions and
processes alter what information people see and how they view the world (Bergstrom and
Bak-Coleman 2019).

Hence, applications of novel technologies stemming from advancements in Al could at best
be benevolent, and lead to improved stewardship of landscapes, seascapes, water or climate
dynamics, through improved monitoring and interventions, as well as more effective
resource use. Negative impacts of social media on vulnerable groups (Barocas et al. 2017)
are also pertinent because these technologies diffuse rapidly into society and in sectors with
clear impacts on land and ocean ecosystems and the climate system. This issue needs to be
taken seriously as technological changes influence decisions with very long-term climatic and
biosphere consequences (Galaz 2019, Cave and Ohéigeartaigh 2019).
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Social media and social change

It is well known that dire warnings can lead to disconnect of the audience if it is not
accompanied by a feasible perspective for action. Social media provides and changes our
perception of the world, by promoting a sense of crisis and unfairness, but also facilitating
social self-organization in novel ways, providing a powerful drive for social change.

On the worrying side, isolationism stimulated by social-media-boosted discontent may
hamper global cooperation needed to curb global warming, biodiversity loss, wealth
concentration, and other trends. On the other hand, social media has powered movements
such as school strikes, extinction rebellion, voluntary simplicity, bartering, flight-shame, the
eat-local movement and veganism to promote a steadily rising global awareness of pressing
issues, that may ultimately shift social norms (Nyborg et al. 2016, Barrett et al. 2020), trigger
reforms towards sustainability (Otto et al. 2020) and perhaps also wealth equalization at all
institutional levels (Scheffer et al. 2017).

The combination of discontent and self-organization promotes rebellion against the old way
of doing things, as in street protests, populist votes, radicalization and terrorism, but also
catalyses the search for alternative ways, as in bartering and sharing platforms, or voluntary
simplicity and other lifestyle movements (Carpenter et al. 2019).

The rise of social media and technologies such as bots and profiling has been explosive, and
the mere rate of change has made it difficult for society to keep pace. Crowd-sourced fact
checking may be combined with computer assisted analyses and judgements from
professionals (Hassan et al. 2009), and labelling quality of media sources ranging from
internet fora to newspapers and television stations may alert users to the risk of
disinformation and heavy political bias (Pennycook and Rand 2019). With time, such
approaches together with legislation, best-practice agreements, and individual skills of
judging the quality of sources may catch up to control some of the negative side-effects.

The emerging picture is that social media have become a global catalyst for social change by
facilitating shifts on scales ranging from individual attitudes to broad social norms and
institutions. It remains unclear, however, whether this new ‘invisible hand’ will move the
world on more sustainable and just pathways. Can the global, fast moving capacity for
information sharing and knowledge generation through social media help lead us towards a
just world where future generations thrive within the limits of our planet’s capacity (Scheffer
2020)?

Social innovation and transformation

According to Our Common Journey: Transitions toward sustainability (1999) “the primary
goals of a transition toward sustainability over the next two generations should be to meet
the needs of a much larger but stabilizing human population, to sustain the life support
systems of the planet, and to substantially reduce hunger and poverty.” The metaphors of
journey and navigation used in the report reflect the view shared here that the pathways of
a transition to sustainability cannot be charted fully in advance but will be a collective,
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uncertain and ongoing adaptive endeavour involving social learning in response to dynamic
change (Clark et al. 2001, Folke et al. 2005, Pahl-Wostl et al. 2007, Chaffin and Gunderson
2016).

However, there is consensus arising that transitions toward sustainability in the
Anthropocene will not be achieved by adaptation alone, and certainly not by incremental
change only, but rather that more fundamental systemic transformations will be needed
(Walker et al. 2009b, Biermann et al. 2012b, Hackmann and St. Clair 2012, Kates et al. 2012,
Leach et al. 2012, O’Brien 2012, Olsson et al. 2017, Diaz et al. 2019, Elmquvist et al. 2019).

Transformation implies fundamentally rewiring the system, its structure, functions,
feedbacks, and properties (Reyers et al. 2018). But, despite such changes, there is hope for
smooth profound systemic transformations, with dignity, respect and in democratic fashions
(Feola 2015), instead of large-scale disruptive or revolutionary societal transformations like
those of earlier civilizations (Tainter 1988, Redman 1999, Diamond 2005, van der Leeuw
2019). It will require trust building, cooperation, collective action and solid institutions.

A characteristic feature of transformations is that change across different system states
(trajectories or pathways) is not predetermined, but rather emerges through diverse
interactions across scales and among diverse actors (Westley et al. 2011, Longhurst and
Chilvers 2019). Therefore, the literature on transformations towards sustainability
emphasize framing and navigating transformations rather than controlling those (Leach et al.
2010). Work on socio-technical sustainability transitions, social-ecological transformations,
and social innovation provide insights into these dynamics (Geels and Schot 2007, Olsson et
al. 2014, Patterson et al. 2017, Westley et al. 2017).

These literatures have illustrated the importance of connectivity and cross-level interactions
for understanding the role of technological and social innovation and transformative
systemic change (Westley et al. 2011, Loorbach et al. 2017). The work emphasizes the
importance of fostering diverse forms of novelty and innovations at the micro-level,
supported by the creation of ‘transformative spaces’, shielded from the forces of dominant
system structures. These allow for experimentation with new mental models, ideas, and
practices that could help shift societies onto more desirable pathways (Loorbach 2010,
Pereira et al. 2018). The examples of the Seeds of a Good Anthropocene project reflect
ongoing local experiments that, under the right conditions, could accelerate the adoption of
pathways to transformative change (Bennett et al. 2016).

It has been shown that real world transformations come about through the alignment of
mutually reinforcing processes within and between multiple levels. For example, the
alignment of ‘niche innovations’ or ‘shadow networks’ (which differ radically from the
dominant existing system but have been able to gain a foothold in particular market niches
or geographical areas) with change at broader levels and scales can create rapid change.
Both slow moving trends (e.g., demographics, ideologies, accumulation of GHG) and sudden
shocks (e.g., elections, economic crises, pandemics, extreme events) can start to weaken or
disturb the existing institutional system and create windows-of-opportunity for niche
innovations - new practices, governance systems, value orientations - to become rapidly
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dominant (Olsson et al. 2004, 2008, Smith et al. 2005, Chaffin and Gunderson 2016, Geels et
al. 2017) (Figure 10).

Hence, turbulent times may unlock gridlocks and traps and open up space for new things to
happen, for innovation and novelty (Gunderson and Holling 2002). Key individuals, often
referred to as policy, institutional or moral entrepreneurs, mobilize and combine social
networks in new ways, preparing the system for change (Olsson et al. 2004, 2008, Moore
and Westley 2011, Westley et al. 2013, O’Brien 2015, Antadze and McGowan 2017). Bridging
organisations tend to emerge, within or with new institutions, connecting governance levels
and spatial and temporal scales (Cash et al. 2006, Hahn et al. 2006, Brondizio et al. 2009,
Rathwell and Peterson 2012). In several cases, the broader social contexts provide an
enabling environment for such emergence, for example through various incentive structures
or legal frameworks. When a window opens, there is skilful navigation of change past
thresholds or tipping points, and thereafter a focus on building the resilience of the
transformed system (Chapin et al. 2010, Gelcich et al. 2010, Moore et al. 2014, Schultz et al.
2015).
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Figure 10. The transformation process. A social innovation matures to the extent that the
initiative becomes prepared for change. And when change happens, when the window-of-
opportunity unlocks at broader levels of governance, often in relation to disturbance, the
new initiative can be skilfully navigated through the window and transitioned into a new
development pathway, making it possible to transform the governance system and start
building resilience of the new situation and taking it to scale (based on Olsson et al. 2004,
Geels et al. 2017, Herrfahrdt-Péhle et al. 2020).
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Generally, the resulting transformation goes beyond the adoption of a new technology or a
local social innovation alone. Instead it includes a portfolio of actions like investment in new
infrastructures, establishment of new markets, development of new social preferences, or
adjustment of user practices. Furthermore, transformations gain momentum when multiple
innovations are linked together, improving the functionality of each and acting in
combination to reconfigure systems (Arthur 2009, Geels et al. 2017, Westley et al. 2017).

Successful social innovations are recognized by their capacity to radically shift broad social
institutions (economies, political philosophies, laws, practices and cultural beliefs) that
provide structure to social life (Westley at al. 2016, 2017). In addition, social innovations
seldom unfold in a deterministic manner, but with a kind of punctuated equilibrium, first
languishing and then accelerating at times of opportunity or crisis. There is also the need for
awareness of the shadow side of all innovation, the consequences of intervention in a
complex system (Holling and Meffe 1996). This is unavoidable but manageable if caught
early, but needs attention, particularly in times of rapid change (Westley et al. 2017).

Social innovation is currently underway in many domains linked to climate change, like
renewable energy (Geels et al. 2017) or agriculture (Pigford et al. 2018) and highlight the
importance of innovations not only in science and technology, but also in institutions,
politics, and social goals for sustainability. However, for these to have transformative impact,
cultural shifts similar to those that accelerated the anti-smoking movement and the gay
marriage movement need to occur (Marshall et al. 2012, Nyborg et al. 2016, Moore et al.
2015).

There are suggestions for social tipping interventions to activate large-scale systemic shifts
through e.g. rapidly spreading of technologies, shifts in social norms and behaviors, or
structural reorganization of sectors, corporations and societies (Geels et al. 2017, Folke et al.
2019, Otto et al. 2020). There are signs that such shifts are underway in western cultures, a
desire for fundamental change towards a more sustainable way of life (Wibeck et al. 2019)
aided by social movements such as that led by Greta Thunberg and the youth-led Extinction
Rebellion, as well as a strong move to more healthy and sustainable diets (Carpenter et al.
2019, Grisby 2004, Willet et al. 2019). Again, all these changes can only unfold against a
backdrop of cultural transformation, the slow variable that needs attention as urgently as
the decarbonization of our economy (Fogarty et al. 2015, Creanza et al. 2017).

Narratives of action for the future

Narratives are ways of presenting or understanding a situation or series of events that
reflects and promotes a particular point of view or set of values. Narratives can serve as
meaning-making devices, provide actors with confidence to act and coordinate action. They
are of significance in shaping and anchoring worldviews, identities, and social interactions
(van der Leeuw 2019b).

Narratives of hope have proven essential for social resilience (Markus and Nurios 1986,
Eggerman and Bricks 2010, Lamont 2019). Social resilience refers to the capacity of
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individuals, groups, communities and nations to secure favourable outcomes (material,
symbolic, emotional) under new circumstances and when necessary by new means, even
when this entails significant modifications to behaviour or to the social frameworks that
structure and give meaning to behaviour (Hall and Lamont 2012).

Transforming towards sustainable futures will require broadening cultural membership by
promoting new narratives that resonate, inspire, and provide hope centred on a plurality of
criteria of worth and social inclusion. Here, we are concerned with the challenge of
motivating a collective recognition of our interdependence with the biosphere and economic
and political action based on that recognition.

Collective conceptions of the future have many aspects. They include: 1) whether the future
is conceived as near or far and is understood in terms of long, medium and short-term
rewards; 2) what is likely and possible and how contingent these outcomes are; 3) whether
the future will be good or bad; 4) how much agency individuals have on various aspects of
their individual and collective future (concerning for instance, politics, societal orientation,
personal and professional life; 5) who can influence the collective future (e.g., the role of the
state policies and various societal forces in shaping them); 6) whether the future is
conceived as a cyclical or as a linear progression; 7) how stable our conceptions of the future
is and how they are influenced by events (terrorist attacks, recessions, pandemics); and 8)
whether aspirations are concealed or made public.

Behind these various issues one finds other basic conceptions about agency (are individuals
master of their fate), the impact of networks (how much is fate influenced by peers, family
and others), the impact of social structure (what is the impact of class, race, gender, place of
origin) on where we end up, and how much does our environment (segregation, resource
availability, environmental conditions) influence our opportunities. Therefore, it is important
to remember that, although individuals play essential roles in narratives of hope, such
images of the future are seldom creations of individuals alone, but shaped by many cultural
intermediaries working in the media, in education, in politics, in social movements and in
other institutions that feed our societal and cultural scripts and cultural repertoires.”

Narratives of hope as cultural scripts are more likely to become widely shared if they offer
possible course of action, something that reasonable people can aspire to. This sharing
bolsters people’s sense of agency, the perception that they can have an impact on the world
and on their own lives, that they can actually achieve what is offered to them. In contrast to
doomsday or climate-denying narratives (Oreskes and Conway 2010), these scripts feed a
sense of active agency. Such ‘fictional expectations’, anchored in narratives that are
continually adapted, are at the core of market dynamics confronted with an uncertain future
affecting money and credit, investment, innovation, and consumption (Beckert 2016).

7 Cultural scripts represent commonly held assumptions about social interaction, and serve as a kind
of interpretive background against which individuals position their own acts and those of others.
Cultural repertoires refer to available schemas, frames, narratives, scripts and boundaries that actors
draw on in social situations (Lamont et al. 2017).
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Narratives of hope represent ideas about ‘imagined futures’ or alternative ways of
visualizing and conceptualizing what has yet to happen and motivate action towards new
development pathways (Mische 2009, Jasanoff and Kim 2015, Milkoreit 2017). As they
circulate and become more widely shared, such imagined futures have the potential to
foster predictable behaviours. These in turn can stimulate new laws, regulations, and
investments in research and development of new technologies that fit the aspirations of the
imagined futures. Therefore, decisions under uncertainty are not simply technical problems
easily dealt with by rational calculation, but are also a function of the creative elements of
decision-making (Beckert and Bronk 2018).

There is a rich literature on scenarios for sustainable futures, narratives articulating multiple
alternative futures in relation to critical uncertainties, increasingly emphasizing new forms of
governance, technology as a bridge between people and the deep reconnection of humanity
to the biosphere, and engaging diverse stakeholder in participatory processes as part of the
scenario work (Peterson et al. 2003, Swart et al. 2004, Carpenter et al. 2006, Hamann et al.
2020).

Research has convincingly demonstrated that heterogeneity, nonlinearities, and innovation
characterize the Anthropocene with development pathways that cannot be fully predicted in
advance. Causes, at times simple, are always multiple (Gunderson and Holling 2002). The
implication of inherent unpredictability is that transformations towards sustainable and just
futures can realistically be pursued only through strategies that not only attend to the
dynamics of the system, but also nurture our collective capacity to guide development
pathways in a dynamic, adaptive, and reflexive manner (Clark and Harley 2020, Freeman et
al. 2020). Rather than striving to attain some particular future it calls for a system of guided
self-organization (Propenko 2009). It involves anticipating and imagining futures and
behaving and acting on those in a manner that does not lead to loss of opportunities to live
with changing circumstances, or even better enhances those opportunities, i.e. builds
resilience for complexity and change (Berkes et al. 2003, Folke 2006).

In order to better understand the complex dynamics of the Anthropocene and uncertain
futures, work is now emerging on human behaviour as part of complex adaptive systems
(Levin et al. 2013), like anticipatory behaviour (using the future in actual decision processes),
or capturing behaviour as both ‘enculturated’ and ‘enearthed’ and co-evolving with socio-
cultural and biophysical contexts (Boyd et al. 2015, Waring et al. 2015, Hoff and Stiglitz 2016,
Poli 2017, Haider and van Oudenhoven 2018, Mercon et al. 2019, Schill et al. 2019, Schliiter
et al. 2019), illustrating that cultural transmission and evolution can be both continuous and
abrupt (Kolodny et al. 2016, Creanza et al. 2017).

Narratives of hope for transformations towards sustainable futures are in demand. Clearly,
technological change plays a central role in any societal transformation. Technological
change has been instrumental in globalisation and will be instrumental for global
sustainability. No doubt, the new era of technological breakthroughs will radically change
the structure and operation of societies and cultures. But, as has been made clear here, the
recipe for sustainable futures also concerns cultural transformations that guide technological
change in support of a resilient biosphere, that reconnect development to the biosphere
foundation.
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Biosphere stewardship for prosperity

Transformation towards sustainability in the Anthropocene has at least three systemic
dimensions. First, it involves a shift in human behaviour away from degrading the life-
support foundation of societal development. Second, it requires management and
governance of human actions as intertwined and embedded within the biosphere and the
broader Earth system. Third, it involves enhancing the capacity to live and develop with
change, in the face of complexity and true uncertainty, that is, resilience-building strategies
to persist, adapt, or transform.

Biosphere stewardship incorporates economic, social, and cultural dimensions with the
purpose of shaping and safeguarding the resilience of the biosphere for human well-being
and fostering the sustainability of a rapidly changing planet (Chapin et al. 2010). Stewardship
is an active shaping of social-ecological change that integrates reducing vulnerability to
expected changes, fostering resilience to sustain desirable conditions in the face of the
unknown and unexpected, and transforming from undesirable pathways of development
when opportunities emerge (Chapin et al. 2010, Mathevet et al. 2018). It involves caring for,
looking after and cultivating a sense of belonging in the biosphere, ranging from local people
and environments to the planet as a whole (Heise 2008, Engvist et al. 2018, Plummer et al.
2020).

Such stewardship is not a top-down approach forced on people, nor solely a bottom-up
approach. It is a learning-based process with a clear direction, engaging people to
collaborate and innovate across levels and scales as integral parts of the systems they
govern (Cash et al. 2003, Tengo et al. 2014, Clark et al. 2016, Folke et al. 2016, Matson et al.
2016, Norstrom et al. 2020).

Here, we focus on biosphere stewardship in relation to climate change, biodiversity and
transformations for sustainable futures.

From emission reductions alone to biosphere stewardship

Global sustainability involves shifting excessive, wasteful and imbalanced consumption
founded on a fossil-fuel-driven economy into a renewable energy-based economy of low
waste and greater circularity within a broader value foundation. Market-driven progress
combined with technological change certainly plays an important role in dematerialization
(Schmidheiny 1992, McAfee 2019), but do not automatically redirect the economy towards
sustainable futures. Public awareness, responsible governments and international
collaborations are needed for viable economic developments, acknowledging that people,
nations and the global economy are intertwined with the biosphere and a global force in
shaping its dynamics.

Since climate change is not an isolated phenomenon but a consequence of the recent
accelerating expansion of human activities on Earth, the needed changes concern social
organization and dynamics influencing the emissions of greenhouse gases from burning
fossil fuels, technologies and policies for reducing such emissions, various approaches for
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carbon capture and storage, as well as governance of critical biosphere processes linked to
climate change, such as in agriculture, forestry, and the oceans (Nielsen et al. 2020). In
addition, guarding and enhancing biodiversity will help us address climate change, by helping
both to mitigate climate change by storing and sequestering carbon in ecosystems, and by
building resilience and capacity to adapt to the inevitable effects of unavoidable climate
change (Dasgupta 2020).
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Figure 11. A Roadmap for Rapid Decarbonization — without deep emissions cuts the world
takes a high risk strategy (currently the default strategy) of over-reliance on risky negative
emissions technologies in the near future. Avoiding this trap means cutting emissions by half
every decade — the Carbon Law trajectory. Meeting the Paris Agreement goals will require
bending the global curve of CO; emissions by 2020 and reaching net-zero emissions by 2050.
It furthermore depends on rising anthropogenic carbon sinks, by transitioning world
agriculture from a major carbon source (red) to become a major carbon sink (green) by the
2nd half of this century, carbon sinks from bioenergy and other forms of carbon capture and
storage (BECCS), engineering (grey) and land use (light blue), as well as sustained biosphere
carbon sinks, to stabilize global temperatures (modified from Rockstrom et al. 2017).

The global pandemic caused a sharp fall in CO2 emissions in 2020. The fall was not caused by
a long-term structural economic shift so it is unlikely to persist without strong government
intervention. Political action to regulate carbon emission is emerging, like the new Green
Deal in Europe which includes a European-wide climate law on net-zero GHG emissions at
the latest in 2050. Shifts towards renewable energy are taking place in diverse sectors
(Rockstrom et al. 2017, Jacobson et al. 2019). Carbon pricing through taxes, tariffs, tradeable
permits, as well as removal of fossil-fuel subsidies and incentives for renewable energy and
carbon sequestration (e.g. CCS techniques) are on the table and increasingly implemented
(Sterner et al. 2019). There are substantial material and emission gains to be made from
altered consumption patterns, infrastructure changes and shifts towards a circular economy.
Voluntary climate action among large corporations is emerging (Vanderbergh and Gilligan
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2017, Folke et al. 2019). There is general agreement that the pace of these changes must
rapidly increase in order to meet the Paris climate target (Figure 11).

In addition, active biosphere stewardship of critical tipping elements and carbon sinks, as in
forests, agricultural land, savannas, wetlands, and marine ecosystems is crucial to avoid the
risk of runaway climate change (Steffen et al. 2018). It involves protecting, sustaining,
restoring and enhancing such sinks. Recently, the existence of connections between finance
actors and capital markets and the tipping elements of tropical and boreal forests (Lenton et
al. 2008) have gained attention (Galaz et al. 2018), but so far this critical issue has not been
addressed sufficiently by decision-makers.

Furthermore, ecosystem restoration has the potential to sequester large amounts of carbon
dioxide from the atmosphere. The amount of carbon dioxide in the atmosphere derived
from destroyed and degraded lands is roughly equal to the carbon that remains in
ecosystems on land (about 450 billion tons of carbon) (Erb et al. 2018). The amount of
degraded lands in the world is vast, and restoring their productivity, biodiversity, and
ecosystem services could help keep global temperature increases within 1.5°C (Lovejoy and
Hannah 2018, 2019).

It has been estimated that nature-based solutions on land (from agriculture to reforestation
and afforestation) have the potential to provide over 30% of the emission reductions needed
by 2050 to keep global temperature increases to 1.5 and not more than 2 degrees Celsius
(Griscom et al. 2017, Roe et al. 2019). There is scope for new policies and practices for
nature-based solutions (Kremen and Merenlender 2018, Diaz et al. 2019). These solutions
will require shifts in governances towards active stewardship of water and ecosystem
dynamics and processes across landscapes, precipitationsheds, and seascapes (Dietz et al.
2003, Folke et al. 2005, Olsson et al. 2008, Ostrom 2010, Chaffin et al. 2016, Keys et al. 2017,
Osterblom et al. 2017, Duarte et al. 2020, Plummer et al. 2020).

Also, social tipping interventions towards biosphere stewardship have been proposed. Such
interventions can activate contagious processes of rapidly spreading technologies,
behaviors, social norms, and structural reorganization, where current patterns can be
disrupted and lead to fast reduction in anthropogenic greenhouse gas emissions (Nyborg et
al. 2016, Geels et al. 2017, Otto et al. 2020). The window of opportunity for such shifts may
emerge in times of turbulence and social discontent with the status quo (Biggs et al. 2010,
Carpenter et al. 2019, Schliiter et al. 2020). Creating conditions for processes of deliberate
democracy may guide transformative change (Dryzek et al. 2019).

Resilience and biosphere stewardship

It will also be necessary to strengthen biosphere capacity for dealing with extreme events,
both climate driven and as a consequence of a tightly coupled and complex globalised world
in deep interplay with the rest of the biosphere (Helbing 2013, Reyers et al. 2018). For
example, the challenge of policy and practice in satisfying demands for food, water and
other critical ecosystem services will most likely be set by the potential consequences of the
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emergent risk panorama and its consequences, rather than hard upper limits to production
per se (Cottrell et al. 2019, Nystrom et al. 2019, Xu et al. 2020).

In this sense, a resilience approach to biosphere stewardship becomes significant. Such an
approach is very different from those who understand resilience as return to the status quo,
to recover to business-as-usual. Resilience in relation to stewardship of complex adaptive
systems concerns capacities to live with changing circumstances, slow or abrupt, predictable
or surprising. It becomes especially relevant for dealing with the uncertain and unknown and
is in stark contrast to strategies that support efficiency and effectiveness for short term gain
at the expense of redundancy and diversity. Such strategies may work under relatively stable
and predictable conditions, but as stressed here, will create vulnerability in periods of rapid
change, during turbulent times, and are ill suited to confront the unknown (Carpenter et al.
2009, Walker et al. 2009b). Financial crises and pandemics serve as real world examples of
such vulnerabilities and make explicit the tension between connectivity and modularity in
complex adaptive systems (Levin 1998).

In contrast, intertwined systems of people and nature characterized by resilience will have
the capacity, whether through strategies like portfolio management, polycentric institutions,
or building trust and nurturing diversity (Costanza et al. 2000, Ostrom 2010, Biggs et al.
2012, Carpenter et al. 2012), to confront turbulent times and the unknown. Resilience
provides capacities for novelty and innovation in times of change, to turn crises into
opportunities for not only adapting, but also transforming into sustainable futures (Folke et
al. 2010, Westley et al 2011).

The immediate future will require capacities to confront challenges that we know little about
(Kates and Clark 1996, Keys et al. 2019). Given the global connectivity of environmental,
social, and economic systems, there is no scale at which resource pooling or trade can be
used to hedge against all fluctuations at smaller scales. This begs the question of what types
of investments may lead to a generalized capacity to develop with a wide range of potential
and unknown events (Polasky et al. 2011). One strategy is to invest in general infrastructure,
common to all systems, e.g. education, capacity to learn and collaborate across sectors,
multi-scale governance structures that enable systems to better detect changes and nimbly
address problems by reconfiguring themselves through transformative change (Levin et al.
2020).

Such strategies, often referred to as building ‘general resilience’, easily erode if not actively
supported (Biggs et al. 2012, Carpenter et al. 2012, Quinlan et al. 2015). The importance of
general resilience in intertwined systems of people and planet has been downplayed during
the rapid development of contemporary society. Even though general resilience is critical for
keeping options alive to face an uncertain turbulent world (Walker et al. 2009b), it has been
viewed as inefficient from a short-term perspective because there is a cost to maintaining it.
There has been a focus on short-term patchwork fixes within the short-time frames
encouraged by social media, election cycles, and stock market reports, rather than
addressing longer-term goals, values, vulnerabilities, and opportunities for people and
nature to flourish (Nystrom et al. 2019, Chapin 2020).
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Collaborating with the Biosphere

Clearly, a shift in perspective and action is needed, a shift not only within economies,
societies and cultures, but a shift that also redirects the human-nature relationship (Figure
12). This includes extending management and governance from the dominant focus on
producing food, fibre, and timber in simplified ecosystems to rebuilding and strengthening
resilience through investing in portfolios of ecosystem services for human wellbeing in
diversity-rich social-ecological systems (Reyers et al. 2013, Bennett et al. 2015, Isbell et al.
2017, Diaz et al. 2018).

Numerous activities protecting, restoring and enhancing diversity are taking place in this
direction ranging from traditional societies, local stewards of wildlife habitats, marine space,
and urban areas, to numerous NGOs, companies and enterprises, and various levels of
government, to international collaborations, agreements, and conventions (Barthel et al.
2005, Forbes et al. 2009, Raymond et al. 2010, Andersson et al. 2014, Barrett 2007, 2016,
Brondizio and Le Tourneau 2016, Osterblom et al. 2017, Barbier et al. 2018, Bennett et al.
2018, Johnson et al. 2019).

Examples include widespread use of marine protected areas from local places to marine
spatial planning to proposals for protecting the open ocean, enhancing marine biodiversity,
rebuilding fisheries and mitigating climate change (Worm et al. 2009, Sumaila et al. 2015,
Lubchenco and Grorud-Colvert 2015, Lubchenco et al. 2016, Sala et al. 2016, Gaines et al.
2018, Tittensor et al. 2019, Cinner et al. 2020, Duarte et al. 2020). There are major
restoration programmes of forests, wetlands and abandoned and degraded lands and even
revival of wildlife and rewilding of nature (Perino et al. 2019). Other efforts include ‘working-
lands conservation’ like agroforestry, silvopasture, diversified farming, and ecosystem-based
forest management, enhancing livelihoods and food security (Kremen and Merenlender
2018).

Framing of M
et Nature foritself
Extinction, threats and Ecosystems Environmental change
Species threatened species
: _ Ecosystem approach Resilience
Key ideas Wilderness Habitat loss
Protected areas Pollution Ecosystem services Adaptability
Overexploitation Economic values Social-ecological systems
Science Species, habitats Population biology, Ecosystem functions, Interdisciplinary,
underpinning and wildlife ecology natural resource management environmental economics social and ecological sciences
Timeline 1960 1970 1980 1990 2000 2005 2010 2020

Figure 12. Shifts in perspective on the human-nature relationship (modified from Mace
2014).

43



The world’s ecosystems can be seen as capital assets, if well-managed, their lands, waters,
and biodiversity yield a flow of vital life-support services (Daily et al. 2009). Investing in
natural capital has become a core strategy of agencies and major nations, like China, for
wellbeing and sustainability, providing greater resilience to climate change (Guerry et al.
2015, Ouyang et al. 2016). It involves combining science, technology, and partnerships to
develop nature-based solutions and enable informed decisions for people and nature to
thrive and invest in green growth (Mandle et al. 2019).

There are several examples of adaptive management and adaptive governance systems that
have transformed social-ecological dynamics of landscapes and seascapes into biosphere
stewardship (Chaffin et al. 2014, Schultz et al. 2015, Walker 2019, Plummer et al. 2020).
Stewardship of diversity as a critical feature in resilience building is about reducing
vulnerability to change and multiplying the portfolio of options for sustainable development
in times of change, it shifts focus from commodity to redundancy to response diversity for
dealing with change (EImquvist et al. 2003, Grét-Regamey et al. 2019, Dasgupta 2020).

Clearly, the economic contributions of biodiversity are highly significant as reflected in many
efforts to expose and capture economic values of biodiversity and ecosystem services (Daily
et al. 2000, Sukhdev et al. 2010, Kinzig et al. 2011, Costanza et al. 2014, Naeem et al. 2015,
Barbier et al. 2018, Dasgupta 2020).

Also, the role of the cultural context is fundamental in clarifying the significance of diversity
and resilience in nature’s contribution to people (Diaz et al. 2018). A focus on biocultural
diversity and coevolution of people and nature is gaining ground as a means to understand
dynamically changing social-ecological relations (Barthel et al. 2013, Mercon et al. 2019,
Haider et al. 2019).

Broad coalitions among citizens, businesses, nonprofits, and government agencies have the
power to transform how we view and act on biosphere stewardship and build Earth
resilience. Science has an important new role to play here as an honest broker, engaging in
evidence-informed action and coproduction of knowledge in collaboration with practice,
policy and business (Reyers et al. 2015, Wyborn et al. 2019, Norstrém et al. 2020). Such
actions range from direct engagements between scientists and local communities (Tengo et
al. 2014) or transnational corporations (Osterblom et al. 2017), or through the delivery of
scientific knowledge and method into multi-stakeholder arenas, such as boundary or
bridging organisations (Crona and Parker 2012, Cash et al. 2003, Hahn et al. 2006,
Kristjanson et al. 2009) where it can provide a basis for learning and be translated into
international negotiations (Backstrand 2003, Biermann et al. 2008, Tengo et al. 2017, Galaz
et al. 2016) or government practice (Crona and Parker 2011).

In this context, work identifying leverage points for anticipated and deliberate
transformational change towards sustainability is gaining ground, focusing on less obvious
but potentially far more powerful areas of intervention and centred on reconnecting people
to nature, restructuring institutions, and rethinking how knowledge is created and used in
pursuit of sustainability (Abson et al. 2017, Fischer and Riechers 2019). This includes efforts
to accelerate positive transformations by identifying powerful actors, like financial investors
or transnational corporations, and articulating key domains with which these actors need to
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engage in order to enable biosphere stewardship (Osterblom et al. 2017, Galaz et al. 2018,
Folke et al. 2019, Jouffray et al. 2019). Such efforts serve an increasingly important space for
scientists to engage in, helping hold corporations accountable, stimulating them to take on
responsibility for the planet and develop leadership in sustainability. Such science-business
engagement will become increasingly important to ensure that companies’ sustainability
agendas are framed by science rather than the private sector alone (Osterblom et al. 2015,
Barbier et al. 2018, Blasiak et al. 2018, Galaz et al. 2018, Folke et al. 2019, Jouffray et al.
2019).

The International science-policy platform for biodiversity and ecosystem services (IPBES), an
international body for biodiversity similar to the IPCC for the climate, has proposed key
features for enabling transformational change (Figure 13)

The rapid acceleration of current earth-system changes provides new motivations for action.
Climate change is no longer a vague threat to some distant future generation but an
environmental, economic, and social disruption that today’s youth, communities,
corporations, and governments are increasingly experiencing. This provides both ethical and
selfish motivations for individuals and institutions to launch transformative actions that
shape their futures rather than simply reacting to crises as they emerge.

Nexus

» Feeding humanity through ecosystem stewardship
and nature-based solutions

Multi-actor interventions (levers)

« Meeting climate goals without incurring massive
land-use change and biodiversity loss

- Stewardship of freshwater for people and nature
= Balancing seafood provision with ocean stewardship

« Strengthening nature's resilience to deal with shocks
and extremes

A « Resourcing growing cities through stewardship of
nature's contributions

« Incentives and capacity building LeVefage pOintS

+ Cross-sectoral cooperation

+ Pre-emptive action + Embrace diverse

+ Decision-making in the context of Visicns of agodd life

resilience and uncertainty » Reduce total
« Environmental law and consumption and waste
implementation = Unleash values and action
* Reduce inequalities
= Practice justice and inclusion in stewardship
« Internalize externalities and telecouplings

« Ensure enviror Ily friendly technology, innovation
and investment

« Promote education and knowledge generation and sharing

Figure 13. Collaborative implementation of priority interventions (levers) targeting key
points of intervention (leverage points representing major indirect drivers) could enable
transformative change from current trends toward more sustainable ones. Effectively
addressing these levers and leverage points requires innovative governance approaches and
organizing the process around nexuses, representing closely interdependent and
complementary goals (modified from Diaz et al. 2019).

Given the urgency of the situation and the challenge of stabilising the Earth System in
Holocene-like conditions, the pace of current actions have to rapidly increase and expand to
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support a transformation towards active stewardship of human actions in concert with the
biosphere foundation. It will require reform of critical social, economic, political, and cultural
dimensions (Tallis et al. 2018, Diaz et al. 2019, Barrett et al. 2020).

Concluding remarks

The success of social organisation into civilizations and more recently into a globalized world
has been impressive and highly efficient. It has been supported by a resilient biosphere, and
a hospitable climate. Now, in the Anthropocene, a continuous expansion mimicking the
development pathways of the past century is not a viable option for shifting towards
sustainable futures.

Humanity is embedded within, intertwined with and dependent upon the living biosphere.
Humanity has become a global force shaping the operation and future of the biosphere and
the broader Earth system. Climate change and loss of biodiversity are symptoms of the
situation. The accelerating expansion has eroded biosphere and Earth system resilience and
is now challenging human wellbeing, prosperity and possibly even the persistence of
societies and civilisations.

The expansion has led to hyper-connectivity, homogenisation, and vulnerability in times of
change, in contrast to modularity, redundancy and resilience to be able to live with changing
circumstances. In the Anthropocene, humanity is confronted with turbulent times and with
new intertwined dynamics of people and planet where fast and slow change interplay in
unexperienced and unpredictable ways. This is becoming the new normal.

Our future on our planet will be determined by our ability to keep global warming well-
below 2°C and foster the resilience of the living biosphere. A pervasive thread in science is
that building resilient societies, ecosystems, and ultimately the health of the entire Earth
system hinges on supporting, restoring and regenerating diversity in intertwined social and
ecological dimensions. Diversity builds insurance and keeps systems resilient to changing
circumstances. Clearly, nurturing resilience is of great significance in transformations
towards sustainability and requires collective action on multiple fronts, action that is already
being tested by increasing turbulence incurred by seemingly unrelated shocks.

Equality holds communities together, and enables nations and regions to evolve along
sustainable development trajectories. Inequality, in terms of both social and natural
capitals, are on the rise in the world, and need to be addressed as an integral part of our
future on Earth.

We are facing a rapid and significant repositioning of sustainability as the lens through which
innovation, technology and development is driven and achieved. What only a few years ago
was seen as a sacrifice is today creating new purposes and meanings, shaping values and
culture, and is increasingly seen as a pathway to novelty, competitiveness and progress.

This is a time when science is needed more than ever. Science provides informed consensus
on the facts and trade-offs in times of misinformation and polemics. The planetary
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challenges that confront humanity need governance that mobilizes the best that science has
to offer with shared visions for sustainable futures and political will and competence to
implement choices that will sustain humanity and the rest of the living world for the next
millennium and beyond.

There is scope for changing the course of history into sustainable pathways. There is urgent
need for people, economies, societies and cultures to actively start governing nature’s
contributions to wellbeing and building a resilient biosphere for future generations. It is high
time to reconnect development to the Earth system foundation through active stewardship
of human actions into prosperous futures within planetary boundaries.
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