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Abstract The COVID-19 pandemic has exposed anINTRODUCTION

interconnected and tightly coupled globalized world in

rapid change. This article sets the scientibc stage foHumans are the dominant force of change on the planet,
understanding and responding to such change for globaiving rise to a new epoch referred to as the Anthropocene.
sustainability and resilient societies. We provide a systemid@his new epoch has profound meaning for humanity and
overview of the current situation where people and natur®ne that we are only beginning to fully comprehend. We
are dynamically intertwined and embedded in thenow know that society needs to be viewed as part of the
biosphere, placing shocks and extreme events as part bfosphere, not separate from it. Depending on the collec-
this dynamic; humanity has become the major force intive actions of humanity, future conditions could be either
shaping the future of the Earth system as a whole; and thieenebcial or hostile for human life and wellbeing in the
scale and pace of the human dimension have causefihthropocene biosphere. Whether humanity has the col-
climate change, rapid loss of biodiversity, growing lective wisdom to navigate the Anthropocene to sustain a
inequalities, and loss of resilience to deal withlivable biosphere for people and civilizations, as well as for
uncertainty and surprise. Taken together, human actiorthe rest of life with which we share the planet, is the most
are challenging the biosphere foundation for a prosperourmidable challenge facing humanity.

development of civilizations. The Anthropocene realityN  This article provides a systemic overview of the
of rising system-wide turbulenceNcalls for transformative Anthropocene biosphere, a biosphere shaped by human
change towards sustainable futures. Emergingctions. It is structured around the core themes of the prst
technologies, social innovations, broader shifts in culturaNobel Prize SummitNOur Planet, Our Future, namely
repertoires, as well as a diverse portfolio of activeclimate change and biodiversity loss, inequality and global
stewardship of human actions in support of a resilientsustainability, and science, technology, and innovation to
biosphere are highlighted as essential parts of sucknable societal transformations while anticipating and

transformations. reducing potential harms (Bog). These interconnected
themes are framed in the context of the biosphere and the

Keywords Anthropocene Biosphere stewardship Earth system foundation for global sustainability, empha-

Biodiversity Climate Resilience Social-ecological sizing that people and nature are deeply intertwined. Sci-

entibc evidence makes clear that both climate change and
biodiversity loss are symptoms of the great acceleration of
human actions into the Anthropocene, rather than inde-
pendent phenomena, and that they interact, and interact
with social, economic, and cultural development. It
emphasizes that efpciency through simplibcation of our
This work has not been ofbcially peer-reviewed and represents theg_JIObaI . pr_OdUCtlon eCOS_y_Stem _challenges biosphere resi-
authors® personal but well supported read and understanding of th€NCe in times when resilience is needed more than ever, as
peld. a critical asset of Rexibility and insurance, for navigating
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BOX 1 The brst Nobel Prize SummitQur Planet, Our Future

The brst Nobel Prize SummiQur Planet, Our Futureis an online convening to discuss the state of the planet
critical juncture for humanity. The Summit brings together Nobel Laureates and other leading scientists with {
leaders, policy makers, business leaders, and young people to explore solutions to immediate challenges f
global civilization: mitigate and adapt to the threat posed by climate change and biodiversity loss, reduce inec
and lift people out of poverty, and made even more urgent due to the economic hardships posed by the pande
harness science, technology, and innovation to enable societal transformations while anticipating and reducing
harms. The Nobel Prize Summit includes both workshops, publications, and online programmes in forms of w
pre-events, and the Nobel Prize Summit days on April 26D28, 2021. The Summit is convened by the Nobel Fou
in partnership with the U.S. National Academy of Sciences, the Potsdam Institute for Climate Impact Research
Stockholm Resilience Centre, Stockholm University/Beijer Institute, Royal Swedish Academy of Sciences. This
is a condensed and updated version of the White Paper OOOur future in the Anthropocene biosphere: global su
and resilient societiesOO (Folke e2@20 written for the Nobel Prize Summit.
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rising turbulence, extreme events, and the profoundHE BIOSPHERE AND THE EARTH SYSTEM
uncertainty of the Anthropocene. This implies that not onlyFOUNDATION

will it be critical to curb human-induced climate change

but also to enhance the regenerative capacity of the bicmbedded in the biosphere

sphere, and its diversity, to support and sustain societal

development, to collaborate with the planet that is ourThe Universe is immense, estimates suggest at least two

home, and collaborate in a socially just and sustainablérillion galaxies (Conselice et aR016. Our galaxy, th

e

manner. This is the focus of the last part of this article onMilky Way, holds 100 to 400 billion stars. One of those
biosphere stewardship for prosperity. We stress that prostars, our sun, has eight planets orbiting it. One of those,

perity and wellbeing for present and future generations willplanet Earth, has a biosphere, a complex web of life,
require mobilization, innovation, and narratives of societalsurface. The thickness of this layer is about twenty
transformations that connect development to stewardshimetres (twelve miles). This layer, our biosphere, is the

at its
kilo-
only

of human actions as part of our life-supporting biosphereplace where we know life exists. We humans emerged and
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Fig. 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. Artwork by J. Lokrantz, Azote

evolved within the biosphere. Our economies, societiesyorldwide interactions and dependencies (Folke et al.
and cultures are part of it. It is our home. 2016.

Across the ocean and the continents, the biosphere Belief systems that view humans and nature as separate
integrates all living beings, their diversity, and their rela- entities have emerged with economic development, tech-
tionships. There is a dynamic connection between the livhological change, and cultural evolution. But the fact that
ing biosphere and the broader Earth system, with théumans are living within and dependent upon a resilient
atmosphere, the hydrosphere, the lithosphere, the crydsiosphere has and will not change. Existing as embedded
sphere, and the climate system. Life in the biosphere isvithin the biosphere means that the environment is not
shaped by the global atmospheric circulation, jet streamssomething outside the economy or society, or a driver to be
atmospheric rivers, water vapour and precipitation patternsgccounted for when preferred, but rather the very founda-
the spread of ice sheets and glaciers, soil formationtion that civilizations exist within and rely upon (Fidj).
upwelling currents of coastlines, the oceanOs global con-
veyer belt, the distribution of the ozone layer, movementsA dominant force on earth
of the tectonic plates, earthquakes, and volcanic eruptions.

Water serves as the bloodstream of the biosphere, and tige human population reached one billion around 1800. It
carbon, nitrogen, and other biogeochemical cycles areoubled to two billion around 1930, and doubled again to
essential for all life on Earth (Falkenmark et &019  four billion around 1974. The global population is now
Steffen et al.2020. It is the complex adaptive interplay approaching 8 billion and is expected to stabilize around
between living organisms, the climate, and broader Eartl®D11 billion towards the end of this century (L2019.
system processes that has evolved into a resilierburing the past century, and especially since the 1950s,
biosphere. there has been an amazing acceleration and expansion of

The biosphere has existed for about 3.5 billion yearshuman activities into a converging globalized society,
Modern humans Homo sapiens have effectively been supported by the discovery and use of fossil energy and
around in the biosphere for some 250 000 years (Mounieinnovations in social organization, technology, and cultural
and Lahr2019. Powered by the sun, the biosphere and thesvolution (Ellis2015 van der Leeuw2019. Globalization
Earth system coevolve with human actions as an integrdias helped focus attention on human rights, international
part of this coevolution (Lentor2016 Jergensen et al. relations, and agreements leading to collaboration (Keo-
2019. Social conditions, health, culture, democracy,hane et al2009 Rogelj et al.2016 Bain 2019 and, rather
power, justice, inequity, matters of security, and everremarkably, it appears, at least so far, to have inhibited
survival are interwoven with the Earth system and itslarge-scale conRict between states that have plagued civi-
biosphere in a complex interplay of local, regional, andlizations from time immemorial. Health and material
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standards of living for many have improved and moreto more consumption, and the power relations, inequalities,
people live longer than at any time in history. Boundariesbehaviours, and choices of urban dwellers shape land-
between developed and developing regions have beconseapes and seascapes and their diversity around the world
blurred, and global economic activity is increasingly dis-(Seto et al2012ab). There is growing evidence that urban
persed across production networks that connecareas accelerate evolutionary changes for species that play
metropolitan areas around the world (Coe et24l04 Liu important functional roles in communities and ecosystems
et al. 2015. (Alberti et al. 2017).

Now, there is ample evidence that the cumulative human In addition, essential features of the globalized world
culture has expanded to such an extent that it has becomdike physical infrastructure, technological artefacts, novel
signibcant global force affecting the operation of the Earthsubstances, and associated social and technological net-
system and its biosphere at the planetary level (Steffeworks have been developing extraordinarily fast. The total
et al. 2018. As a reRection of this unprecedented expanweight of everything made by humansNfrom houses and
sion, a new geological epochNthe Anthropocene, the agéridges to computers and clothesNis about to exceed the
of mankindNhas been proposed in the Geological Timemass of all living things on Earth (Elhacham et 2020).
Scale (AWG2019. The extensive O0technosphere®O dimension underscores the

Work on anthropogenic biomes Pnds that more thamovelty of the ongoing planetary changes, plays a signib-
75% of EarthOs ice-free land is directly altered as a result afnt role in shaping global biosphere dynamics, and has
human activity, with nearly 90% of terrestrial net primary already left a deep imprint on the Earth system (Zalasie-
production and 80% of global tree cover under directwicz et al.2017).
human inBuence (Ellis and Ramanku2908. Similarly, The notion that humanity is external to the biosphere has
in the ocean, no area is unaffected by human inBuence arallowed for models in which technological progress is
a large fraction (41%) is strongly affected by multiple expected to enable humanity to enjoy ever-growing GDP
human impacts (Halpern et a&2008. For example, oxy- and thus consumption. This view was comparatively
gen-minimum zones for life and oxygen concentrations inharmless, as long as the biosphere was sufbciently resilient
both the open ocean and coastal waters have been declinibg supply the demands humanity made of it. This is no
since at least the middle of the twentieth century, as donger the case, and it has far-reaching implications for
consequence of rising nutrient loads from human actionsontemporary models of economic possibilities that many
coupled with warmer temperatures (Limburg et 2020.  still work with and draw policy conclusions from (Das-
Just as on land, there has been a blue acceleration in tigeipta and Ramanath&914 Dasgupta2021).
ocean, with more than 50% of the vast ocean seabed
claimed by nations (Jouffray et &020. The intertwined planet of people and nature

The human dominance is further ref3ected in the weight
of the current human populationN10 times the weight of The Anthropocene is characterized by a tightly intercon-
all wild mammals. If we add the weight of livestock for nected world operating at high speeds with hyper-efp-
human use and consumption to the human weight, only 4%iency in several dimensions. These dimensions include the
of the weight of mammals on Earth remain wild mammals.globalized food production and distribution system,
The weight of domesticated birds exceeds that of wild birdextensive trade and transport systems, strong connectivity
by about threefold (Bar-On et al2018. The human of bPnancial and capital markets, internationalized supply
dimension has become a dominant force in shaping evaand value chains, widespread movements of people, social
lution of all species on Earth. Through artibcial selectioninnovations, development and exchange of technology, and
and controlled reproduction of crops, livestock, trees, andvidespread communication capacities (Helbirp13
microorganisms, through varying levels of harvest pressuré-ig. 2).
and selection, through chemicals and pollution altering In the Anthropocene biosphere, systems of people and
life-histories of species, and by sculpting the new habitathature are not just linked but intertwined, and intertwined
that blanket the planet, humans, directly and indirectly,across temporal and spatial scales (Reyers eR@l8.
determine the constitution of species that succeed and fallocal events can escalate into global challenges, and local
(Jergensen et al2019. places are shaped by global dynamics (Adger eR@09

Humans are now primarily an urban species, with abouCrona et al.2015 2016 Liu et al. 201§ Kummu et al.
55% of the population living in urban areas. By mid-cen-2020. The tightly coupled human interactions of global-
tury, about 7 out of 10 people are expected to live in citieszation that allow for the continued Bow of information,
and towns (UN DESA2018. In terms of urban land area, capital, goods, services, and people, also create global
this is equivalent to building a city the size of New York systemic risk (Centeno et aR015 Galaz et al.2017).

City every 8 days (Huang et a2019. Urbanization leads However, this interplay is not only global between people
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Fig. 2 A snapshot of the interconnected globalized world, showing the human inBuence in terms of settlements, roads, railways, air routes,
shipping lanes, bshing efforts, submarine cables, and transmission lines (Credit:afs|&®@inted with permission

and societies but co-evolving also with biosphere dynamic¢he boundary for our living conditions. The climate system
shaping the preconditions for human wellbeing and civi-is integral to all other components of the Earth system,
lizations (Jogensen et al2018 Keys et al.2019. For through heat exchange in the ocean, albedo dynamics of
example, extreme-weather and geopolitical events, interthe ice sheets, carbon sinks in terrestrial ecosystems, cycles
acting with the dynamics of the food system (Cottrell et al.of nutrients and pollutants, and climate forcing through
2019, can spill over multiple sectors and create syn-evapotranspiration Bows in the hydrological cycle and
chronous challenges among geographically disconnectegteenhouse pollutants. Together these interactions in the
areas and rapidly move across countries and regionBarth system interplay with the heat exchange from the sun
(Rocha et al.2018. The rise of antibiotic resistance, the and the return Row back to space, but also in signibcant
rapid spread of the corona-pandemic, or altered moisturevays with biosphere-climate feedbacks that either mitigate
recycling across regions expose the intertwined worldor amplify global warming. These global dynamics interact
Probabilities and consequences of the changes are not onljth regional environmental systems (like ENSO or the
scale dependent, but also changing over time as a resutionsoon system) that have innate patterns of climate
of human actions, where those actions can either exacevariability and also interact with one another via telecon-
bate or mitigate the likelihood or consequences of a givemections (Steffen et ak020. The living organisms of the
event. planetOs ecosystems play a signibcant role in these complex
In the twenty-brst century, people and planet are trulydynamics (Mace et ak014).
interwoven and coevolve, shaping the preconditions for Now, human-induced global warming alters the capacity
civilizations. Our own future on Earth, as part of the bio- of the ocean, forests, and other ecosystems in sequestering
sphere, is at stake. This new reality has major implicationgbout half of the CQ@ emissions, as well as storing large
for human wellbeing in the face of climate change, loss ofamounts of greenhouse gases (GHG) in soils and peatlands
biodiversity, and their interplay, as elaborated in the nex{Steffen et al.2018. Increased emissions of GHG by
section. humans are creating severe climate shocks and extremes
already at 1.2 warming compared to pre-industrial levels
(WMO 2020. In addition, human homogenization and
CLIMATE CHANGE AND LOSS OF BIODIVERSITY simplibcation of landscapes and seascapes cause loss of
biosphere resilience, with subsequent erosion of the role of
Contemporary climate change and biodiversity loss are nahe fabric of nature in generating ecosystem services (Diaz
isolated phenomena but symptoms of the massive expamt al.2018 and serving as insurance to shocks and surprise
sion of the human dimension into the Anthropocene. Theand to tipping points and regime shifts (Nystroet al.
climate system plays a central role for life on Earth. It sets2019.
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Fig. 3 The Holocene epoch and EarthOs resilience. A) Vostok ice-core data, Antarctica, from the last 100 000 years in relation to human
migration and civilization. The red circle marks the last 11 000 years of the accommodating Holocene epoch. B) Global temperature the last 3
million years oscillating within? 2 C and -6 C relative to pre-industrial temperature (the O line). Observations from ice-core and tree ring
proxy data in black and modelling results in blue reRecting interactions between the biosphere and the broader Earth system. Evidence suggests
that current levels of anthropogenic warming have forced the Earth system out of the Holocene climate conditions into the Anthropocene. There
is increasing consensus that pushing the Earth system to more tlf@amwarming compared to pre-industrial levels constitutes unknown terrain

for contemporary societies and a threat to civilization (Steffen 2@18. Figure 3A by W. Steffen, source and data from Petit et999 and
OppenheimerZ004). Figure 3B adapted from Willeit et alSci. Adv.2019;5 : eaav7337. The Authors, some rights reserved; exclusive

licensee AAAS. Distributed under a CC BY 4.0 license

Climate change—stronger and faster than predicted being the warmest of any equivalent period on record
(WMO 2020. Already now at 1.2C warming compared

Earth has been oscillating between colder and warmeto pre-industrial levels, we appear to be moving out of the
periods over a million years (the entire Pleistocene), but theaccommodating Holocene environment that allowed agri-
average mean temperature has never exceed& (ih-  culture and complex human societies to develop (Steffen
terglacial) above or 6C below (deep ice age) the pre- et al.2018 (Fig. 3a). Already within the coming 50 years,
industrial temperature on Earth (1€), ref3ecting the 1 to 3 billion people are projected to experience living
importance of feedbacks from the living biosphere as partonditions that are outside of the climate conditions that
of regulating the temperature dynamics of the Earthhave served humanity well over the past 6000 years (Xu
(Willeit et al. 2019 (Fig. 3b). et al. 2020.

Human-induced global warming is unparalleled. For Currently, some 55% of global anthropogenic emissions
98% of the planetOs surface, the warmest period of the pasiusing global warming derive from the production of
2000 years occurred in the late twentieth century (Neukonenergy and its use in buildings and transport. The
et al.2019 and has steadily increased into the twenty-Prstemaining 45% comes from human emissions that arise
century with the average global temperature for 201592020om the management of land and the production of
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buildings, vehicles, electronics, clothes, food, packagingintertwined world one change may lead to another, or that
and other goods and materials (Ellen MacArthur Foundaevents can co-occur because they simply share the same
tion 2019. The food system itself accounts for about 25%driver (Rocha et al.2018. Large-scale transitions can
of the emissions (Mbow et a019. Human-driven land- unfold when a series of linked elements are all close to a
use change through agriculture, forestry, and other activitipping point, making it easier for one transition to set off
ties (Lambin and Meyfroid2011) causes about 14% of the the others like a chain reaction or domino effect (Scheffer
emissions (Friedlingstein et a2020. Cities account for et al.2012 Lenton et al.2019.
about 70% of C@Qemissions from Pnal energy use and the With increased warming, humanity risks departing the
highest emitting 100 urban areas for 18% of the globalglacier-interglacial dynamics of the past 2.6 million years
carbon footprint (Seto et aR014 Moran et al.2018. (Burke et al.2018. If efforts to constrain emissions fail,
About 70% of industrial greenhouse gas emissions aréhe global average temperature by 2100 is expected to
linked to 100 fossil-fuel producing companies (Grifbn andincrease 3b5C (IPCC 2014 above pre-industrial levels.
Hede 2017). Collectively, the top 10 emitting countries Although higher global temperatures have occurred in deep
account for three quarters of global GHG emissions, whilegeological time, living in a biosphere with a mean annual
the bottom 100 countries account for only 3.5% (WRIglobal temperature exceeding @ of the pre-industrial
2020. As a consequence of the pandemic, global fossiaverage (Fig3) is largely unknown terrain for humanity
CO, emission in 2020 decreased by about 7% compared tand certainly novel terrain for contemporary society.
2019 (Friedlingstein et aR020.

Climate change impacts are hitting people harder and’he climate and the biosphere interplay
sooner than envisioned a decade ago (Diffenba2@@20).
This is especially true for extreme events, like heatwavesThe relation between climate and the biosphere is being
droughts, wildbres, extreme precipitation, Roods, stormsprofoundly altered and reshaped by human action. The total
and variations in their frequency, magnitude, and durationamount of carbon stored in terrestrial ecosystems is huge,
The distribution and impacts of extreme events are ofteralmost 60 times larger than the current annual emissions of
region specibc (Turco et aR018 Yin et al. 2018. For  global GHG (CQ equivalents, 2017) by humans, and with
example, Europe has experienced several extreme hetlite major part, about 70% (150092400 Gt C) found in soil
waves since 2000 and the number of heat waves, heaviais et al.2013. The ocean holds a much larger carbon
downpours, and major hurricanes, and the strength of thegmol, at about 38 000 Gt of carbon (Hought2®07). Thus
events, has increased in the United States. The risk fdar, terrestrial and marine ecosystems have served as
wildbres in Australia has increased by at least 30% sincénportant sinks for carbon dioxide and thereby contribute
1900 as a result of anthropogenic climate change (vasignibcantly to stabilizing the climate. At current global
Oldenborgh et al.2020. The recent years of repeated average temperature, the ocean absorbs about 25% of
wildbres in the western U.S. and Canada have had devaannual carbon emissions (Gruber et 2019 and absorbs
tating effects (McWethy et aR019. Extreme events have over 90% of the additional heat generated from those
the potential to widen existing inequalities within and emissions. Land-based ecosystems like forests, wetlands,
between countries and regions (UNRB19. In particular, and grasslands bind carbon dioxide through growth, and all
synchronous extremes are risky in a globally connecteéh all sequester close to 30% of anthropogenic,@&mis-
world and may cause disruptions in global food productionsions (Global Carbon Project 2019).
(Cottrell et al.2019 Gaupp et al2020. Pandemics, like The biosphereOs climate stabilization is a critical
the COVID-19 outbreak and associated health responsescosystem service, or Earth system service, which cannot
intersect with climate hazards and are exacerbated by thee taken for granted. Recent research has shown that not
economic crisis and long-standing socioeconomic ananly human land-use change but also climate impacts, like
racial disparities, both within countries and across regiongxtreme events and temperature change, increasingly
(Phillips et al.2020. threaten carbon sinks. For example, the vast bres in Borneo

Some of these changes will happen continuously anih 1997 released an equivalent of 13D40% of the mean
gradually over time, while others take the form of moreannual global carbon emissions from fossil fuels at that
sudden and surprising change (Cumming and Petersdime (Page et al2002 Folke et al.2011). The devastating
2017. In addition, some are to some extent predictableforest bres of 2019 in Australia, Indonesia, and the Ama-
others more uncertain and unexpected. An analysis of aon triggered emissions equivalent to almost 40% of the
large database of social-ecological regime shifts (largeinnual global carbon sink on land and in the oceaw\.
shifts in the structure and function of social-ecologicalglobalbredata.olg
systems, transitions that may have substantial impacts on The Earth system contains several biophysical sub-sys-
human economies and societies), suggests that in thems that can exist in multiple states and which contribute
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Fig. 4 Tipping elements central in regulating the state of the planet, and identibed interactions among them that, for humanity, could cause
serious cascading effects and even challenge planetary stability (based on Steff@@Eg dlenton et al2019. In addition, ocean acidibcation,
deoxygenation, tropical cyclones, ocean heat waves, and sea level rise are challenging human wehtteemgetPal.2019

to the regulation of the state of the planet as a wholeThe living biosphere and Earth system dynamics
(Steffen et al.2018. These so-called tipping elements, or
sleeping giants (Figd), have been identibed as critical in The interactions and diversity of organisms within and
maintaining the planet in favourable Holocene-like condi-across the planetOs ecosystems play critical roles in the
tions. These are now challenged by global warming anaoevolution of the biosphere and the broader Earth system.
human actions, threatening to trigger self-reinforcingFor example, major biomes like tropical and temperate
feedbacks and cascading effects, which could push thirests and their biological diversity transpire water vapour
Earth system towards a planetary threshold that, if crossedhat connects distant regions through precipitation (Glee-
could prevent stabilization of the climate at intermediateson et al.2020a b). Nearly a bfth of annual average pre-
global warming and cause escalating climate change alongjpitation falling on land is from vegetation-regulated
a O0OHothouse EarthOO pathway even as human emissionsostire recycling, with several places receiving nearly
reduced (Steffen et a2018. Observations bnd that nine of half their precipitation through this ecosystem service.
these known sleeping giants, thought to be reasonabl$uch water connections are critical for semi-arid regions
stable, are now undergoing large-scale changes already m#liant on rain-fed agricultural production and for water
current levels of warming, with possible domino effects tosupply to major cities like Sao Paulo or Rio de Janeiro
come (Lenton et al2019. (Keys et al.2016. As many as 19 megacities depend for
The signibcance of the challenge of holding globalmore than a third of their water supply on water vapour
warming in line with the Paris climate target is obvious. Asfrom land, a dependence especially relevant during dry
a matter of fact, the challenge is broader than climateyears (Keys et al2018. In some of the worldOs largest
alone. It is about navigating towards a safe-operating spaaéver basins, precipitation is inBuenced more strongly by
that depends on maintaining a high level of Earth residand-use change taking place outside than inside the river
lience. Incremental tweaking and marginal adjustmentdasin (Wang-Erlandsson et &018.
will not sufbce. Major transformations towards just and The biosphere contains life-supporting ecosystems sup-

sustainable futures are the bright way forward. plying essential ecosystem services that underpin human
The Author(s) 2021
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Fig. 5 Biodiversity plays signibcant roles in biosphere resilience. Puma, Kay Pacha 2017, painting, and courtesy of Angela Leible

wellbeing and socioeconomic development. For examplespecies and populations are essential for ecosystem integ-
the biosphere strongly inBuences the chemical and physicaity and the generation of ecosystem services (Peterson
compositions of the atmosphere, and biodiversity conet al. 1998 Hughes et al2007 Isbell et al.2017). Varia-
tributes through its inBuence in generating and maintainingion in responses of species performing the same function
soils, controlling pests, pollinating food crops, and partic-is crucial in resilience to shocks or extreme events (Chapin
ipating in biogeochemical cycles (Daily997). The oceanOs et al.1997). Such OOresponse diversity®d, serves as insurance
food webs, continental shelves, and estuaries support tHer the capacity of ecosystems to regenerate, continue to
production of seafood, serve as a sink for greenhouse gasegvelop after disturbance and support human wellbeing
maintain water quality, and hedge against unanticipatedElmqvist et al.2003.

ecosystem changes from natural or anthropogenic causes The Amazon rainforest is a prime example. Conserving
(Worm et al.2006. These services represent critical life- a diversity of plants species may enable the Amazon forests
supporting functions for humanity (Oduh989 Reyers to adjust to new climate conditions and protect the critical
and Selig2020 and biological diversity plays fundamental carbon sink function (Sakschewski et @016. Frequent
roles in these natureOs contributions to people (Diaz et axtreme drought events have the potential to destabilize

2018. large parts of the Amazon forest especially when subsoil
moisture is low (Singh et al2020, but the risk of self-

Biodiversity performing vital roles in biosphere amplibed forest loss is reduced with increasing hetero-

resilience geneity in the response of forest patches to reduced rainfall

(Zemp et al2017. However, continuous deforestation and

Organisms do not just exist and compete, they perfornsimultaneous warming are likely to push the forest towards
critical functions in ecosystem dynamics and in creatingtipping points with wide-ranging implications (Hirota et al.
and providing social-ecological resilience (Folke et al.2011; Staver et al2011; Lovejoy and Nobre2018. Also,
2004 Hooper et al.2005 Tilman et al. 2014 (Fig.5).  with greater climate variability, tree longevity is shortened,
Resilience refers to the capacity of a system to persist witlthus, inBuencing carbon accumulation and the role of the
change, to continue to develop with ever changing enviAmazon forest as a carbon sink (Brienen et2015. A
ronments (Reyers et a2018. large-scale shift of the Amazon would cause major impacts

Biodiversity plays signibcant roles in buffering shockson wellbeing far outside the Amazon basin through chan-
and extreme events, and in regime shift dynamics (Folkg@es in precipitation and climate regulation, and by linking
et al.2004). The diversity of functional groups and traits of with other tipping elements in the Earth system (Hp.
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Hence, the resilience of multifunctional ecosystemsreplacement by single high-yielding varieties (Heal et al.
across space and time, and in both aquatic and terrestriaD04).
environments, depends on the contributions of many spe- The simplibcation and intensibcation of production
cies, and their distribution, redundancy, and richness atcosystems and their tight ignectivity with international
multitrophic levels performing critical functions in markets have yielded a globproduction ecosystem that
ecosystems and biosphere dynamics (Mori et24113 is very efbcient in delivering goods to markets, but
Nash et al.2016 Soliveres et al2016 Frei et al.2020. globally homogeneous, highlinterconnected, and char-
Biodiversity and a resilient biosphere are a re3ection of lifeacterized by weakened inteal feedbacks that mask or
continuously being confronted with uncertainty and thedilute the signals of loss of ecosystem resilience to con-
unknown. Diversity builds and sustains insurance andgumers (Nystrm et al. 2019 Ortiz et al.2021). In addi-
keeps systems resilient to changing circumstances (Hetion, the global food trade network has over the past

dershot et al2020. 20 years become progressiyealelocalized as a result of
globalization (that is, modularity has been reduced) and as

Homogenization, hyper-connectivity, and critical connectivity and homogeneity increase, shocks that were

transitions previously contained within a geographical area or a

sector are becoming glolha contagious and more

Conversion and degradation of habitats have caused globptevalent (Tamea et ak01§ Tu et al. 2019 Kummu
biodiversity declines and defaunation (human-caused angt al. 2020.
mal loss), with extensive cascading effects in marine, ter- Homogenization reduces resilience, the capacity to live
restrial, and freshwater ecosystems as a result, and alteradd develop with change and uncertainty, and therby the
ecosystem functions and services (Laliberte et281Q  diversity of ways in which species, people, sectors, and
Estes et al.2011). Over the past 50 years of human institutions can respond to change as well as their potential
acceleration, the capacity of nature to support quality otto functionally complement each other (Biggs et 2012
life has declined in 78% of the 18 categories of natureOGré&-Regamey et al2019 Nystrem et al.2019. In addi-
contributions to people considered by the Intergoverntion, homogeneous landscapes lack the diversity of
mental Science-Policy Platform on Biodiversity andecosystem types for resilient responses when a single
Ecosystem Services (Diaz et 2018. homogeneous landscape patch, such as a production forest

Much of the EarthOs biosphere has been converted intw crop, is devastated by pathogens or declines in economic
production ecosystems, i.e. ecosystems simplibed andhlue. In addition, such ecosystem simplibcation and
homogenized for the production of one or a few har-degradation increase the likelihood of disease emergence,
vestable species (Nystroet al. 2019. Urbanization is a including novel viruses (Myers and Pa909. In parallel,
force in homogenizing and altering biodiversity in land- people, places, cultures, and economies are increasingly
scapes and seascapes (Seto e2@l2h), and over the past linked across geographical locations and socioeconomic
decade land-use change (Meyfroidt et2018 accounted contexts, making people and planet intertwined at all
for nearly a quarter of all anthropogenic greenhouse gascales.
emissions (Arneth et aRk019. Evidence suggests that homogenization, simplipcation,

The increase in homogeneity worldwide denotes thentensibcation, strong connections, as well as suppression
establishment of a global standard food supply, which i©f variance, increase the likelihood of regime shifts, or
relatively species rich at the national level, but species poocritical transitions with thresholds and tipping points
globally (Khoury et al.2014). Globally, local varieties and (Scheffer et al2012 Carpenter et al2015. These shifts
breeds of domesticated plants and animals are disappearingay interact and cascade, thereby causing change at very
(Diaz et al.2018. Land-use intensibcation homogenizeslarge scales with severe implications for the wellbeing of
biodiversity in local assemblages of species worldwidehuman societies (Hughes et @013 Rocha et al.2018.
(Newbold et al.2018 and counteracts a positive associa-Comparison of the present extent of biosphere conversion
tion between species richness and dietary quality. It alsaith past global-scale regime shifts suggests that global-
affects ecosystem services and wellbeing in low- andscale biosphere regime shift is more than plausible (Bar-
middle-income countries (Lachat et £018 Vang Ras- nosky et al.2012. The biotic hallmark for each earlier
mussen et al2018. In much of the world more than half, biosphere regime shifts was pronounced change in global,
up to 90%, of locally adapted varieties of major cropregional, and local assemblages of species (Barnosky et al.
species (e.g. wheat and rice) have been lost due t2012.
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Fig. 6 The nine identibPed 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. In these potentially dangerous zones of increasing risk, there are likely @minental
global tipping points for some of the boundaries, although not for all them. The planetary boundary itself lies at the inner heavy circle. 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. Processes for which global-level boundaries are not quantibed are represented by grey
wedges (adapted from Steffen et 2015. Reprinted with permission

Planetary boundaries and a safe-operating space framework, which delineates a Holocene-like state of the
for humanity Earth system, the state that has enabled civilizations to
emerge and Rourish (Fig). Four of the nine boundaries,
It is in the self-interest of humanity to avoid pushing including climate and biodiversity, are estimated to already
ecosystems or the entire Earth system across tipping pointsave been transgressed. The framework provides a natural-
Therefore, a major challenge is to enhance biospherscience-based observation that human forcing has already,
resilience and work towards stabilizing the Earth systemat the planetary scale, rapidly pushed the Earth system
and its biosphere in a state that, hopefully, is safe fomway from the Holocene-like conditions and onto an
humanity to operate within, albeit a warmer state than theccelerating Anthropocene trajectory (Steffen et2818.
Holocene and one with a human-dominated biosphere. In recent years, there have been several efforts to further
Clearly, the climatic system and the biological diversity investigate and deepen the understanding of planetary
and functional integrity of the biosphere, as well as theirboundaries and the safe-operating space for humanity.
interplay, are foundational for cultivating a resilient Earth These include updates on the biodiversity boundary, the
system. freshwater boundary, the biogeochemical Rows (Carpenter
Climate and biosphere integrity constitute the two fun-and BennetR011 de Vries et al.2013 Mace et al.2014
damental dimensions of the Planetary BoundariedNewbold et al.2016 Gleeson et al.20200, multiple
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Fig. 7 Examples of pathways of interactions between inequality and the biosphere in intertwined systems of people and nature (adapted from
Hamann et al2018. Reprinted with permission

regime shifts and possible links between regional andtabilizing the Earth system in a safe-operating space will

planetary tipping points (Anderies et 2013 Hughes etal. require transformative changes in many dimensions of

2013, regional perspectives on the framework{fHa human actions and relations (Westley et 2011 Sachs

et al. 2016 OONeill et al2018, and creating safe-operat- et al. 2019.

ing spaces (Scheffer et aR015. Attempts to quantify

interactions between planetary boundaries suggest that

cascades and feedbacks predominantly amplify humaiNEQUALITY AND GLOBAL SUSTAINABILITY

impacts on the Earth system and thereby shrink the safe-

operating space for human actions in the Anthropocenénequality describes an unequal distribution of a scarce

(Lade et al.2020. resource, benebt, or cost and does not necessarily represent
There are also propositions for integrating the planetarya normative statement. Inequity is a more normative term

boundaries framework with economic, social, and humarthat evokes an unfair or unjust distribution of privileges

dimensions (Rawort012 Dearing et al2014 Downing across society. There are complex interconnections

et al. 2019 as well as tackling the policy and governance between inequality, the biosphere, and global sustainability

challenges associated with the approach (Biermann et alHamann et al.2018 (Fig.7) that go beyond unequal

2012 Galaz et al2012 Sterner et al2019 Pickering and  distribution of income or wealth, like distributional,

Persson202Q Engstran et al. 2020. The global food recognitional, and procedural inequities (Leach et al.

system is also placed within the framework of the planetary2018. Distributional equity refers to how different groups

boundaries (Gordon et aP017), like in the EAT-Lancet may have access to resources, and how costs, harms, and

CommissionOs report on healthy diets from sustainableenebts are shared. Recognitional equity highlights the

food systems for nearly 10 billion people by 2050 (Willett ongoing struggle for recognition of a diversity of per-

et al. 2019. spectives and groups, e.g. referring to nationality, ethnicity,
In light of the profound challenges of navigating the or gender, whereas procedural equity focuses on how dif-

future of human societies towards a stabilized Earth state, ferent groups and perspectives are able to engage in and

becomes clear that modest adjustments on current patmf3uence decision-making processes and outcomes (Leach

ways of societal development are not very likely to guideet al.2018. Approaches to sustainability generally include

humanity into sustainable futures (Kates et a@D12. some form of equality, universal prosperity, and poverty
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alleviation. Global environmental change and unsustain- Gender, class, caste, and ethnic identities and relation-
able practices may exacerbate inequalities (Hamann et adhips, and the specibc social, economic and political
2018. Greater inequality may lead to weaker economicpower, roles and responsibilities they entail, shape the
performance and cause economic instability (Stiglitzchoices and decisions open to individuals and households
2012. Increasing income inequality may also lead to morein dealing with the climate and environmental risks they
societal tension and increase the odds of conRict (Durantiace (Rao et al2020. Gender inequality has important

et al. 2017). reinforcing feedbacks with environmental change (Fortham
et al. 2019 and has, for example, been shown to change
Rising inequality with shifts in tropical land use in Indonesia (Maharani et al.

2019 or with changes in levels of direct use of local

The majority of countries for which adequate data existecosystem services by households in South Africa (Ha-
have seen rising inequality in income and wealth over thenann et al.2015. Climate change is projected to dispro-
past several decades (Pike2914). In the U.S., Europe, portionally inBuence disadvantaged groups, especially
and China, the top 10% of the population own 70% of thewomen, girls, and indigenous communities (Islam and
wealth, while the bottom 50% own only 2%. In the U.S., Winkel 2017).
the share of income going to the top 1% rose from around People with less agency and fewer resources at their
11% in 1980 to above 20% in 2016 (World Inequality disposal are more vulnerable to climate change (Althor
Report 2018), and the share of wealth of the top 0.1% moret al.2016 Morton 2007 and to environmental shocks and
than tripled between 1978 and 2012, and is roughly equatxtreme events such as [Roods and droughts (Hallegatte
to the share of wealth of the bottom 90% (Saez and Zucet al. 201§ Jachimowicz et al.2017. The COVID-19
man 2016. Also, the wealthiest 1% of the worldOs popu-pandemic has further exposed the inequality in vulnera-
lation have been responsible for more than twice as muchility to shocks among communities that lack the bnancial
carbon pollution as the poorest half of humanity (Kartharesources and essentials for a minimum standard of living,
et al.2020. Seventy-bve per cent of the worldOs cities havéeeding off existing inequalities and making them worse
higher levels of income inequalities than two decades agqDrefahl et al.202Q Stiglitz 2020. There is signibcant
and the spatial concentration of low-income unskilledconcern that climate-driven events exacerbate confict
workers in segregated residential areas acts as a povettgcause they affect economic insecurity which, in itself,
trap (UN-Habitat2016. About 10% of the world popula- has been shown to be a major cause of violent conf3ict and
tion in 2015, or some 740 million people, were living in unrest (Mach et al2019 Ide et al.2020.
extreme poverty (World Bank019. Vulnerability to climate change is also due to many low-

Inequality can impact the sense of community, commorincome countriesO location in low latitudes where further
purpose, and trust (Jachimowicz et2017 and inBuences warming pushes these countries ever further away from
successful management of common pool resources in dibptimal temperatures for climate-sensitive economic sec-
ferent ways (Baland et aR007). Inequality may give rise tors (King and Harringtor2018. Examples include coun-
to perceptions, behaviour, and social horms about statusies with high numbers of vulnerable, poor or marginalized
and wealth, and disparities in worth and cultural mem-people in climate-sensitive systems like deltas, semi-arid
bership between groups in a societyNso-called OOrecogtands, and river basins dependent on glaciers and snowmelt

tion gapsOO (Lam@@18. (Conway et al2019. Changes to glaciers, snow and ice in
mountains will likely inBuence water availability for over a
Inequalities and the environment billion people downstream by mid-century (Pihl et al.

2019. Under future scenarios of land-use and climate
Greater inequality can lead to more rapid environmentathange, up to 5 billion people face higher water pollution
degradation, because low incomes lead to low investmerand insufbcient pollination for nutrition, particularly in
in physical capital and education. Such situations ofterAfrica and South Asia. Hundreds of millions of people face
cause excessive pressure and degradation of natural capitedightened coastal risk across Africa, Eurasia, and the
leading to declining incomes and further degradation in @Americas (Chaplin-Kramer et a2019.
downward spiral, a poverty trap (Bowles et &006.
Furthermore, interventions that ignore nature and culturécean inequity
can reinforce poverty traps (Lade et &017), and eco-
nomic and environmental shocks, food insecurity, andn the ocean, inequity manifests, for example, in skewed
climate change may force people back into poverty (lack ofdistribution of commercial Psh catches, limited political
resources and capacities to fulbl basic needs) (Kates amqmbwer of small-scale bshers, particularly women and other
Dasgupta2007 Wood et al.2018. minority groups, limited engagement of developing nations
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in high-seas activities and associated decision making, are0% in the distribution of Psheries benebts among the
consolidated interests of global supply chains in a fewworldOs maritime countries (Sumaila e8l15 Green and
transnational corporations, with evidence of poor transRudyk 2020).
parency and human rights abuses{@blom et al2019.
The results of inequity include a loss of livelihoods andInequities and sustainability
limited Pnancial opportunities, increased vulnerabilities of
already marginalized groups, who are facing nutritionalAlleviating inequality and poverty is a central objective of
and food security challenges, and negative impacts othe U.N. Sustainable Development Goals agreed to by
marine ecosystems (Harper et 2013 Hicks et al.2019.  national governments. Achieving global sustainability is
Coastal communities are sensitive to climate-inducedinother important set of objectives in the Sustainable
shifts in the distribution and abundance of bsh stock®evelopment Goals. The relation between inequality and
crucial to their livelihoods and nutrition (Blasiak et al. sustainability is the outcome of this dynamics and not
2017. This accentuated sensitivity is coupled with com-simply of cause and effect, but rather unfolding in different
paratively low levels of adaptive capacity, as remoteplaces, as experienced and understood by the people living
coastal communities often have limited access to educahere. Supporting and enhancing the emergence of capac-
tion, health services and alternative livelihoods, all ofities for dealing with shocks and surprises as part of
which could buffer the projected negative impacts fromstrategies for learning and developing with change in the
climate change (Cinner et &018. turbulent times of the Anthropocene will be central to
As a means to improve Psh abundance for coastalonfront inequality and advance wellbeing (Biggs et al.
communities of low-income nations, there have been sug2012 Clark and Harley2020. Multiple inequities and
gestions of closing the high seas to bshing through groupsustainabilities will require diverse forms of responses,
of states that commit to a set of international rules. Thisattuned to diverse contexts (Leach et28118 Clark and
would not only slow the pace of overbshing, but would alsoHarley 2020 (Fig.8) and framed by transformations
rebuild stocks that migrate into countriesO Exclusive Ecaowards global sustainability as embedded in the biosphere
nomic Zones (EEZs), which could reduce inequality by(Westley et al.2011).

Fig. 8 Alternative social-ecological development pathways over time, navigated by efforts like the SDGs and emergent outcomes for equity and
sustainability, with an OOequitable sustainability spaceOO highlighted (adapted from Le&2GdBetRaprinted with permission
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SOCIETAL TRANSFORMATION development on the ground (Brow016, support trans-
AND TECHNOLOGICAL CHANGE formations of current food production and innovation
systems (Gordon et aR017 Costello et al.2020, and
By transformation, we refer to the capacity to create fun-contribute to a shift towards carbon neutral (or even neg-
damentally new systems of humanbenvironmental interative) energy systems (Rockstnoet al.2017).
actions and feedbacks when ecological, economic, or social The following categories of new technologies are
structures make the continuation of the existing systenalready having bearing on global sustainability: the diver-
untenable (Folke et al2010. It involves multiple ele- sity of existing and emerging renewable energy technolo-
ments, including agency, practices, behaviours, incentivegjies, like solar cells, hydrogen energy, wind generators, or
institutions, beliefs, values, and world views and theirgeothermal heating; technologies that remove greenhouse
leverage points at multiple levels (Abson et @017  gases from the atmosphere; the digital transformation, with
Moore and Milkoreit2020. Understanding transformation Artibcial Intelligence (Al), satellite remote sensing, quan-
goes beyond a focus on the triggers, to unravelling théum computing, and precision agriculture; synthetic biol-
capacities for reducing resilience of an undesired, statusgy, including biotechnology and genetic and molecular
quo, system, and nurturing and navigating the emergencengineering, by redesigning and using organisms to solve
of new, desired systems (Elmqvist et 2019; to confront  problems in medicine, manufacturing and agriculture;
path-dependencies, build capacities for new shocks anehechanical engineering, like robotics and also nanotech-
risks, and shift towards sustainable pathways (Olsson et ahology. Their development, as embedded in the larger
2017). social-ecological systems, should be connected to and
Here, we stress that technological change and socidlecome part of ways forward when designing transforma-
innovation in relation to sustainability will need a deepertive pathways towards sustainability within planetary
focus on intertwined social-ecological interactions andboundaries.
feedbacks of the Anthropocene, since that will be necessary As human pressures on the biosphere increase, so does
to understand and achieve large-scale changes towartlee hope that rapid advances in Al (including automated
global sustainability. We start this section with the role ofdecision making, data mining, and predictive analytics) in
emerging technologies and social media in this contextcombination with rapid progresses in sensor technology
followed by Pndings from social innovation and transfor-and robotics, will be able to increase societyOs capacities to
mation research and with an emphasis on the signibcanaketect, adapt, and respond to climate and environmental
of narratives of hope for shifting towards sustainablechange without creating new vulnerabilities (Jof&tH 7).

futures. Such technologies are applied in a number of research
pelds related to the environment and climate change,
Emerging technologies and sustainability including environmental monitoring, conservation, and

OOgreen®d urban planning (Hino @038 llieva and

Most likely, technological change such as informationMcPhearson2018 Wearn et al.2019 Reichstein et al.
technology, artibcial intelligence, and synthetic biology2019. While nascent in terms of both scale and impact,
will drastically change economies, human relations, sociasuch technological OOniche-innovationsOO have the potential
organization, culture and civilization, creating new to rapidly upscale and shape ecosystems and institutions in
unknown futures. However, technological change alonenultiple geographies (Geels et @017. Such innovations
will not lead to transformations towards sustainability. It have been claimed to be central for a OOdigital revolution for
could lead humanity in diverse directions, pleasant andustainable developmentOO (Sachs 2019).
unpleasant ones, and with different social and environ- Applications of these technologies have effects that
mental impacts. For example, rapid advances in sequencirgpan beyond climate and environmental research and
technologies and bioinformatics have enabled exploratiomonitoring, and more efbcient natural resource use. Al-
of the ocean genome, but the capacity to access and usepported recommender systems as an example, inBuence
sequence data is inequitably distributed among countriesonsumer choices already today (Amde¢ al. 2018).
and companies (Blasiak et @018 2020. The techno- Targeted attacks in social media by social bots, applica-
logical dimension of development has to be deliberatelytions of computer algorithms that automatically produce
and strategically guided, to contribute to just and sustaineontent and interact with humans on social media, OOtrying
able futures and guided how and by whom as a centrab emulate and possibly alter their behaviorOO (Ferrara
challenge (Gala2014 van der Leeuw 2018). et al. 2016 Grinberg et al.2019, also inRuence conver-

On the other hand, it is most unlikely that transforma-sations in social media about climate and environmental
tions to sustainability will happen without the deploymentissues and affect institutions for deliberative democracy
of technologies that, e.g. help build resilience and(Dryzek et al.2019.
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So far, the technological changes to our social systemmedia has powered movements such as school strikes,
have not come about with the purpose of promoting globakxtinction rebellion, voluntary simplicity, bartering, Right
sustainability (van der Leeu®019. This remains true of shame, the eat-local movement and veganism to promote a
recent and emerging technologies, such as online sociateadily rising global awareness of pressing issues that may
media and information technology, causing changes thatltimately shift social norms (Nyborg et a016, trigger
are increasingly far-reaching, ambiguous, and largelyeforms towards sustainability (Otto et &020 and per-
unregulated (Del Vicario et a2016. For example, OOonlinehaps also towards wealth equalization at all institutional
social networks are highly dynamic systems that change dsvels (Scheffer et ak017).

a result of numerous feedbacks between people and The combination of discontent and self-organization not
machinesOO. Algorithms suggest connections, to whiohly promotes rebellion against the old way of doing
users respond, and the algorithms, trained to optimize uséhings, as in street protests, populist votes, radicalization,
experience, adapt to the responses. OOTogether, thase terrorism, but also catalyses the search for alternative
interactions and processes alter what information peoplevays, as in bartering and sharing platforms, or voluntary
see and how they view the worldOO (Bergstrom and Bagimplicity and other lifestyle movements (HaenRer et al.
Coleman2019. 2012 Carpenter et al2019.

Hence, applications of novel technologies stemming The rise of social media and technologies such as bots
from advancements in Al could at best be benevolent andnd probling has been explosive, and the mere rate of
lead to improved stewardship of landscapes, seascaped)ange has made it difbcult for society to keep pace
water, or climate dynamics, through improved monitoring(HaenfR3er et al2012. Crowd-sourced fact checking may
and interventions, as well as more effective resource uske combined with computer-assisted analyses and judge-
(Chaplin-Kramer et al2019. Negative impacts of novel ments from professionals (Hassan et2019, and label-
technologies on vulnerable groups (Barocas e2@1.7) are  ling quality of media sources ranging from internet fora to
also pertinent since they diffuse rapidly into society, ornewspapers and television stations may alert users to the
when used in sectors with clear impacts on the climate, orisk of disinformation and heavy political bias (Pennycook
on land and ocean ecosystems. This issue needs to be takamd Rand2019. With time, such approaches together with
seriously as technological changes inBuence decisions witlkgislation, best-practice agreements, and individual skills
very long-term climatic and biosphere consequences (Cavef judging the quality of sources may catch up to control

and €hegeartaigh2019. some of the negative side-effects (Walter et29019.
The emerging picture is that social media have become a
Social media and social change global catalyst for social change by facilitating shifts on

scales ranging from individual attitudes to broad social

The participatory nature of social media gives it a centralhorms and institutions. It remains unclear, however, whe-
role in shaping individual attitudes, feelings, and behather this new OQinvisible hand®0 will move the world on
viours (Williams et al. 2015 Lazer et al. 2018, can more sustainable and just pathways. Can the global, fast
underpin large social mobilization and protests (Steinertmoving capacity for information sharing and knowledge
Threlkeld et al.2015, and inBuence social nhorms and generation through social media help lead us towards a just
policy making (Barbier et al2018 Stewart et al2019. It  world where future generations thrive within the limits of
is well known that dire warnings can lead to disconnect ofour planetOs capacity?
the audience if it is not accompanied by a feasible per-
spective for action (WebeR015. Social media changes Social innovation and transformation
our perception of the world, by promoting a sense of crisis
and unfairness. This happens as activist groups seek fransformations towards sustainability in the Anthro-
muster support (Gerbaudo and T«e2@15 and lifestyle pocene cannot be achieved by adaptation alone, and cer-
movements seek to inspire alternative choices (HaenRdainly not by incremental change only, but rather that more
et al. 2012. For instance, social media catalysed the Arabfundamental systemic transformations will be needed
spring among other things by depicting atrocities of the(Hackmann and St. ClaR012 Kates et al2012 OOBrien
regime (Breuer et a015, and veganism is promoted by 2012. Transformation implies fundamentally rewiring the
social media campaigns highlighting appalling animalsystem, its structure, functions, feedbacks, and properties
welfare issues (Haenfer et 2012. (Reyers et al2018. But, despite such changes, there is

On the worrying side, isolationism stimulated by social-hope for systemic transformations with dignity, respect and
media-boosted discontent may hamper global cooperatiom democratic fashions (Olsson et 2017, in contrast to
needed to curb global warming, biodiversity loss, wealthlarge-scale disruptive or revolutionary societal transfor-
concentration, and other trends. On the other hand, sociahations like those of earlier civilizations (van der Leeuw
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2019. It will require trust building, cooperation, collective and Holling 2002. Crises or anticipated risks can trigger
action, and Rexible institutions (Ostro®01Q Westley people to experiment with new practices and alternative
et al. 2011). governance modes and key individuals, often referred to as
A characteristic feature of transformations is that changeolicy, institutional or moral entrepreneurs, mobilize and
across different system states (trajectories or pathways) mbine social networks in new ways, preparing the sys-
not predetermined but rather emerges through diverstem for change (Folke et aR005 Westley et al.2013
interactions across scales and among diverse acto@OBrier2015. The preparation phase seems particularly
(Westley et al.2011). Therefore, the literature on trans- important in building capacity to transform rather than
formations towards sustainability emphasize framing andimply returning to the status quo and reinforcing existing
navigating transformations rather than controlling thosepower structures following change. Bridging organizations
Work on socio-technical sustainability transitions, social-tend to emerge, within or with new institutions, connecting
ecological transformations, and social innovation providegovernance levels and spatial and temporal scales (Cash
insights into these dynamics (Geels et 2017 Olsson et al. 2006 Hahn et al. 2006 Brondizio et al. 2009
et al. 2017, Westley et al.2017). Rathwell and Peterso2012. In several cases, the broader
These literatures have illustrated the importance ofocial contexts provide an enabling environment for such
connectivity and cross-level interactions for understandinggmergence, for example, through various incentive struc-
the role of technological and social innovation and transtures or legal frameworks. When a window opens, there is
formative systemic change. The work emphasizes thskilful navigation of change past thresholds or tipping
importance of fostering diverse forms of novelty andpoints and, thereafter, a focus on building resilience of the
innovations at the micro-level, supported by the creation ofransformed system (Gelcich et 2010.
OOtransformative spacesOO, shielded from the forces bf general, the resulting transformation goes beyond the
dominant system structures. These allow for experimentaadoption of a new technology or a local social innovation
tion with new mental models, ideas, and practices thatlone. Instead it includes a portfolio of actions like
could help shift societies onto more desirable pathwaysnvestment in new infrastructures, establishment of new
(Loorbach et al.2017 Pereira et al.2018a b). The markets, changes in incentives, development of new social
examples of the OOSeeds of a Good AnthropoceneO0 pmjefetrences, or adjustment of user practices. Furthermore,
reect ongoing local experiments that, under the rightransformations gain momentum when multiple innova-
conditions, could accelerate the adoption of pathways teions are linked together, improving the functionality of
transformative change (Bennett et @016. As multiple each and acting in combination to reconbgure systems
demands and stressors degrade the ocean, transformati@@eels et al2017 Westley et al.2017).
change in ocean governance seems required, shifting cur- Successful social innovations are recognized by their
rent economic and social systems towards ocean stewardapacity to radically shift broad social institutions
ship, e.g. through incorporation of niche innovations within(economies, political philosophies, laws, practices, and
and across economic sectors and stakeholder communitiesltural beliefs) that provide structure to social life. In
(Brodie Rudolph et al2020. addition, social innovations seldom unfold in a determin-
It has been shown that real-world transformations coméstic manner, but with a kind of punctuated equilibrium,
about through the alignment of mutually reinforcing pro- brst languishing and then accelerating at times of oppor-
cesses within and between multiple levels. For exampletunity or crisis. There is also the need for awareness of the
the alignment of OOniche innovationsOO or OOshadovshaeiew side of all innovation, the consequences of inter-
worksO (which differ radically from the dominant existingvention in a complex system (Holling et @998 Ostrom
system but have been able to gain a foothold in particulaR007). This is unavoidable but manageable if caught early,
market niches or geographical areas) with change abut needs attention, particularly in times of rapid change
broader levels and scales can create rapid change. Bo(iVestley et al.2017).
slow moving trends (e.g., demographics, ideologies, accu- Social innovation is currently underway in many
mulation of GHG) and sudden shocks (e.g. electionsdomains linked to climate change, like renewable energy
economic crises, pandemics, extreme events) can start {Geels et al2017) or agriculture (Pigford et ak018 and
weaken or disturb the existing social-ecological system antighlight the importance of innovations not only in science
create windows-of-opportunity for niche innovationsNnew and technology, but also in institutions, politics, and social
practices, governance systems, value orientationsNtagoals for sustainability. Substantial attention is also direc-
become rapidly dominant (Olsson et &004 2006 ted towards sustainability of the ocean, where policy
Chafpn and Gundersd016 Geels et al2017) (Fig. 9). makers, industries, and other stakeholders are increasingly
Hence, turbulent times may unlock gridlocks and trapsengaged in collaboration &erblom et al.2017 Brodie
and open up space for innovation and novelty (GundersoRudolf et al. 2020 UNGC 2020 and innovations
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Fig. 9 The transformation process. A social innovation, a seed, matures to the extent that the initiative hzepaesi for changeAnd when
change happens, when théndow-of-opportunityunlocks at broader levels of governance, often in relation to a shock or disturbance, the new
initiative can be skilfullynavigated through the window and transitioniedo a new development pathway, making it possible to transform the
governance system and stadilding resilience of the new situaticend taking it to scale (based on Olsson et28l04 Geels et al2002and
adapted from Pereira et &018h). Reprinted with permission

(McCauley et al2016 Blasiak et al.2018 Costello et al. changes unfold as part of cultural evolution, which needs
2020, aimed to create new incentives (Lubchenco et alattention as urgently as the decarbonization of our econ-
2018 Jouffray et al.2019 Sumaila et al2020) for action. omy (Waring et al.2015 Creanza et al2017 Jergensen
However, for these to have transformative impact, shifts iret al. 2019.
cultural repertoires (schemas, frames, narratives, scripts,
and boundaries that actors draw on in social situationsiNarratives of action for the future
(Lamont et al.2017 similar to those that accelerated the
anti-smoking movement and the LGBTQ movement needsocial innovation and transformation require an individual
to occur (Marshall et al2012 Moore et al.2015 Nyborg and collective attention on the future. There are many
et al.2016. documented obstacles to such future focus, from cognitive
There are suggestions for social tipping interventions tanyopia to present-biased individual and institutional
activate large-scale systemic shifts through, for exampleincentives and norms (Weber and JohngiX1§ Weber
rapidly spreading of technologies, shifts in social norms2017, 2020. Choice architecture provides tools that reduce
and behaviors, or structural reorganization of sectors, corstatus-quo bias and encourage more foresightful decisions
porations, and societies (Folke et &019 Otto et al. in specibc circumstances (Yoeli et 2017, but rapid and
2020. There are signs that such shifts are underway irsystemic change will require more fundamental shifts in
western cultures, a desire for fundamental change towardsarratives at a collective level (Lubchenco and Gaines
a more sustainable way of life (Wibeck et 2019 aided 2019.
by social movements such as the youth-led Extinction Narratives are ways of presenting or understanding a
Rebellion, as well as a strong move to more healthy andituation or series of events that ref3ects and promotes a
sustainable diets (Willet et al2019. Again, all these particular point of view or set of values. Narratives can
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serve as meaning-making devices, provide actors witlinterpretive background against which individuals position
conbdence to act and coordinate action. They are of sigheir own acts and those of others (Lamont et2017).
nibcance in shaping and anchoring worldviews, identitiesNarratives of hope as cultural scripts are more likely to
and social interactions (van der Lee@920. become widely shared if they offer possible course of
Narratives of hope have proven essential for sociahction, something that reasonable people can aspire to.
resilience (Lamont2019. Social resilience refers to the Such sharing bolsters peopleOs sense of agency, the per-
capacity of individuals, groups, communities, and nationseption that they can have an impact on the world and on
OOto secure favourable outcomes (material, symbolibgir own lives that they can actually achieve what is
emotional) under new circumstances and when necessaoffered to them (Lamont et al2017. In contrast to
by new means, even when this entails signibcant modibdoomsday or climate-denying narratives, these scripts feed
cations to behaviour or to the social frameworks thata sense of active agency. Such OObctional expectationsO0,
structure and give meaning to behaviourOO (Hall arhchored in narratives that are continually adapted, are at
Lamont2012. the core of market dynamics confronted with an uncertain
Transforming towards sustainable futures will requirefuture affecting money and credit, investment, innovation,
broadening cultural membership by promoting new narraand consumption (Becke®016).
tives that resonate, inspire, and provide hope centred on a Narratives of hope represent ideas about OOimagined
plurality of criteria of worth and social inclusion. Here, we futuresOO or alternative ways of visualizing and conceptu-
are concerned with the challenge of motivating a collectivealizing what has yet to happen and motivate action towards
recognition of our interdependence with the biospherenew development pathways (Moore and Milkor2@20.
(Schill et al.2019 and economic and political action based As they circulate and become more widely shared, such
on that recognition. imagined futures have the potential to foster pre-
Collective conceptions of the future have many aspectdlictable behaviours, and stimulate the emergence of insti-
They include (1) whether the future is conceived as near otutions, investments, new laws, and regulations. Therefore,
far and is understood in terms of long, medium and shortdecisions under uncertainty are not only technical problems
term rewards; (2) what is likely and possible and howeasily dealt with by rational calculation but are also a
contingent these outcomes are; (3) whether the future wilfunction of the creative elements of decision-making
be good or bad; (4) how much agency individuals have or{Beckert2016.
various aspects of their individual and collective future There is a rich literature on scenarios for sustainable
(concerning for instance, politics, societal orientation,futures, narratives articulating multiple alternative futures
personal and professional life; (5) who can infuence thén relation to critical uncertainties, increasingly emphasiz-
collective future (e.g., the role of the state policies anding new forms of governance, technology as a bridge
various societal forces in shaping them); (6) whether thdetween people and the deep reconnection of humanity to
future is conceived as a cyclical or as a linear progressiorthe biosphere, and engaging diverse stakeholder in partic-
(7) how stable peoplesO conceptions of the future are aihtory processes as part of the scenario work (Carpenter
how they are inBuenced by events (terrorist attackset al. 2006 Bennett et al.2016. The implication of
recessions, pandemics); and (8) whether aspirations ameherent unpredictability is that transformations towards
concealed or made public. sustainable and just futures can realistically be pursued
Behind these various issues, one bPnds other basic copsly through strategies that not only attend to the dynamics
ceptions about agency (to what extent are individualof the system, but also nurture our collective capacity to
master of their fate), the impact of networks (to what exteniguide development pathways in a dynamic, adaptive, and
is fate inBuenced by peers, family, and others), the impaatel3exive manner (Clark and Harle302Q Freeman et al.
of social structure (what is the impact of class, race, gen2020. Rather than striving to attain some particular future
der, place of origin) on where we end up, and how muctit calls for a system of guided self-organization. It involves
does our environment (segregation, resource availabilityanticipating and imagining futures and behaving and acting
environmental conditions) inRuence our opportunities.on those in a manner that does not lead to loss of oppor-
Therefore, it is important to remember that, althoughtunities to live with changing circumstances, or even better
individuals play essential roles in narratives of hope, suctenhances those opportunities, i.e. builds resilience for
images of the future are seldom creations of individualscomplexity and change (Berkes et 2D03.
alone but shaped by many cultural intermediaries working In order to better understand the complex dynamics of
in the media, in education, in politics, in social movementsthe Anthropocene and uncertain futures, work is now
and in other institutions. emerging on human behaviour as part of complex adaptive
Cultural scripts represent commonly held assumptionsystems (Levin et al2013, like anticipatory behaviour
about social interaction, which serve as a kind of(using the future in actual decision processes), or capturing
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behaviour as both OOenculturatedOO and OOenearthedOO @idspiiere stewardship incorporates economic, social,
evolving with socio-cultural and biophysical contexts and cultural dimensions with the purpose of safeguarding
(Boyd et al.2015 Waring et al.2015 Poli 2017 Merdon the resilience of the biosphere for human wellbeing and
et al. 2019 Schill et al.2019 Schider et al.2019 Haider fostering the sustainability of a rapidly changing planet.
et al. 2021, illustrating that cultural transmission and Stewardship is an active shaping of social-ecological
evolution can be both continuous and abrupt (Creanza et athange that integrates reducing vulnerability to expected
2017). changes, fostering resilience to sustain desirable conditions
Narratives of hope for transformations towards sustainin the face of the unknown and unexpected, and trans-
able futures are in demand. Clearly, technological changérming from undesirable pathways of development when
plays a central role in any societal transformation. Tech-opportunities emerge (Chapin et &010. It involves
nological change has been instrumental in globalizatiorcaring for, looking after, and cultivating a sense of
and will be instrumental for global sustainability. No belonging in the biosphere, ranging from people and
doubt, the new era of technological breakthroughs willenvironments locally to the planet as a whole (Enqvist et al.
radically change the structure and operation of societie2018 Chapin202Q Plummer et al2020.
and cultures. But, as has been made clear here, the recipe Such stewardship is not a top-down approach forced on
for sustainable futures also concerns cultural transformapeople, nor solely a bottom-up approach. It is a learning-
tions that guide technological change in support of a resibased process with a clear direction, a clear vision,
lient biosphere; that reconnect development to thesngaging people to collaborate and innovate across levels
biosphere foundation. and scales as integral parts of the systems they govern
(Tengoet al.2014 Clark et al.2016 Norstran et al.2020.
Here, we focus on biosphere stewardship in relation to
climate change, biodiversity, and transformations for sus-
tainable futures.
Transformation towards sustainability in the Anthropocene
has at least three systemic dimensions. First, it involves &rom emission reductions alone to biosphere
shift in human behaviour away from degrading the life- stewardship
support foundation of societal development. Second, it
requires management and governance of human actions @dobal sustainability involves shifting into a renewable
intertwined and embedded within the biosphere and thenergy-based economy of low waste and greater circularity
broader Earth system. Third, it involves enhancing thewithin a broader value foundation. Market-driven progress
capacity to live and develop with change, in the face ofcombined with technological change certainly plays an
complexity and true uncertainty, that is, resilience-buildingimportant role in dematerialization (Schmidheiiy992
strategies to persist, adapt, or transform. For major pathMcAfee 2019 but does not automatically redirect the
ways for such a transformation are presented in Box economy towards sustainable futures. Public awareness,
responsible governments, and international collaborations

BIOSPHERE STEWARDSHIP FOR PROSPERITY
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BOX 2 Four major pathwys towards global are needed for viable economic developments, acknowl-
sustainability edging that people, nations, and the global economy are
intertwined with the biosphere and a global force in
1. Recognize and act on the fact that societal deviel- shaping its dynamics.
opment is embedded in and critically dependent Since climate change is not an isolated phenomenon but
on the biosphere and the broader Earth system for a consequence of the recent accelerating expansion of
prosperity and wellbeing. human activities on Earth, the needed changes concern
2. Create incentives and design policies that enahle social organization and dynamics inBuencing the emissions
societies to collaborate towards just and sustain- of greenhouse gases from burning fossil fuels, technolo-
able futures within planetary boundaries. gies, and policies for reducing such emissions, and various
3. Transform the current pathways of social, eco- approaches for carbon capture and storage. However, to
nomic, cultural development into stewardship of  reduce the effects of climate change, it will not be sufp-
human actions that enhance the resilience of the cient to remove emissions only. The resilience of the bio-
biosphere. sphere and the Earth system needs to be regenerated and
4. Make active use of emerging and converging enhanced (Nystia et al.2019. This includes governance
technologies for enabling the societal stewardship of critical biosphere processes linked to climate change,
transformation. such as in agriculture, forestry, and the ocean. In addition,
guarding and enhancing biodiversity will help us live with
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Fig. 10 A Roadmap for Rapid DecarbonizationNwithout 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 decadeN
the Carbon Law trajectory. Meeting the Paris Agreement goals will require bending the global curve efXSions 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 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.
Green represents natural carbon sinks, which will shrink as emissions decrease (adapted fromiRetkdi?017). Reprinted with permission

climate change, mitigating climate change by storing andexistence of connections between bnance actors, capital
sequestering carbon in ecosystems, and building resilienaearkets, and the tipping elements of tropical and boreal
and adaptive capacity to the inevitable effects offorests has also gained attention and needs to be acted upon
unavoidable climate change (Dasgup@21). in policy and practice (Galaz et &018.

The global pandemic caused a sharp fall in Cgnis- Furthermore, ecosystem restoration has the potential to
sions in 2020 (Le Qu& et al. 2020, while the cumulative sequester large amounts of carbon dioxide from the
emissions continue to rise (Friedlingstein et2020. The  atmosphere. The amount of carbon dioxide in the atmo-
fall was not caused by a long-term structural economicsphere derived from destroyed and degraded land is
shift so it is unlikely to persist without strong government roughly equal to the carbon that remains in ecosystems on
intervention. Political action is emerging from major land (about 450 billion tonnes of carbon) (Erb et20.18.
nations and regions and on net-zero GHG emissions withilthe amount of degraded lands in the world is vast, and
decades. Shifts towards renewable energy are taking placestoring their productivity, biodiversity, and ecosystem
in diverse sectors. Carbon pricing through taxes, tariffsservices could help keep global temperature increases
tradeable permits, as well as removal of fossil-fuel subsiwithin acceptable levels (Lovejoy and Hann2®18. It has
dies and incentives for renewable energy and carbobeen estimated that nature-based solutions on land (from
sequestration (e.g. CCS techniques) are on the table argjriculture to reforestation and afforestation) have the
increasingly implemented. There are substantial materigbotential to provide over 30% of the emission reductions
and emission gains to be made from altered consumptioneeded by 2050 to keep global temperature increases to not
patterns, infrastructure changes, and shifts towards a cimore than 2C (Griscom et al2017 Roe et al.2019.
cular economy. Voluntary climate action among some There is scope for new policies and practices for nature-
large corporations is emerging (Vandenbergh and Gilligarbased solutions (Kremen and Merenlengleét8 Diaz et al.
2017. There is general agreement that the pace of thes2018. These solutions will require shifts in governance
promising changes must rapidly increase in order to medbwards active stewardship of water and ecosystem
the Paris climate target (Fid0). dynamics and processes across landscapes, precipitation

In addition, active biosphere stewardship of critical sheds, and seascapes{@blom et al2017 Plummer et al.
tipping elements and carbon sinks, as in forests, agricul2020, reconbguring nation state governance, empowering
tural land, savannas, wetlands, and marine ecosystemstise commons through justice, equity and knowledge, and
crucial to avoid the risk of runaway climate change (Stef-making ownership regenerative by integrating rights with
fen et al. 2018. Such stewardship involves protecting, responsibilities (Brodie Rudolph et #020. Also, the so-
sustaining, restoring, and enhancing such sinks. Thealled OOsocial tipping interventionsOO towards biosphere
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stewardship have the potential to activate contagious proand future shocks under conditions of deep uncertainty
cesses of rapidly spreading technologies, behaviors, sociéPolasky et al.2011). Resilience provides capacities for
norms, and structural reorganization, where current patrovelty and innovation in times of change, to turn crises
terns can be disrupted and lead to fast reduction innto opportunities for not only adapting, but also trans-
anthropogenic greenhouse gas emissions (Otto 80al).  forming into sustainable futures (Folke et 2016.

The window of opportunity for such shifts may emerge in  The immediate future will require capacities to confront
times of turbulence and social discontent with the statughallenges that we know we know little about (Kates and
quo (Carpenter et aR019. Creating conditions for pro- Clark 1996. Given the global connectivity of environ-
cesses of deliberate democracy may guide such transfomental, social, and economic systems, there is no scale at

mative change (Dryzek et a2019. which resource pooling or trade can be used to hedge
against all Buctuations at smaller scales. This begs the
Resilience and biosphere stewardship question of what types of investments may lead to a gen-

eralized capacity to develop with a wide range of potential
Societal development needs to strengthen biosphem@nd unknown events (Polasky et 2011). One strategy is
capacity for dealing with extreme events, both climateto invest in global public goods common to all systems,
driven and as a consequence of a tightly coupled aneé.g., education, capacity to learn and collaborate across
complex globalized world in deep interplay with the rest of sectors, multi-scale governance structures that enable sys-
the biosphere (Helbin@2013 Reyers et al.2018. For tems to better detect changes and nimbly address problems
example, the challenge of policy and practice in satisfyingoy reconbguring themselves through transformative
demands for food, water and other critical ecosystem serchange. Such strategies, often referred to as building
vices will most likely be set by the potential consequenceDOgeneral resilience0, easily erode if not actively supported
of the emergent risk panorama and its consequences, rath@iggs et al.2012 Carpenter et al2012 Quinlan et al.
than hard upper limits to production per se (Cottrell et al.2015. General resilience is critical for keeping options
2019 Nystrem et al.2019 Xu et al. 2020. alive to face an uncertain turbulent world (Walker et al.

In this sense, a resilience approach to biosphere stew2009 Elmqvist et al.2019.
ardship becomes signibcant. Such an approach is very
different from those who understand resilience as return t&ollaborating with the biosphere
the status quo, to recover to business-as-usual. Resilience
in relation to stewardship of complex adaptive system<Clearly, a shift in perspective and action is needed (Fig.
concerns capacities to live with changing circumstanceghat includes extending management and governance from
slow or abrupt, predictable or surprising. It becomesthe focus on producing food, Pbre, and timber in simpliped
especially relevant for dealing with the uncertain andecosystems to rebuilding and strengthening resilience
unknown and is in stark contrast to strategies that suppothrough investing in portfolios of ecosystem services for
efbciency and effectiveness for short term gain at thdwuman wellbeing in diversity-rich social-ecological sys-
expense of redundancy and diversity. Such strategies magms (Reyers et aR013 Bennett et al2015 Isbell et al.
work under relatively stable and predictable conditions but2017).
as stressed here, will create vulnerability in periods of rapid Numerous activities protecting, restoring, and enhancing
change, during turbulent times, and are ill-suited to condiversity are taking place in this direction ranging from
front the unknown (Carpenter et &009 Walker et al. traditional societies, local stewards of wildlife habitats,
2009. Financial crises and pandemics serve as real-worldharine systems, and urban areas, to numerous NGOSs,
examples of such vulnerabilities and make explicit thecompanies and enterprises, and various levels of govern-
tension between connectivity and modularity in complexment, to international collaborations, agreements, and
adaptive systems (Levih999. conventions (Barthel et aR005 Forbes et al2009 Ray-

In contrast, intertwined systems of people and naturenond et al.201Q Andersson et al2014 Barrett 2016
characterized by resilience will have the capacity, whetheBrondizio and Le Tournea@016 Osterblom et al2017,
through strategies like portfolio management, polycentridBarbier et al.2018 Bennett et al2018.
institutions, or building trust and nurturing diversity  Examples include widespread use of marine protected
(Costanza et al200Q Ostrom 201Q Biggs et al.2012  areas from local places to marine spatial planning to pro-
Carpenter et al2012, to confront turbulent times and the posals for protecting the open ocean, enhancing marine
unknown. Policy decisions will no longer be the result of biodiversity, rebuilding Psheries, mitigating climate
optimization algorithms that presuppose quantibablehange, and shifting towards ocean stewardship (Worm
uncertainty, but employ decision-making procedures thaet al. 2009 Sumaila et al.2015 Lubchenco and Grorud-
iteratively identify policy options most robust to present Colvert 2015 Lubchenco et al2016 Sala et al.201§
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Fig. 11 Reconbguring the humanbnature relationship over time (adapted from2@ade Reprinted with permission

Gaines et al2018 Tittensor et al2019 Cinner et al202Q  portfolio of options for sustainable development in times of
Duarte et al202Q Brodie Rudolph et al2020. The latter change. Stewardship shifts focus from commodity to
is the focus of the High Level Panel for a Sustainableredundancy to response diversity for dealing with change
Ocean Economy, with 14 heads of state and more than 25EImqvist et al.2003 Gr&-Regamey et aR019 Dasgupta
scientists engaged. They aim to stimulate transformativ021).
change for the ocean by committing to sustainably Clearly, the economic contributions of biodiversity are
managing 100% of their own waters by 2030 (Stuchteyhighly signibcant as reRected in the many efforts to expose
et al. 2020. and capture economic values of biodiversity and ecosystem
There are major restoration programmes of forestsservices (Daily et al200Q Sukhdev et al201Q Kinzig
wetlands, and abandoned and degraded lands and eveh al. 2011 Costanza et al2014 Naeem et al.2015
revival of wildlife and rewilding of nature (Perino et al. Barbier et al2018 Dasgupta2021). Inclusive (or genuine)
2019. Other efforts include OOworking-lands conservationf¥alth aims at capturing the aggregate value of natural,
like agroforestry, silvopasture, diversibed farming, andhuman, and social capital assets to provide a comprehen-
ecosystem-based forest management, enhancing livelgive, long-term foundation for human wellbeing (Dasgupta
hoods and food security (Kremen and Merenlen2@t8. and Mder 200Q Polasky et al.2015. Inclusive wealth
The worldOs ecosystems can be seen as essential cagitalvides a basis for designing incentives for more sus-
assets, if well managed, their lands, waters, and biodivettainable market transactions (Dasgu@@l4 Clark and
sity yield a Bow of vital life-support services (Daily et al. Harley 2020.
2009. Investing in natural capital has become a core Also, the role of the cultural context is fundamental
strategy of agencies and major nations, like China, fo(Diaz et al.2018 and biocultural diversity, and coevolu-
wellbeing and sustainability, providing greater resilience totion of people and nature is gaining ground as a means to
climate change (Guerry et #2015 Ouyang et al2016. It  understand dynamically changing social-ecological rela-
involves combining science, technology, and partnershiptions (Barthel et al2013 Mer@on et al2019 Haider et al.
to develop nature-based solutions and enable informed019. Broad coalitions among citizens, businesses, non-
decisions for people and nature to thrive and invest in greeprobts, and government agencies have the power to trans-
growth (Mandle et al2019. form how we view and act on biosphere stewardship and
There are several examples of adaptive management atdild Earth resilience. Science has an important new role to
adaptive governance systems that have transformed socigllay here as honest broker, engaging in evidence-informed
ecological dynamics of landscapes and seascapes insztion, and coproduction of knowledge in collaboration
biosphere stewardship (Chafbn et 2014 Schultz et al. with practice, policy, and business (Reyers et 2015
2015 Walker 2019 Plummer et al2020. Stewardship of Wyborn et al.2019 Norstrem et al. 2020.
diversity as a critical feature in resilience building is about In this context, work identifying leverage points for
reducing vulnerability to change and multiplying the anticipated and deliberate transformational change towards

The Author(s) 2021
123 www.kva.se/en



Ambio 2021, 50:834D869 857

Fig. 12 Collaborative implementation of priority interventions (levers) targeting key points of intervention (leverage points representing major
indirect drivers) could enable transformative change from current trends towards more sustainable ones. Effectively addressing these levers and
leverage points requires innovative governance approaches and organizing the process around nexuses, representing closely interdependent an
complementary goals (adapted from Diaz et20118. Reprinted with permission

sustainability is gaining ground, centred on reconnectingrivate sector alone {&erblom et al2015 Barbier et al.
people to nature, restructuring power and institutions, an@018 Blasiak et al.2018 Galaz et al.2018 Folke et al.
rethinking how knowledge is created and used in pursuit 02019 Jouffray et al.2019.

sustainability (Abson et al2017 Fischer and Riechers The rapid acceleration of current Earth system changes
2019. Such actions range from direct engagementgprovides new motivations for action. Climate change is no
between scientists and local communities (Tergjoal. longer a vague threat to some distant future generation but
20149 or through the delivery of scientibc knowledge andan environmental, economic, and social disruption that
method into multi-stakeholder arenas, such as boundary dodayOs youth, communities, corporations, and govern-
bridging organizations (Cash et &003 Hahn et al2006  ments are increasingly experiencing. This provides both
Crona and Parke2012 where it can provide a basis for ethical and selbsh motivations for individuals and institu-
learning and be translated into international negotiationgions to launch transformative actions that shape their
(Biermann and Pattberg008 Galaz et al.2016 Tenge futures rather than simply reacting to crises as they emerge.
et al. 2017. It includes efforts to accelerate positive Shaping the future requires active stewardship for regen-
transformations by identifying powerful actors, like Pnan-erating and strengthening the resilience of the biosphere.
cial investors or transnational corporations, and articulating Given the urgency of the situation and the critical
key domains with which these actors need to engage inhallenge of stabilizing the Earth system in Holocene-like
order to enable biosphere stewardshipst@blom et al. conditions, the pace of current actions has to rapidly
2017 Galaz et al.2018 Folke et al.2019 Jouffray et al. increase and expand to support a transformation towards
2019. The International science-policy platform for bio- active stewardship of human actions in concert with the
diversity and ecosystem services (IPBES), an internationdliosphere foundation. It will require reform of critical
body for biodiversity similar to the IPCC for the climate, social, economic, political, and cultural dimensions (Tallis
has proposed key features for enabling transformationadt al. 2018 Diaz et al.2018 Barrett et al.2020.

change (Figl2). These efforts serve an increasingly

important space for scientists to engage in, helping hold

corporations accountable, stimulating them to take orCONCLUDING REMARKS

responsibility for the planet and develop leadership in

sustainability. Such science-business engagement willhe success of social organization into civilizations and
become increasingly important to ensure that companies@ore recently into a globalized world has been impressive
sustainability agendas are framed by science rather than tteend highly efpcient. It has been supported by a resilient
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biosphere and a hospitable climate. Now, in the Anthro-humanity and the rest of the living world for the next

pocene, a continuous expansion mimicking the developmillennium and beyond.

ment pathways of the past century is not a viable option for There is scope for changing the course of history into

shifting towards sustainable futures. sustainable pathways. There is urgent need for people,
Humanity is embedded within, intertwined with, and economies, societies and cultures to actively start govern-

dependent upon the living biosphere. Humanity hasng natureOs contributions to wellbeing and building a

become a global force shaping the operation and future afesilient biosphere for future generations. It is high time to

the biosphere and the broader Earth system. Climateeconnect development to the Earth system foundation

change and loss of biodiversity are symptoms of the situthrough active stewardship of human actions into pros-

ation. The accelerating expansion of human activities haperous futures within planetary boundaries.

eroded biosphere and Earth system resilience and is now
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