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Earth’s biosphere, its extraordinary and complex web
of species and ecosystems on land and in the oceans,
drives the life-sustaining cycles of water and other ma-
terials that enable all life on Earth to thrive. The bio-
sphere is also a principal driver of immense negative
feedback loops in the Earth system that stabilize at-
mospheric CO2 concentrations and thereby global cli-
mate—including carbon sequestration by vegetation,
soils, and the oceans. As such, Earth’s ecosystems
have played a central role in keeping our planet’s cli-
mate system unusually stable throughout the last
11,700 years (i.e., the inter-glacial Holocene). During
this epoch, global mean temperatures have oscillated
only about 1 °C around the pre-industrial average,
providing the unique conditions that allowed human
civilizations to flourish. Today, ocean and land ecosys-
tems remove around 50% of anthropogenic CO2

emissions from the atmosphere each year (1), an ex-
traordinary biophysical feat, given that these emis-
sions have risen from approximately 4 gigatonnes of
carbon (GtC) per year in 1960 to around 11GtC per year
today. Put another way, half our “climate debt” is re-
moved, for free, by the biosphere every year—a vast
subsidy to the world economy.

The recent Working Group 1 report of the sixth
assessment of the Intergovernmental Panel on Cli-
mate Change (IPCC) confirmed this major nature
contribution to climate stability, estimating the cumu-
lative carbon sequestration by land and oceans to be
56% of all human-caused emissions between 1850
and 2019 (2). All major global climate models whose
simulations give us hope of meeting the target of the
Paris Climate Agreement—to keep warming well be-
low 2 °C—take the continued provision of this gigantic
biosphere endowment for granted, merely conclud-
ing, as in the recent IPCC report, that the efficiency
of nature’s carbon sink may reduce slightly for high

emission pathways. This means that the ability of in-
tact nature to continue to sequester carbon is already
factored into the climate models and thus in the es-
timate of the remaining carbon budget to hold to the
Paris climate target. Yet this fundamental assumption
relies on terrestrial and marine ecosystems remaining
sufficiently intact and resilient to human pressures,
even as climate change progresses (3). It is therefore
concerning that the IPCC now concludes that Earth’s
temperature is slightly more sensitive to rising CO2

concentrations than previously thought (4)—meaning
our remaining carbon budget to achieve the Paris
target may have effectively shrunk. If we were able
to more accurately simulate feedbacks in the global
carbon cycle, such as tipping points in forest eco-
systems (5) and abrupt permafrost thaw (6), the
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estimated remaining budget could disappear alto-
gether. Hence, safeguarding the biosphere from further
degradation or collapse is an existential challenge for
humanity.

A Crucial Role
Today, major carbon sinks exist in remaining intact trop-
ical, temperate, and boreal forests, absorbing around 0.7,
0.7, and 0.5 GtC per year, respectively (Fig. 1A). For-
ests regrowing after past disturbances take up another
1.3 GtC per year. Grasslands and rangelands sequester
about 0.6 GtC per year; peatlands 0.1 GtC per year; and
mangroves, seagrasses, and marshes around 0.2 GtC
per year. Total net ocean uptake is around 2.5 GtC per
year. In total, ecosystems on land store almost four times
the current atmospheric CO2 content of 880 GtC. Of this
amount, humanity has contributed around 255 GtC by
burning fossil fuels and changing land use since 1850 (1).

Are we at risk of losing the biosphere carbon sinks
and thereby the safe operating space for humanity
provided by nature? The latest evidence is not en-
couraging. The land carbon sink has shown increasing
interannual variability since the 1950s, indicating rising
instability in the land–atmosphere carbon exchange (SI
Appendix, Fig. 1). More than 75% of the land surface
has been altered by humans, removing 50% of vege-
tation biomass, whereas less than 5% of the oceans
remain free from our interference (7). Yet to date, the
world’s relatively intact ecosystems and forested areas
have not only proved remarkably resilient to climate
change but have also increased the overall land carbon
sink in response to elevated CO2 levels—most notably
the northern hemisphere forests (8).

We may, however, be approaching a tipping point.
Human activities driving deforestation and degradation
have already turned the Brazilian Amazon into a carbon
source (9), and other tropical biomes may be moving
toward a similar fate, compounded by the effects of
higher temperatures and increased frequency of droughts
on tree growth andmortality (10). Global warming also
increases risks of wildfires in temperate and boreal
forests, which could flip Northern hemisphere eco-
systems from sink to source in coming decades (11).
This has led to rising concerns that human activities
risk triggering biosphere feedbacks that could set the
planet on a trajectory away from Holocene conditions
toward a much warmer state, with potentially cata-
strophic effects for societies and ecosystems (12, 13).

What if ecosystems on land had already lost their
capacity to remove and store CO2? Using the reduced
complexity climate model MAGICC6 ("Model for the
Assessment of Greenhouse Gas Induced Climate
Change Version 6"), we examined changes in global
mean temperature up till now and in the future under
the RCP2.6 emission scenario—the only emission
pathway that aligns with the Paris agreement—but
assumed that ecosystems on land had stopped ab-
sorbing CO2 from 1900 onwards. In such a world,
global temperatures would have risen much faster (Fig.
1C, red line). In fact, we would have already crossed the
1.5 °C threshold, demonstrating that terrestrial eco-
systems have reduced warming by at least 0.4 °C since

1900. Furthermore, if ecosystems on land cease to be a
net carbon sink, this would lead to a dramatically higher
rate of global warming compared with the standard
RCP2.6 climate simulation that assumes intact land (and
ocean) carbon sinks during the 21st century (Fig. 1C,
blue line). By 2100, global mean temperature would be
moving decisively toward 3 °C warming, even if the
rapid decarbonization actions assumed in the RCP2.6
scenario pathway were fully implemented—and this
is without even considering that rising temperatures
would begin to release the vast biosphere carbon
stocks themselves.

We have reached a new risk landscape. For the first
time in human history, we face a planetary emergency.
Not only have human pressures on Earth reached
dangerously high levels, but we see signs that humanity
may no longer be able to count on the capacity of the
biosphere to continue dampening greenhouse gas
emissions and hold onto its carbon stocks. The question
therefore is how can we safeguard and enhance the
ecological functions in the living biosphere that regu-
late its carbon sinks to have a chance of maintaining
a stable and manageable planet that can equitably
support humanity?

Toward Biosphere Stewardship
Avoiding a climate catastrophe requires at least three
global transformations, unprecedented in both magni-
tude and speed: a transformation of the energy system
that cuts emissions by half each decade to reach net-
zero by 2050; a transformation of the agriculture and
forestry sectors from greenhouse gas sources to sinks
within 30 years; and a transformation of our relationship
with nature to one that conserves, restores, and en-
hances its benefits for people and planet. Each must
begin immediately and occur simultaneously to have
a chance of achieving the Paris climate target, as well
as broader global sustainability targets embedded in
the United Nations Sustainable Development Goals
and the Convention on Biological Diversity. To be
clear: Maintaining and enhancing carbon sinks in the
biosphere is a prerequisite to hold global warming
well below 2 °C—and vice-versa. The more global
warming exceeds 1.5 °C, the more likely we are to
experience major impacts on ecosystems, triggering
feedbacks that will accelerate warming and further
harm people.

We argue that biosphere stewardship—the pursuit
of social-ecological sustainability, from local to global
scale, that ensures the health and resilience of Earth’s
life support systems—is an indispensable guiding
principle and building block for the successful imple-
mentation of these transformations (14). In operational
terms, biosphere stewardship implies a fundamental
shift in governance from reducing human pressures
only, to managing nature actively to promote multi-
generational human wellbeing. This suggests that
critical biomes should be recognized as global
commons in service of humanity (15) and managed in
ways that connect local authority, nation state in-
tegrity and culture, with collective governance by the
world community (16). Indeed, the combination of
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local and indigenous knowledge with international
technical and financial support is vital for enabling
effective stewardship (17).

Strategic Considerations
First, evidence is rapidly growing that a wide range
of land management practices that conserve, re-
store, or sustainably manage natural ecosystems and
working lands, collectively termed Natural Climate
Solutions (NCS), constitute a vital toolbox for prac-
tical biosphere stewardship that could deliver a third
of global CO2 emission reductions needed by 2030
(18). Turning again to the MAGICC6 model, we es-
timate that full implementation of NCS, in conjunc-
tion with the broader Paris-compatible decarbonization
across all sectors embedded in RCP2.6, would limit
warming by an additional 0.3 °C by the end of the
century (green line in Fig. 1C). To deliver on the full
potential of NCS, however, a roadmap is needed that

specifies the stewardship actions—connecting key ac-
tors to strategies and places—to catalyze an exponen-
tial decline in CO2 emissions through 2050 (19, 20). The
roadmap’s long-term goals are already clear: 1) rapidly
safeguard irrecoverable carbon stocks in vulnerable
terrestrial and coastal ecosystems [i.e., stocks that, if
lost, cannot be recovered by 2050 (21)]; 2) achieve a
net carbon absorbing land use sector; and 3) restore
and regenerate degraded native ecosystems as car-
bon sinks. The latter goal requires resilience-building
strategies, including disturbance management, in con-
trast to restoring carbon sinks through single species
and simplified ecosystem that are vulnerable to climate
shocks like fires or droughts.

Second, we must translate the overall framing of
biosphere stewardship into actionable paths for all
sectors and actors in society. Governments must es-
tablish and deliver on targets for NCS within their
nationally determined contributions (NDCs) to the

Fig. 1. (A) Carbon sinks in major biomes (SI Appendix, Table 1). Grey areas indicate regions dominated by agriculture.
(B) Carbon stocks in vegetation and soils in major biomes and the share of each biome remaining intact today (SI
Appendix, Table 1). (C) Global average temperature changes relative to pre-industrial levels under RCP2.6, where the
pathway meeting the “Paris target” is the standard RCP2.6 simulation. “Biosphere loss” shows global temperature
change without land carbon sinks from 1900. The Δ0.4 °C arrow shows the estimated dampening effect up until today
from land-based ecosystems. “Full NCS” assumes large-scale restoration of land-based natural carbon sinks in forests,
grasslands, peatlands, and wetlands, as well as avoided future ecosystem degradation, amounting to total emission
reductions of 4.6 GtC per year after 2030 (SI Appendix, Methods for details).
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Paris Climate Agreement—a huge current gap.* Sim-
ilarly, cities and businesses should adopt and deliver
on the growing momentum to set science-based tar-
gets for a safe operating space for critical Earth system
functions (including biosphere carbon sinks), such as
those being developed through the Science-Based
Targets Network (SBTN). Local communities, faith-based
organizations, and civil society groups all have vital
roles in conserving, restoring, and better managing
the biosphere, none more so than Indigenous peo-
ples, just 5% of the global population, but stewarding
more than 25% of the Earth’s land surface (22).

Third, we need to implement policies and financial
mechanisms tailored to catalyze action at scale. These
include governments and businesses adopting full
costing of environmental externalities and natural
capital accounting, along with regulations to underpin
fit-for-purpose sustainability principles to guide financial
and investment decisions. Such efforts are rapidly gain-
ing traction with key financial actors, including the Task
Force on Climate-Related Financial Disclosures (TFCD)†

and incipient sister Task Force on Nature-Related Fi-
nancial Disclosures (TNFD).‡ Current direct subsidies to
the fossil fuel industry totaled US$320 billion in 2019,§

with a cost to society exceeding US$5 trillion annually
when their social and environmental externalities are
included.|| These subsidies must be replaced by policy
measures guiding sustainable investments, such as a
global price on carbon aligned with the latest estimates
of the social cost of carbon of more than 100 US$ per ton
of CO2. Strategically designed carbon pricing offers a
pathway toward mutually reinforcing climate mitigation
and biosphere stewardship (23); a tropical carbon tax, as
low as US$15 per ton of CO2 (24), could support the fi-
nance required to avoid most tropical deforestation,
estimated at 141 billion US$ per year (18).

Alongside top-down actions such as carbon pricing,
biosphere stewardship necessitates deep partnership
with local actors. Combining international finance streams
with local pay-outs for protecting land carbon sinks, for
example, via payments for ecosystems services (PES),
holds promise in reducing deforstation (25). Prioritizing
local and indigenous communities in forest landscape
restoration, and affording people tenure rights to man-
age their lands, aligns global biosphere stewardship with
local stewardship and environmental justice (26).

Scaling and Accelerating
The moment for such transformative actions is now,
with recent economic, social, and technological de-
velopments opening an historic window of opportu-
nity for driving sustainable change. Social movements,
many youth-led and focused on climate justice and
equity, have helped transform global public opinion in

the past few years, with almost two-thirds of respon-
dents of the largest global survey to date now citing
climate change as an “emergency” that demands
action.# Governments are being forced to respond—
in April 2021, a lawsuit brought by the “Fridays for
Future” movement ordered the German government
to significantly tighten its climate protection law be-
cause it was judged as violating the constitution by
delaying action, thereby placing too large a share of
the mitigation burden and climate risks on future
generations.** The speed of social change is mirrored
in the pace of technological innovations creating the
foundation for necessary shifts in consumer behavior;
for example, in the United States sales of plant-based
foods grew almost two-and-a-half times faster than
total food sales between 2018 and 2020.††

Finally, out of the world’s COVID-19 nightmare
comes an unprecedented opportunity: As of August
2021, the world’s 50 largest economies had an-
nounced $19.74 trillion in spending in response to the
pandemic, including $3.38 trillion (some 17%) for
long-term economic recovery.‡‡ Although biosphere
stewardship is a prerequisite to avoid a climate disaster,
it is also a vital tool to prevent the next pandemic given
the increasing risk of zoonotic virus spillovers resulting
from unsustainable human exploitation of wildlife hab-
itats and irresponsible management of wildlife and
domestic animals in a hyper-connected, globalized
world (27). Aligning this immense stimulus with bio-
sphere stewardship principles would provide the fi-
nancial muscle to drive the transformations we identify
above—a once-in-a-generation opportunity to catalyze
resilient post-COVID revitalization that accelerates in-
tegrated action toward a manageable climate future.

We see elements of such strategies emerging, with
countries like Denmark, Germany, France, and South
Korea leading on “green” recovery. Most countries,
however, risk missing this golden opportunity; of the
$3.38 trillion of proposed longer-term recovery invest-
ments, only 15% is currently “green”, and even that is
primarily focused on cutting greenhouse gas emissions
or air pollution, with just 3% directed toward steward-
ship of nature. It is vital, therefore, that the world uses
the UN Climate Change Conference and the UN Bio-
diversity Conference at the end of this year to rebuild
momentum toward truly “building back better.”

Time is not on our side. Within this decade wemust
bend the global curves of greenhouse gases emissions
and of biodiversity loss. And let us not fool ourselves.
Biosphere stewardship for Earth resilience puts stringent
boundaries on “net-zero” targets for climate that have
already been adopted by more than 100 countries to
date. The “net” in net-zero targets for climate, therefore,
must not result in delayed action to rapidly drive
down fossil fuel emissions. Carbon markets, increasingly

* https://wwfint.awsassets.panda.org/downloads/wwf_ndc_
food_final_low_res.pdf
† https://www.fsb-tcfd.org/
‡ https://tnfd.info/
§ https://www.iea.org/topics/energy-subsidies
jj https://www.imf.org/-/media/Files/Publications/WP/2019/
WPIEA2019089.ashx

# https://www.undp.org/publications/peoples-climate-vote
** https://www.bundesverfassungsgericht.de/SharedDocs/
Pressemitteilungen/EN/2021/bvg21-031.html
†† https://gfi.org/marketresearch/
‡‡ https://recovery.smithschool.ox.ac.uk/tracking/
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relied on to efficiently finance climate solutions, must
follow strict science-based standards, such that net-zero
targets are genuinely achieved.

In policy terms, an integrated climate–nature agenda
is gaining momentum. A consensus is emerging that if
climate science translates to net-zero emissions by
2050, then ecological science translates to net-zero
loss of biodiversity and ecological functions from
2020 onwards. Setting the reference point for halting
nature loss to 2020 is a reflection of the exceptional
risks taken by humanity in the current phase of global
mass extinction of species. From this point onwards,
loss of biodiversity must be halted, as fast as possible
(recognizing that a certain level of continued loss

cannot be avoided) and reaching net-positive (in re-
lation to 2020) by 2030, through the combined ef-
forts of halting loss and investing in restoration and
regeneration of ecosystems.§§

Whether the world can make good on the many
promises of a resilient recovery after the coronavirus
crisis remains to be seen. Successfully doing so may
well determine whether we have a chance of keeping
the planet in a stable state able to provide adequate
life support for coming generations on Earth. Bio-
sphere stewardship is essential for this endeavor.

§§ Global Goal for Nature - working paper May 2021. https://www.
naturepositive.org
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