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BACKGROUND: Two intertwined crises threaten
human well-being: Climate change—arising
from human-induced greenhouse gas emis-
sions, including those from the loss of biomass
and biodiversity—is raising temperatures be-
yond those of the Holocene, when human civ-
ilization evolved and expanded globally. Mean
warming and the increasing frequency and
severity of extreme events in turn disturb eco-
system functioning, cause habitat loss to hu-
mans and biodiversity, and exacerbate the
unprecedented loss of biodiversity already
caused by human-induced habitat degradation,
overexploitation of natural resources, and pol-
lution. Both crises reduce nature’s contributions
to people, which sustain well-being, livelihoods,
economies, and development prospects and
also support climate change adaptation and
mitigation. Failing to act will increase human
vulnerability, including poverty, food insecurity,
involuntary displacement, and political in-
stability and conflict. The coupled global cli-
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mate and biodiversity crises and their societal
impacts concern land, freshwater, and ocean
ecosystems alike but are insufficiently tackled
by current actions, as identified by assess-
ments of both the IPCC (Intergovernmental
Panel on Climate Change) and IPBES (Inter-
governmental Science-Policy Platform on Bio-
diversity and Ecosystem Services). None of
the 20 2011-2020 Aichi biodiversity targets
and none of the mileposts on climate trajec-
tories intended to limit warming to 1.5°C have
been met.

ADVANCES: Climate, biodiversity, and societal
challenges are intertwined but are often treated
as singular problems. Solutions exist with co-
benefits across sectors. In intact and functional
ecosystems, nature is efficient at carbon cap-
ture (by photosynthesis) and sequestration
(long-term removal from the carbon cycle), pro-
vided that warming is limited to 1.5°C or be-
low through ambitious emissions reductions.
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Climate, biodiversity, and human society are coupled through dynamic interactions across scales.
Human-caused exploitation and climate change are increasingly threatening biodiversity and nature’s
contributions to people, causing losses and damages exemplified through overfished stocks and excessive

drought that harm productive habitats.
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Strengthening the biosphere on land, in fresh-
water, and in the ocean will support climate
change mitigation, adaptation, biodiversity,
human well-being, and livelihoods. Mounting
scientific evidence points to the need to priori-
tize protection of remaining undamaged carbon-
and species-rich environments and to implement
targeted restoration projects, with more atten-
tion to effectively sustaining biodiversity and
fairly distributed societal cobenefits. Three crit-
ical objectives for future spatial planning include
a habitable climate, self-sustaining biodiver-
sity, and sustained provisioning of nature’s
contributions to people to support development
and a good quality of life for all. Coordinated
efforts among science and policy can identify and
help navigate development pathways toward
climate resilience for both human society and
biodiversity.

OUTLOOK: New global biodiversity, climate,
and sustainability targets envisioned for 2030
and 2050 will likely fail if drivers behind cli-
mate change and biodiversity loss remain in-
sufficiently addressed or concrete actions to
meet current political agreements and goals
do not increase in pace and scale. The follow-
ing actions are urgently needed. (i) Ambitious
emissions reduction, combined with suitable
adaptation measures. (i) Effective protection
of an average of 30 to 50% of surface areas
across a mosaic of interspersed and intercon-
nected land, ocean, and freshwater “scapes.”
These cover a gradient, from pristine ecosys-
tems; to spaces shared by humans and wild
species and sustainably used; to spaces under
intensive uses such as cities, which nonetheless
can harbor substantial biodiversity in terres-
trial and aquatic spaces. Efforts need to con-
sider the specific spatial demands for healthy
ecosystems. (iii) Building of development path-
ways and the underpinning of political, eco-
nomic, and social institutions (including norms
and rules) on visions such as collective respon-
sibility, sustainable and circular uses of natural
resources, avoidance of overconsumption and
waste, and more equitable and participatory
development regionally and globally. (iv) The
enabling of just and equitable access to and
benefits from natural assets across societies,
groups, and individuals, securing good quality
of life. Transformative action can overcome
siloed approaches through institutional and
individual change, achieving sustainability for
nature and people, as well as human, ecosys-
tem, and planetary health.
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Earth’s biodiversity and human societies face pollution, overconsumption of natural resources,
urbanization, demographic shifts, social and economic inequalities, and habitat loss, many of which
are exacerbated by climate change. Here, we review links among climate, biodiversity, and society and
develop a roadmap toward sustainability. These include limiting warming to 1.5°C and effectively conserving
and restoring functional ecosystems on 30 to 50% of land, freshwater, and ocean “scapes.” We envision a
mosaic of interconnected protected and shared spaces, including intensively used spaces, to strengthen
self-sustaining biodiversity, the capacity of people and nature to adapt to and mitigate climate change,
and nature’s contributions to people. Fostering interlinked human, ecosystem, and planetary health for a
livable future urgently requires bold implementation of transformative policy interventions through
interconnected institutions, governance, and social systems from local to global levels.

limate change and biodiversity loss ar-
guably represent the most substantial
challenges to ecosystem health and sup-
ply of nature’s contributions to people
(NCP) (). They also directly and indi-
rectly affect human health and well-being and
the functioning and sustainability of human
societies at the global scale (2, 3). Increases in
greenhouse gas emissions now exceed 55 bil-
lion tonnes of carbon dioxide equivalents (Gt
CO.e) year" and have resulted in warming by
more than 1.1°C above preindustrial times, al-
tered precipitation regimes, sea level rise, more
extreme weather events, and oxygen depletion
and acidification of aquatic environments (4).
Climate change and other anthropogenic drivers
of biodiversity loss—such as agricultural expan-
sion and intensification, pollution, overfish-
ing, and invasive alien species introductions—
independently and together stress and disrupt
ecological communities (2). Human activities
have modified nearly 75% of Earth’s land sur-
face and 66% of its ocean area (3, 5), leading to
the loss of more than 80 and 50% of wild mam-
mal and plant biomass, respectively (6), and
threatening more species with extinction than
ever before in human history (7). Moreover, cli-
mate change and biodiversity loss are inextrica-
bly connected, with each stressor contributing
to and exacerbating the effects of the other.
Climate change is causing species shifts and
biodiversity loss globally because species are
confined to limited thermal performance ranges
and therefore geographical ranges. Climate
warming increasingly causes species to move
(Fig. 1, A and C) to higher latitudes (poleward),
higher altitudes (on land), or deeper water. Range
shifts lead to changes in species interactions,
with cascading effects on species abundances,
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species composition, and ecological functions.
‘When species cannot track the changing climate
or when suitable habitat shrinks, warming
leads to mortality and biodiversity loss, as has
been observed in the tropics (Fig. 1B). Some
species in coral reefs, savannahs, rain forests,
high-latitude and -altitude ecosystems, and Med-
iterranean systems show evidence of exceed-
ance of tolerance and adaptation limits (2).
Mountains and continental boundaries may
become climate dead ends because climate
belts shift off the top of mountains, at the ends
of a continent, or on islands. Extinction risks
are high for species with narrow geographic
ranges or specific habitat requirements, and
those in the tropics and in polar regions (2).
Climate change surpassing species’ adapta-
tion limits constrains options to protect those
species from extinction (2). Overall, climate
change and sea level rise are projected to ex-
acerbate the direct impacts of human activities,
causing further losses in biomass, habitats, and
species (2, 8-10).

Conversely, biodiversity loss contributes to
climate change through loss of wild species and
biomass. This reduces carbon stocks and sink
capacity in natural and managed ecosystems,
increasing emissions (2, 4). Habitat loss and dis-
turbance by human activities (such as through
deforestation or expansion of livestock pro-
duction or pollution) are the primary cause of
biodiversity loss, increasingly exacerbated by
climate change. Feedbacks of biodiversity loss
on climate and of climate change on biodiver-
sity include temperature-induced changes in
photosynthetic capacity and carbon storage,
modified reflectivity of the land surface, al-
tered formation of clouds and atmospheric
dust, and shifted biogeochemical cycling of
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nutrients and carbon, which in turn influence
the concentration of greenhouse gases in the
atmosphere (11-16).

Biodiversity loss and climate change are
thus both drivers and consequences of one
another, tightly linked to human activities or
demographic change and resulting in nega-
tive impacts on NCP, human health and well-
being, as well as societal functioning [for
example, (17, 18)]. Further, the human species
is also losing habitat, through sea level rise and,
more widely, through prolonged exposures to
lethal temperature-humidity combinations out-
side humans’ thermal niche, especially at but
not limited to the lower latitudes (2). Yet these
interlinkages are not sufficiently recognized
in policies and multilateral agreements to
limit climate change and halt biodiversity loss
and societal consequences, particularly as
the United Nations Framework Convention
on Climate Change (UNFCCC) and the Con-
vention on Biological Diversity (CBD) have
largely addressed these issues independently.
Policies and actions that simultaneously ad-
dress climate, biodiversity, and society (the
“nexus”) can help to avoid dangerous trade-offs
and maximize cobenefits for humankind (I8).

Accordingly, various aspects of the “solution
space” are developed in the following sec-
tions. The discussion includes (i) strategies to
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Fig. 1. Latitudinal shiftsin A
marine species richness
(12,796 species from

23 phyla) illustrate the
responses of species to
global warming. (A)
Projected shifts reflect a
scenario-dependent impover-
ishment of species richness
at low latitudes. [Data are
from (10), reproduced from
(2).] (B) The projection is
supported by present-day
observations of reduced bio-
diversity at the equator
compared with slightly higher
Northern and Southern lat-
itudes (48,661 marine animal
species included across lat-

Projected changes in global marine species richness
in 2100 compared to 2006

itudes) [data are from (149)],
reflecting that heat limits are
already surpassed for Meta-
zoa in warm ocean waters
(150). Parallel phenomena
are projected to occur on
land (2). (C) The conceptual
graph illustrates how species’
thermal performance curves
result from adaptation to the
temperature regime

of their biogeographical area.
Overlapping curves define

the temperature range and
limits of species’ coexistence
and interactions. Shifts in
coexistence and ecosystem
dynamics would result from
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differential latitudinal shifts and from species-specific constraints on thermal ranges elicited by hypoxia and/or CO, enrichment (ocean acidification) (8, 18, 151).
Surpassing such limits may trigger fatal tipping points in ecosystems and dependent societies.

address biodiversity loss and climate change,
and their impacts on each other; (ii) proposed
actions to address both crises together with
consideration of societal needs; underpinned by
(iii), the nexus between climate, biodiversity,
and society, as well as the enablers and urgency
of actions leading to transformative change.

Protecting biodiversity in a changing climate
by multifunctional “scapes”

Conservation of biodiversity through spatial
planning, conservation, and restoration is in-
creasingly seen as an existential requirement
for humankind (as addressed by CBD 2022). It
is a flagship target of many conservation and
restoration programs, including the Kunming-
Montreal Global Biodiversity Framework of
the CBD, the UN Decade on Ecosystem Resto-
ration (2021-2030), and the Declaration on
Forests and Land Use at the UNFCCC Confer-
ence of the Parties (COP) 26 (19). Global esti-
mates of the average surface area required to
be effectively protected for self-sustaining bio-
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diversity and long-term ecosystem health range
from 30 to 50% for land and ocean (20-22),
but to integrate this target with multiple social
objectives of human well-being, including equity
and food security, is challenging (23-26). Fur-
ther research is needed to derive biome-specific
guidance and targets (27, 28). For example,
much higher protection, even 80%, might be
needed to secure the Amazon’s capacity to
maintain its own regional climate regime and
thereby biodiversity and global carbon seques-
tration capacity (29-32). For maintaining self-
sustaining biodiversity in a habitable climate,
the conservation of biodiversity- and carbon-
rich natural ecosystems across latitudes—such
as diverse forests, peatlands, and seagrass
meadows—have highest priority. The conser-
vation of spatially intact ecosystems can reduce
risks to health, such as the risk of a pandemic,
and implementation of some managed eco-
system types reduces climate risks to food se-
curity, such as through agroforestry (24, 33-36).
Conservation of, for example, coral reefs se-
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cures multifunctional benefits that support
the UN Sustainable Development Goals (SDGs)
(37). More encompassing conservation actions,
extending beyond the historical focus on pro-
tected areas and species-based approaches, are
thus required to safeguard biodiversity, sup-
port climate change mitigation and adapta-
tion (28, 38, 39), and sustain NCP (1, 28, 40),
including secure livelihoods for Indigenous
Peoples and local communities (4I). These
ecosystem benefits include enhancing water
and air quality; reducing soil erosion; ensuring
pollination of crops; supporting food security
and livelihoods; and regulating floods, regional
climates, and microclimates. Climate change
is already affecting access to or availability
of many of these benefits (40). It is likely that
with successful conservation and restoration
efforts, human physical and mental health
will also benefit (2).

A substantial conservation gap exists toward
agreed (for example, Aichi biodiversity targets)
and even more so, envisioned goals. As of 2020,
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only 15% of land was declared as protected, and
only a fraction of that area was effectively pro-
tected, given threats of encroachment, loss of
legal status, and shifts of biodiversity into sur-
rounding areas that are more intensively used
(42, 43). Protection rates are still below 10% in
the ocean, again with a smaller fraction being
highly protected (23). Moreover, the dichotomy
between protected and unprotected zones
has resulted in failures to address connectivity,
spatial mosaic dynamics, and human needs.
This calls for complementing conservation with
extensive restoration efforts.

Restoration intervenes when high degrees
of ecosystem degradation prevent spontane-
ous recovery. Restoration of ecosystems with
native species enhances climate resilience of
biodiversity but, in light of shifted biogeog-
raphies under climate change, may include
new species assemblages to match future cli-
matic conditions. Restoration can involve bio-
diversity offsetting, which aims to mitigate the
negative impacts of infrastructure develop-
ment, agricultural expansion, or mining by
restoring biodiversity elsewhere. In light of
shifting climate zones, restoration may need
to do the same under climate change. However,
if biodiversity-offsetting programs limit local

Fig. 2. Multifunctional
connected and structur-
ally and visibly distinct
scapes across land,
freshwater, and marine
biomes. Scapes include
large, intact wilderness
spaces (blue circles),
shared spaces (yellow
circles), and anthromes
(red circles). In spaces
“shared” by people and
biodiversity, the mosaic of
intact natural habitat
provides critical nature’s
contributions to people
(NCP). Corridors of natural
habitat (yellow arrows)
facilitate species migration
up elevational gradients.
This multifunctional con-
cept can assist integrating
global and large-scale
targets within local geogra-
phies (18).

appropriate.
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Large intact natural areas in
remote hills, mountains, savanna
and ocean, supporting biodiversity
and NCPs that teleconnect over
large distances. Mix of protection
and other effective conservation
measures, governed by indigenous
peoples, communities, property
owners and/or government, as

Corridors and mosaic of natural
habitats enable climate migration:

0 Forest ecosystems
@ savanna ecosystems
e Mountain slopes

O ocean ecosystems

Corridors connect the mosaic of natural
habitats in shared spaces with reservoirs
of nature in intact spaces. ~

people’s access or cause loss of services on
which their livelihoods depend, this can create
negative impacts on adaptation (44). Social-
ecological trade-offs and disconnects between
the loss of local and “off-stage” (distant, dif-
fuse, and delayed) biodiversity benefits can be
minimized if the scale, type, and distribution
of NCP are considered in restoration and off-
setting initiatives (45, 46).

A new generation of conservation and resto-
ration actions that focus on multifunctional
connected “scapes” (Fig. 2) is necessary to
address biodiversity and climate interactions
and their nexus with human development,
health, and well-being (47). Increasingly, bio-
diversity management envisages a continuum
of protection requirements from highly pro-
tected areas, through shared scapes, to highly
human-dominated scapes (48). This integra-
tive approach aims at the maintenance of self-
sustaining biodiversity that is functionally
intact and resilient with respect to species com-
position and in providing stable ecosystem
services and that also meets human socioeco-
nomic and cultural needs, including material
provisioning (such as agriculture, forestry, and
fisheries), nonmaterial contributions (such as
cultural identity, spirituality and inspiration,

ecosystems (center and

intact/native habitat.
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Varied mosaic of nature and
people in shared spaces - in forest,
savanna, and ocean, and varying
from predominantly natural
(adjacent to remote areas - sides
and background) to predominantly
modified, populated and managed life.

and recreation), and regulatory contributions
(such as pollination, water and soil protection,
and microclimate). Such multifunctional scapes
would include mosaics of protected areas, cli-
mate refugia and migration corridors, spaces
shared by biodiversity and humans and mod-
ified by and for human use (including lands
managed by Indigenous peoples and local
communities), and profoundly transformed
ecosystems such as urban and intensively farmed
areas (Fig. 2) (47, 48). Implementing mixed-
use land- and seascapes could enhance biodiver-
sity and climate cobenefits and also generate
diverse, inclusive, and equitable benefits to
communities and people. In managed ecosys-
tems, increasing crop diversity within fields
(for example, by using varietal mixtures, inter-
cropping, or agroforestry), adding temporal
diversity through extended crop rotations, and
diversifying agricultural practices at landscape
levels dilutes risk and increases resilience to
climate change (49, 50). In forests, manage-
ment practices that promote biodiversity such
as natural regeneration, mixed species stands,
and selective harvests can also increase resil-
ience and secure livelihoods (51, 52).

The proportion and area of the different types
of scapes would vary locally to meet different

Heavily modified anthromes —
cities, intensive farmland,
modified coast, energy
infrastructure. Minimize global
footprint, assure local NCPs in
5% of area for good quality of

foreground). 20% of area under
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local-to-global objectives for biodiversity, live-
lihoods, and well-being, embedded in poly-
centric governance models that have emerged
to manage cross-sectoral complexity (48, 53).
Critically, planning must be closely coordinated
across local jurisdictions and at larger scales
to jointly meet global goals and objectives (48).
Equitable participation and leadership by In-
digenous peoples and local communities is es-
sential to these efforts, given their important
and long-term role in managing biodiverse
scapes and in successful conservation initia-
tives (54, 55). Extending these conservation
measures requires substantial scaling up of
financial investment (56), connecting efforts
across scapes (57), and seeking positive feed-
backs between biodiversity conservation and
social benefits and burdens (58).

Key ecological and social safety measures
require consideration when conceiving and
implementing protection and restoration pro-
grams. The mosaic scapes approach (Fig. 2)
would combine protection and sustainable
uses, considering human and ecosystem needs
per region and ecosystem. Protection and con-
servation initiatives work well when they in-
volve stakeholder engagement and support,
especially at the local scale, and where recog-
nition of values and rights and the distribu-
tion of cobenefits (and potential trade-offs
and costs) are perceived as just (2, 26, 39). In-
volvement in and access to restored areas is
critical for local communities with ecosystem-
based livelihoods and can support conserva-
tion success.

Conservation and restoration activities need
to be paralleled by reducing excess human
consumption habits and pollution. For exam-
ple, measures across sectors that reduce the
demand for energy through efficiency policies
can reduce current emissions by more than
50% (59). Sustained reductions and eventual
elimination of waste and pollution can be en-
abled through the progressive introduction of
a circular economy as part of the envisioned
holistic transformation that builds on system
transitions toward sustainability in land, ocean,
coastal, and freshwater ecosystems; urban and
rural infrastructure; energy; industry; and so-
ciety (2, 60). Conservation and restoration suc-
cesses depend on limiting the degree of global
warming, ideally to below 1.5°C (2).

Nature-based solutions to mitigate
climate change

The protection, sustainable management, and
restoration of ecosystems not only benefit
biodiversity but can also aid climate change
mitigation and other societal challenges (17, 61).
Maximizing biodiversity protection and con-
servation as well as contributing to climate
change mitigation through nature-based so-
lutions (with large adaptation cobenefits) en-
tails urgently avoiding and reversing losses
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and degradation of ecosystems (2, 62, 63).
Protection and restoration of well-connected
areas are not only key strategies for halting
and reversing biodiversity loss (Fig. 2) (64, 65),
they are also among the most rapidly imple-
mented measures that can secure and rebuild
carbon-rich ecosystems. Restoration also has
long-term cobenefits—for example, water qual-
ity and poverty reduction—especially when spa-
tial planning is optimized for such criteria
(66). Many locations best for protecting bio-
diversity and nature’s contributions to peo-
ple are coincident with currently high carbon
storage and high capacity for ongoing seques-
tration (I8, 41, 49, 67). Terrestrial examples
include intact tropical rainforest, wetlands,
peatlands, grasslands, and savannahs (49).
In the ocean, healthy mangrove forests, salt
marshes, kelp forests, and seagrass meadows
are important (41, 67), but so are undisturbed
sediments, as well as deep water and newly
colonized polar blue carbon habitats emerging
from ice melt (68). The role, scale, and efficacy
of carbon storage through nature-based sol-
utions varies considerably with regional and
local contexts (Table 1) (23, 69).

Although ecosystem restoration is often
more cost effective than technological mitiga-
tion measures, nature-based solutions should
not be mistaken as a substitute for substantial
emissions reductions from energy, transpor-
tation, agriculture, infrastructure, building,
and industrial sectors (70). The rate at which
nature-based solutions can contribute to mit-
igation over time is too modest compared with
current emission rates (61, 7I). Nonetheless,
because of substantial carbon storage over
time (Table 1), they have an important role
in long-term climate stabilization (71, 72).

However, as a source of concern, the rate and
effectiveness of nature-based solutions is con-
strained by the degree of warming. Rising
temperature progressively exceeds performance
optima and adaptation limits of photosyn-
thesis and its carbon assimilation in several
ecosystems (following the principles outlined
in Fig. 1). Warming thus constrains the poten-
tial of nature-based solutions in terrestrial
systems, exacerbated by drought (69, 73-75),
and in some ocean systems (71, 76, 77). There-
fore, climate change may even turn some eco-
systems from carbon sinks to carbon sources.
Maintaining a high capacity of carbon storage
thus depends on limiting global warming to
below 1.5°C, noting that the capacity of carbon
binding and storage will decline and risks to
carbon stocks increase with every 0.1°C on top
of current warming (2, 67, 76). Warming by
1.5°C will already weaken nature-based solu-
tions and represents a threshold in the transi-
tion from “safe” to “dangerous” climate change
(2, 78). Restricting warming to 1.5°C through
ambitious emissions reductions, together with
reducing other and interacting pressures that
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drive biodiversity decline, is thus a prerequisite
for the success of conservation and restoration
efforts involving natural and managed ecosys-
tems (3, 23, 66, 71, 78-81) and a guardrail for
avoiding catastrophic change (82).

Provided emissions are successfully reduced,
the effectiveness of nature-based solutions
can be optimized when planned for longevity,
when social equity is adequately addressed,
and when solutions are not narrowly focused
on rapid carbon sequestration (83) but also
on cobenefits beyond mitigation. With care-
ful planning and implementation, including
spatial aspects and social safeguards, nature-
based solutions can support multiple UN SDGs
also in cities (84, 85). By enhancing ecosystem
adaptive capacity and resilience, they can also
reduce ecosystem degradation and the asso-
ciated exacerbation of climate change. Higher
genetic, species, and ecosystem diversity re-
duces both social and ecological risks and keeps
adaptation options open (86).

Synergies and trade-offs in climate
change mitigation, adaptation,
and biodiversity conservation

Biodiversity conservation and climate change
mitigation actions that are well-managed and
considered together tend to display more syn-
ergies than trade-offs (Fig. 3). For example,
both bioenergy and reforestation projects can
be implemented carefully to contribute to hu-
man development needs, alongside pronounced
and rapid reductions in fossil fuel emissions
(87, 88). The most robust path to limiting cli-
mate change while safeguarding biodiversity
depends on identifying the strongest win-win
solutions by region and avoiding those with
negative interactions (89). Management of
natural or seminatural ecosystems through re-
introduction of keystone species or altered
wildfire frequency can strengthen biodiver-
sity while enhancing climate mitigation and
adaptation. However, although most actions
to conserve biodiversity are positive or neutral
for climate, some potential climate mitigation
and adaptation actions will have negative ef-
fects on biodiversity unless managed well (Fig.
3). Both ecosystem protection and restora-
tion may also interfere with food production
unless carefully realized (24, 25). For wetland
conservation, the quantification of carbon stor-
age and greenhouse gas flux rates is uncertain
with respect to the balance between methane
(CH,) sources and CO, sinks (81, 90), but op-
tions are available to reduce their large CH,
emissions, such as by restoring tidal flows (97).

Devoting vast land areas globally to the pro-
duction of biomass for bioenergy is integral
to many mitigation scenarios (49, 78). Yet un-
intended negative side effects arise from their
area requirements and competition for space,
especially in terrestrial ecosystems, or from
afforestation of natural grasslands (87, 92, 93).
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Table 1. Examples for climate change mitigation aided through carbon uptake and storage with biodiversity cobenefits.

System and type* Option Mitigation potential Biodiversity cobenefits Data source
Forest protection Reducing deforestation 0.4 to 5.8 Gt CO,e year ™ Soil and forest (18, 49, 81)
and forest degradation vegetation preserved
Forest restoration Forest expansion (for 1.5t0 10.1 (5.5 for tropical Conservation of hundreds (63, 153)
and reforestation example, on less than half example by 2030) of vertebrate species
of degraded tropical forest Gt COe year™
area (3.69 million km?)
Land restoration Restoring 15% of degraded land up to 300 Gt CO, Avoiding 60% of extinctions (66)
long term
Forest management For example, selective logging 0.4 to 2.1 Gt COe year Improved regeneration, (49)
globally protected forest soils
Agroforestry Strengthening resilience, 0.1to 5.7 Gt COze year™ Resilience building, (154, 155)
reducing soil tillage, and healthy soils
maintaining plant cover
Peatland restoration Protecting and growing 0.15 to 0.81 Gt CO,e year Distinct biodiversity (81, 156, 157)

carbon stores

up to 2050

regained

Grassland and savannah
restoration and
management

Restoration of degraded
grassland, rotational
and light grazing

Reducing wildfires,
strengthens soil carbon,
2.3 to 8 Gt COe year ™

Protection of megafauna,
increase of grass-species
and soil biodiversity

(16, 158, 159)

Total land management

Sustainably managed landst

=5 Gt COe year ! or
higher by 2030

Global-scale synergies 18)

Urban management Green and blue spaces Small contribution Biodiversity refugia (48, 160)
in cities
Marine protection Blue carbon habitats 0.14 to 0.46 Gt CO,e year‘l Avoidance of coastal (41)
(coastal marine)§ habitat loss
Marine restoration Blue carbon habitats 0.62 to 1.06 Gt CO.e year* Expansion of coastal (41)
(coastal marine)§ habitat

Protection of sediments
and rebuilding marine
species stocks

Protecting large sediment
carbon stores, carbon export
by abundant species stocks

Strengthening natural
pathways of carbon export,
large long-term potential

plankton to whales

Restoring natural species
stocks, enhanced
nutrient cycling

(23161, 162)

Expanding ecosystems High latitude retreat of ice New biomass through Expansion of natural (71, 163)
opens new habitat colonization coastal habitat
Sustainably managed Seaweed use and farming =1500 tons CO,e km year *, Creating protected habitat (164, 165)
cultures up to 0.24 Gt CO,e year™* by 2050
*Four types of nature-based solutions: (i) protection, (i) restoration, (iii) management, or (iv) expansion of ecosystems in and around cities or across the wider landscape. tRelease of

methane can offset carbon sequestration.

seaweed to ruminant diets, and from rice paddies and reduced nitrous oxide (N,0) from fertilizer application (49, 81, 164, 166).
and storage in marine systems that are amenable to management (167).

Projected CO, uptake rates through bioen-
ergy or monoculture forest regrowth by 2050,
which are similar in magnitude to double
today’s existing terrestrial carbon sink (49, 94),
are unrealistic. Further, relying on tree bio-
mass for long-term carbon sequestration is
risky, particularly in monocultures with high
vulnerability to heat, drought, storms, fire,
or pest outbreak (95). Trade-offs of bioenergy
crops or afforestation at large scales by using
monoculture or nonindigenous species (96)
cause displacement of other land uses locally
or elsewhere. Associated risks include carbon
and biodiversity losses, negative impacts on food
security, as well as dispossession of local access
to land and to a wide range of NCP (97-101).
Deployment of renewable energy infrastruc-
ture can substantially contribute to mitiga-
tion, but hydropower, solar and wind energy,

Portner et al., Science 380, eabl4881 (2023)

and storage for these intermittent sources of
energy can also have negative impacts on bio-
diversity if their scale and design are not care-
fully implemented (702). For example, nearly
4000 major dam projects are currently under-
way or planned for energy production, irrigation,
or flood control (703), but large dams generally
have detrimental impacts on freshwater bio-
diversity (104) unless reduced through sustain-
able management (105). Likewise, the negative
impacts of wind turbines on bats and birds, and
of solar energy on the terrestrial or aquatic areas
they cover, can be reduced through careful
placement and operation (106, 107). Techno-
logical mitigation measures can also exert
harm to the environment and to biodiversity
through the vast amount of materials required,
such as metals or toxic waste products (108),
which argues for strong environmental and

21 April 2023

tEmissions reductions supported by plant-based human diets and reduced methane emissions from livestock, such as by adding farmed red
§Blue carbon encompasses all biologically driven carbon fluxes

social sustainability criteria. As one safe alter-
native, placing solar panels on half of the world’s
roofs could meet humankind’s entire (as of
2018) electricity demand (109). Expanding cir-
cular economies will reduce the net use of
materials, enable reuse, and avoid waste (110).
Enhanced energy savings and efficiency also
reduce the extent to which infrastructure needs
to be deployed.

Climate adaptation policies can also incur
large biodiversity impacts. For example, build-
ing sea walls to limit impacts of sea level rise
on coastal infrastructure, adding irrigation ca-
pacity to reduce climate change impacts on
agriculture, or introducing exotic tree species
in anticipation of increasing climatic stress on
forests impose substantial risks of large ag-
gregate losses of biodiversity from these ac-
tions (86, 111). As such, there is an urgent need
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Fig. 3. Positive and negative effects (Top) of actions to mitigate climate change on actions to reduce biodiversity loss and (Bottom) of actions reducing
biodiversity loss on those mitigating climate change. Orange lines indicate potential negative effects, and blue lines indicate potential positive effects. Interactions
may shift over time and may surpass thresholds that trigger unforeseen consequences, positive or negative [after (18)].

to assess the cumulative impacts of these adap-
tation (and maladaptation) measures on bio-
diversity, evaluate more positive alternatives
(for example, those that rely on nature-based
solutions), and plan deployment with biodiver-
sity impacts explicitly accounted for (2, 86).
In both land and ocean systems, options exist
to manage trade-offs by combining nature-based
solutions and technology-based measures for
climate change mitigation and adaptation,
while sustaining biodiversity (712). For exam-
ple, solar panel fields integrated with cropping
or grazing systems can create multiple bene-
fits: Grazing underneath solar panels can en-
hance soil carbon, and positive spillover effects
into neighboring fields have been observed
when habitat for pollinators is created under-
neath solar panels (108). Solar power genera-
tion on land is more efficient on an area basis
than production of bioenergy crops and could
thus contribute to reducing competition for
land (Z13). Photovoltaic cells on the surface of
water bodies can reduce evaporation, which
could be beneficial to hydroelectric reservoirs
in arid regions, considering that floating photo-
voltaics may also affect the water body’s physical,
chemical, and biological properties, particu-
larly air exchange and thus oxygen supply (174).

Portner et al., Science 380, eabl4881 (2023)

Offshore wind in combination with hydrogen
generation can be powerful for both mitiga-
tion and biodiversity conservation if negative
impacts on mobile species (such as birds) can
be minimized (115); offshore turbines can cre-
ate artificial substrate, with beneficial effects
on marine biodiversity (106).

Implementing a nexus approach

Lack of appropriate governance mechanisms
to anticipate and address the nexus between
climate, biodiversity, and society can lead to
the surpassing of biodiversity and climate
tipping points with dire consequences for na-
ture and society (2, 71, 78, 81). Cascading ef-
fects, such as from melting of the polar ice
sheets or forest dieback, can lead to breach-
ing of socially acceptable limits and thresh-
olds, especially regarding already vulnerable
and marginalized societies (116). For example,
reduced stability of crop yields may trigger
food crises and subsequently lead to political
instability, mass migration, and other crises
(2, 8I). The uncertainty in the projections of
tipping point timing and locations suggests
that the best approach to avoid them is to stay
far away from even the lowest thresholds that
would trigger irreversible change (117) and
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implement quantified safety margins toward
“safe and just” futures (118). These considera-
tions emphasize the need for rapid progress
in emissions reductions and biodiversity pro-
tection (2), paralleled by rapid transformative
action in all systems (2).

Given the complexity of the nexus, there is
thus a need for effective governance approaches
that are appropriate for implementing and
meeting protection and restoration goals, in-
cluding multifunctional land, freshwater, and
ocean scapes and providing equitable benefits
that avoid trade-offs (18, 119). This requires a
“nexus approach” to governance, which at a
minimum would involve mainstreaming of
biodiversity into climate policy and vice versa,
and of both into initiatives to advance human
development and good quality of life. Such an
approach would also benefit from socioeco-
logical systems perspectives, which identify
interacting subsystems involving resources,
users, and governance at multiple scales. Three
key insights should inform related decisions
and their implementation: first, all climate-
biodiversity interactions have social consider-
ations, with implications for both intra- and
intergenerational equity and justice (120); sec-
ond, telecoupling challenges abound, in which
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off-stage effects also manifest far from the lo-
cation of the intervention on different time
scales (46, 121); and third, trade-offs and feed-
backs among system components, as well as
threshold effects and nonlinear outcomes for
biodiversity, climate, and societal relationships
are the norm rather than the exception (119).

Taking a nexus approach can help guide
policy interventions that have the potential to
generate double or triple wins and avoid unin-
tended consequences while facilitating more
deep and rapid transformative change (719, 122).
Assessing the range of viable solutions requires
recognition of differences in both environmen-
tal conditions and social and cultural situations
and their vulnerabilities. For example, when
defining suitable conditions for human society,
ecosystems, their biodiversity, and the planet,
the interrelationships between systems and
between human, ecosystem, and planetary
health need to be considered (2). Shifts in plan-
etary functioning due to climate change (for
example, responses of ocean currents and at-
mospheric streams) influence regional and local
climate regimes, which in turn set environ-
mental conditions for human well-being as well
as ecosystem functioning, on which human
health and well-being depends (718). Cascading
unfavorable outcomes (such as habitat loss) can
affect all levels and systems (species, ecosys-
tems, and humans), requiring in turn multi-
scalar action (2).

Just as environmental characteristics differ
from place to place and requirements for bio-
diversity differ across biomes, motivations,
interests, preferences, and values embedded
in institutions, societies, and cultures are also
highly diverse (58, 123). Biodiversity conser-
vation interventions that take into account
this diversity, such as those that deliberately
include Indigenous peoples and local commu-
nities, have better outcomes on both human
well-being and biological indicators (54). This
observation calls for robust and transparent
governance mechanisms aimed at inclusion
that are able to overcome unequal power rela-
tions among stakeholders. A shift toward co-
ordinated bottom-up pathways may enable
both the local granularity and the global co-
herence needed to address nexus challenges
across scales (37, 48, 124). Thus, it is crucial to
identify interventions that are universal in
terms of intent but sufficiently flexible and
adaptive to different socioecological contexts,
including historically and culturally embedded
institutional and political governance struc-
tures (125, 126). Some promising governance
initiatives are already emerging, including juris-
dictional approaches, experimental policy mixes,
and rights-based approaches (127, 128).

These approaches often stress the need for
integrated and multifunctional interventions
from toolboxes of adaptive solutions instead
of single silver bullets. More innovative and

Portner et al., Science 380, eabl4881 (2023)

flexible governance approaches can also give
room to local autonomy to choose between al-
ternative pathways to transformative change
(129). Yet there is currently insufficient cross-
sectoral policy coherence and integration, as seen
in separate UN conventions such as UNFCCC
and CBD, which often debate the interests of
national governments who in turn have their
own siloed approaches. Overall, although in-
tegrated solutions for the nexus exist that have
cobenefits in terms of sustainable develop-
ment and meeting basic needs of the poor and
vulnerable (130), designing and financing these
approaches faces numerous barriers because
they require the cooperation of multiple actors
across scales (119, 129, 131).

Enabling urgent action for transformative change

Limiting warming to 1.5°C or even to below
2°C and halting biodiversity loss require rapid
action, which entails transformative change
through transformative governance. This in-
cludes drawing on collaborative solutions across
integrated systems, involves a broad range of
actors and diversity of values about nature,
engages different knowledge systems through
more equitable approaches, and adaptively
manages complex interactions (119, 132, 133).
Transformative change implies deep shifts away
from current ways of governing and decision-
making that are often made on the basis of
single-issue, short-term priorities. For example,
current pledges of net zero emissions by compa-
nies and countries run the risk of exacerbating
inequitable outcomes if they push nature-based
solutions that are inappropriate (such as tree
planting in natural grasslands), have few so-
cial benefits or increase vulnerability, or fail
to be accompanied by simultaneous fossil fuel
emissions reductions (61). Previous experiences
from REDD+ programs (set up by UNFCCC to
initiate “reduced emissions from deforesta-
tion and degradation” of forests) show that
interventions need to be codesigned across
stakeholders to create fair compensation mech-
anisms for equitable distribution of benefits
and costs and to avoid risks to the most vul-
nerable, otherwise the effectiveness can be com-
promised (21, 49).

Part of the move to transformative gover-
nance entails better harnessing of positive social
tipping points that, when reached and exceeded,
can accelerate transformative change toward
desirable biodiversity-climate interactions and
help navigate through strong and often un-
avoidable trade-offs within the nexus (Fig. 4)
(134). Social tipping dynamics require syner-
gizing technological, political, and behavioral
processes toward structural reorganization,
leading to targeted and “contagious” inter-
ventions with positive impacts on climate, bio-
diversity and human well-being (116, 135). Such
interventions depend on social contexts, cul-
tural or behavioral specificities, and political
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as well as institutional systems (such as norms
and regulations) (119). Ideally, goals for social
tipping points should focus on structural re-
organization through targeted interventions
across institutions, technology, and behavior
with positive impacts on climate, biodiversity,
and human well-being (116, 135). Some exam-
ples include the spread of carbon-neutrality
pledges across businesses and cities, rapid adop-
tion of new technologies such as electric vehicles,
or the strengthening of climate and biodiver-
sity education and civil society engagement
(119, 136-138). Because the locations of tipping
points are moving targets, owing partly to the
interconnectedness of the climate-biodiversity-
social system, social tipping interventions need
to be flexible and adaptive (119, 134). Activat-
ing such social tipping interventions necessar-
ily involves a shift of individual and collectively
shared social values away from individualism
and materialism to principles such as respon-
sibility, stewardship, and justice (59, 123). Such
shifts in values will require structural actions as
well, such as eliminating subsidies that pres-
ently support fossil fuel uses (139) or activities
that harm biodiversity such as deforestation
(140-142) or overfishing (143); such subsidies
currently prevent the take-off of alternative
approaches and technologies that would im-
mediately aid climate change mitigation by
avoiding further emissions. Transformative
governance would also entail creating coali-
tions of support to confront recalcitrant and
powerful interest groups (such as economic
actors benefiting from fossil fuel subsidies)
whose goal is keeping economic privileges
and the political status quo and who lobby
against transformative agendas (144.).
Transformative change requires the use of
levers and decision points that have the poten-
tial to alter future social-ecological trajectories
(Fig. 4) (59). “Deep” leverage points (decision
points that are harder to act on but have
stronger potential effects) include moving
away from valuing nature in narrow (market-
based instrumental) ways and exploring alter-
native collective visions of development and
good quality of life, while empowering individ-
uals to enhance a sense of collective responsibil-
ity, especially toward more vulnerable natural
systems and people (123). Interventions that
activate deep leverage points could include (i)
reconceptualizing economic development away
from aggregate value of market flows (such as
gross domestic product) to others that recog-
nize a more inclusive understanding of changes
in wealth (745) as well as the multiple values
of nature (123) for a good quality of life within
climate, biodiversity, and social limits; (ii) es-
tablishing deliberative governance instruments
to empower civil society to take decisions by
emphasizing their role as citizens as opposed
to consumers (123, 146); and (iii) recognition of
Indigenous peoples’ and community conserved
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transformative change (C). It is assumed that high resilience for biodiversity and
ecosystems and human society is paralleled by low risk as a condition for
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territories and areas, initiated, designed, and
governed by local communities, along with
full development of “other effective area-based
conservation measures” (147) that can lead to
the conservation of natural and modified eco-
systems and their biodiversity and associated
benefits, including climate benefits (69).

Conclusions

Achieving the scale and scope of transfor-
mative change needed to concurrently meet
the goals of the UNFCCC, the CBD, and the
UN Agenda 2030 and its SDGs will rely on
far-reaching mobilization and transformation
actions of a type never before attempted, within
a rapidly closing time window as required to
keep global warming below 1.5°C and to se-
cure a livable future (2). Healthy ecosystems
and a healthy planet are preconditions for
flourishing life on Earth. Strengthening bio-
diversity in all systems will also support long-
term climate stabilization. Securing human,
ecosystem, and planetary health and societal
well-being is facilitated through implementa-
tion of multifunctional connected scapes and
other integrated actions across the climate-
biodiversity nexus, building on an analysis of
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Short- to mid- term future

pathways

Development pathways for resilient

ecosystems and people

adapted from (152).]

critical assets (148) and their protection and
expansion through restoration. Securing a
livable future will require rapid action and
commitment not only from countries through
actions in their national territories but also
from emergent coalitions and governance mod-
els at all levels. Addressing conventions in
concert with one another, such as the Paris
Agreement of the UNFCCC (alongside SDG 13)
and the Kunming-Montreal Global Biodiver-
sity Framework (together with SDGs 14 and
15), will put society on the pathway to a posi-
tive vision of good quality of life in harmony
with nature (37). Engaging in deeper transfor-
mative change will require effective incentives
and social tipping points, capacity building
with broad education and outreach initiatives,
institutional change and improved coopera-
tion across sectors and jurisdictions, and shifts
in values to support intergenerational justice
as well as equity more broadly. This vision of
inclusive, integrative, and adaptive decision-
making can overcome societal and political
inertia (2, 3) and thereby help society to avoid
crossing biophysical tipping points and their
worst impacts, as well as help build a more
just and sustainable world (2).
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Facing coupled environmental crises

Humanity is facing major social and ecological impacts from climate change and biodiversity loss. These two crises
are intertwined, with common causes and effects on one another. Pértner et al. review the results of a joint meeting
of members of the International Panels on Climate Change and Biodiversity and Ecosystem Services. They discuss
the connections between biodiversity loss and climate change and propose potential solutions for addressing them
as interconnected problems. Drastic reductions in greenhouse gas emissions, protection of multiuse landscapes
and seascapes, and policies for providing equitable access to natural resources can help to ensure future ecological
function and human well-being. —BEL

View the article online

https://www.science.org/doi/10.1126/science.abl4881
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science (ISSN 1095-9203) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science is a registered trademark of AAAS.

Copyright © 2023 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

9202 ‘92 Jequieldes Uo ouay epersN JO A1SIBAIUN Te B10°90Us 195 MMM//SANY WO | PaPE0 [UMOC


https://www.science.org/content/page/terms-service

	380_256
	380_abl4881

