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SUMMARY

Climate response options rarely affect biodiversity, water, food, and health in uniform ways. This comparative
analysis examines why technically viable response options generate uneven cross-nexus outcomes, and
how governance and justice conditions shape whether these outcomes become durable co-benefits.
Anchored in the IPBES Nexus Assessment, the analysis synthesizes evidence from fifteen response options
spanning land, ocean, energy, urban, industrial, and societal transitions. Ecosystem-centered and demand-
side pathways more consistently produce synergies because they work through ecological functions that
connect several nexus elements. Infrastructure- and technology-centered options deliver mitigation and
health gains, but their wider effects are more context-dependent and often shaped by land use, water de-
mand, biodiversity risk, tenure, access, and benefit-sharing. These patterns do not arise from technical
design alone. By integrating nexus governance with Earth System Justice, the analysis indicates how
cross-sectoral coordination, distributive equity, procedural inclusion, accountable finance, and knowledge
pluralism can shape legitimacy and durability. Climate action is more likely to deliver sustained system-
wide benefits when institutions align ecological interdependencies with social rights and responsibilities.
Otherwise, promising interventions may remain partial, contested or short-lived.
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INTRODUCTION

Climate change unfolds across ecological, hydrological, social,
and economic systems. It intensifies pressures on biodiversity,
freshwater resources, food and nutrition security, and public
health. The Sixth Assessment Report of the Intergovernmental
Panel on Climate Change identifies climate change as a threat
multiplier that deepens existing vulnerabilities in societies
shaped by inequality and institutional fragility."

These pressures interact through reinforcing feedback across
sectors and scales. Climate risk is therefore not confined to a sin-
gle domain. Climate change both results from and accelerates
unsustainable land use, biodiversity loss, freshwater depletion,
and emissions from agriculture, energy, and health systems.>®
Intact ecosystems moderate climatic extremes, regulate hydro-
logical cycles, sustain food production, and protect human
health. Degradation weakens these buffering functions and
heightens exposure. This interdependence underpins the nexus
perspective, which conceptualizes biodiversity, water, food,
health, and climate as coupled systems shaping development
and risk trajectories.*®

We use the term nexus approach to refer to an integrated way
of analyzing interlinkages and interdependencies among sectors
and systems. In the Thematic Assessment Report on the inter-
linkages among biodiversity, water, food and health (“nexus
assessment”) of the Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services (IPBES), this approach
supports adaptive decisions that seek to maximize synergies
and minimize trade-offs.” The relevant nexus for this article links
biodiversity, water, food, health, and climate change. Climate
change is included because it interacts with the other nexus el-
ements both as a driver of risk and through adaptation and miti-
gation actions.® We therefore assess climate response options
by asking how their effects move across biodiversity, water,
food, and health systems. Interlinkages denote influences and
interactions among multiple elements. Interdependencies arise
when one or more elements depend on another to function. Syn-
ergies occur when improvement in one element enhances
another. Trade-offs occurs when improvement in one element
worsens another. This framing distinguishes nexus analysis
from a siloed approach, where decisions are made without suf-
ficient attention to cross-system consequences.®

We use transformation to describe system-level change
across institutions, practices, technologies, economies, and
values. We use transformative change more specifically,
following the IPBES Thematic Assessment Report on the under-
lying causes of biodiversity loss and the determinants of trans-
formative change and options for achieving the 2050 vision for
biodiversity (“transformative change assessment”), to mean
fundamental, system-wide reorganization across technological,
economic, and social factors, including paradigms, goals, and
values.® The IPBES transformative change assessment further
clarifies that deliberate transformative change requires shifts in
views, structures, and practices that address the underlying
causes of biodiversity loss and nature’s decline.® Views are
ways of thinking, knowing, and seeing. Structures are ways of
organizing, regulating, and governing. Practices are ways of do-
ing, behaving, and relating.® In this article, a climate response
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option has transformative potential only when it moves beyond
technical improvement and helps alter the institutional, social,
and ecological relations that produce unsustainable or unjust
outcomes.

Recognition of systemic interdependence has not yet pro-
duced sufficiently integrated climate action. Mitigation pathways
remain misaligned with long-term temperature goals, while
adaptation measures often lack institutional coherence.’ Prevail-
ing development models continue to separate ecological integ-
rity from social well-being.® Political economy constraints, en-
trenched interests, and persistent financing gaps further
restrict coordinated responses.®° Many interventions still privi-
lege technical optimization, with less consistent attention to
cross-system interactions, distributive safeguards, and knowl-
edge pluralism.

Extensive scholarship evaluates climate interventions and doc-
uments their mitigation potential and sector-specific co-bene-
fits.>'%"" The IPBES Nexus Assessment synthesizes interactions
among biodiversity, water, food, health, and climate change, and
shows that response options vary widely in their nexus-wide im-
pacts.® Yet similar options can produce durable synergies in
some settings and contested or partial outcomes in others. This
unevenness is not a secondary implementation detail. It is the cen-
tral analytical problem. The remaining explanatory gap concerns
how technical potential becomes, or fails to become, a durable,
system-wide benefit under specific governance and justice condi-
tions. Without such clarity, policy design may privilege mitigation
efficiency while neglecting ecological integrity, distributive justice
and long-term institutional resilience. This analysis therefore
asks: why do technically viable climate response options generate
uneven cross-nexus outcomes, and how do governance and jus-
tice conditions shape whether these outcomes become durable
co-benefits across biodiversity, water, food, and health systems?
The question has two linked tasks. First, the analysis identifies
recurring patterns of synergies, trade-offs, and mixed effects
across selected response options. Second, it examines how
governance coherence, distributive equity, procedural inclusion,
accountable finance, and knowledge pluralism shape the dura-
bility and legitimacy of those outcomes.

This paper does not extend the catalog of climate response op-
tions. Its contribution lies in re-analyzing a bounded assessment
evidence base through an integrated nexus governance and Earth
System Justice (ESJ) framework. The analysis shifts attention from
whether response options can generate co-benefits to why com-
parable options produce durable synergies in some settings and
fragmented, contested, or short-lived outcomes in others.

This distinction matters for technology-intensive mitigation as
well as ecosystem-centered action. Recent work on carbon cap-
ture, utilization and storage, geological storage capacity, and
wind-solar-hydro complementarity shows that investment viability
and decarbonization potential vary with source-sink matching,
plant-level location, policy incentives, and spatial optimiza-
tion.'”™'® These studies reinforce the need to evaluate technical
options together with finance, siting, institutional capacity, and
distributional consequences.

The analysis integrates two complementary lenses. Nexus
governance examines institutional arrangements that coordinate
across sectors and scales, reduce trade-offs, and realize
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Figure 1. Analytical framework linking climate response options, cross-nexus outcomes, governance-and-justice conditions, and outcome

durability

The framework treats synergies, trade-offs and mixed effects across biodiversity, water, food and health systems as the outcomes to be explained. Governance
coherence, distributive equity, procedural inclusion, accountable finance, and knowledge pluralism are treated as mediating conditions that shape whether
technical potential becomes a durable system-wide benefit or remains fragmented, contested, or short-lived.

synergies.® ESJ situates distributive equity, procedural fairness,
intergenerational responsibility, and the recognition of diverse
knowledge systems within Earth system governance.'® Together,
these perspectives extend evaluation beyond technical effective-
ness toward coherence, legitimacy, and durability.

Figure 1 summarizes the analytical sequence. It separates the
direct nexus effects of climate response options from the enabling
and mediating conditions that shape whether those effects
become durable cross-nexus benefits or remain fragmented, con-
tested, or short-lived.

RESULTS

Climate change response options: Co-benefits, trade-
offs, and structural differentiation

Cross-nexus performance of climate response options
This section compares fifteen climate change response options
across biodiversity, water, food, and health systems. Its purpose
is diagnostic. It identifies recurring patterns of synergies, trade-
offs, and mixed effects before examining the governance and
justice conditions that shape durability. A climate change
response option refers here to an evidence-based ecological,
technological, institutional, financial, or socio-cultural interven-
tion assessed for cross-nexus performance and compatibility
with ESJ and nexus governance principles. The analysis treats
observed patterns as evidence-supported comparative ten-
dencies. It does not treat them as intrinsic rankings of the quality

of response options. Standardized definitions appear in
Table S1, and observed cross-domain impacts are synthesized
in Table 1. Table S11 reports the evidence base, geographical
spread, confidence level, and key limitation for each response
option.

Three patterns are most visible. First, ecosystem-centered
and demand-side options exhibit the strongest cross-nexus syn-
ergies. Agroecology (C11), wetland conservation, and restora-
tion (C04), forest-based practices (C12), coastal and marine
ecosystem restoration (C13), and sustainable healthy diets
(C15) show predominantly positive biodiversity-food interac-
tions, alongside consistent gains in water regulation and
health.'®"" These options simultaneously reinforce the ecolog-
ical functions that underpin several nexus domains. Soil forma-
tion, nutrient cycling, hydrological regulation, and dietary diversi-
fication operate as integrative processes rather than isolated
interventions. Increasing soil organic carbon (C01) shows a
similar profile: biodiversity, agricultural productivity, and water-
retention benefits are widely reported, although the permanence
of sequestration remains a recognized constraint.'”'%?° Sus-
tainable healthy diets (C15) also show consistent synergies
across biodiversity, food security, and health.'>*" Its main
trade-offs concern affordability and cultural transition rather
than ecological contradiction.

Second, infrastructure- and technology-centerd mitigation
options display more differentiated outcomes. Offshore wind po-
wer (C05) and solar photovoltaics on land (C06) deliver clear
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Table 1. Observed co-benefits and trade-offs across climate response options

Co-benefits Typical trade-off ~ Key sources (APA, from uploaded

Response option Biodiversity Water Food Health domain materials)

CO01 Increase soil organic carbon ++ + ++ + permanence of Cheng et al.'’; Keesstra et al.'®; De
sequestration Deyn and Kooistra'?; Smith et al.”®

C02 Sustainable intensification + + ++ + input Bais-Moleman et al.”"; Brauman
dependence, et al.??; Garrett et al.>>; Smith et al.**
rebound effects

CO03 Integrated multitrophic aquaculture  + + + + local ecological Chopin et al.?>; FAO?®; Hori et al.”’;
limits Gentry et al.”®

C04 Wetland conservation and ++ ++ + + land use, vector Munang et al.?’; Dale and Connelly®’;

restoration exposure Sadeghi et al.®'; Smith et al.?%**

C05 Offshore wind power + 0 0 + marine ecosystem  Singh et al.'; Smith et al.’’
disturbance

C06 Solar photovoltaics on land + 0 0 + land competition  Singh et al.'%; Smith et al."”

CO07 Sustainable bioeconomy + + + biomass demand  IPBES®; Singh et al.’®; Smith et al.”’

C08 Reduce short-lived climate + + 0 ++ sectoral coverage  IPCC?; Smith et al.™”

pollutants

C09 Multi-hazard early warning systems 0 + + ++ coverage and IPBES®; Singh et al.'% Smith et al."”
access

C10 Global cooperation for finance and ~ + + + + distributional IPBES®?; Singh et al.’%; Smith et al.™

technology equity

C11 Agroecology ++ + ++ + yield variability Bharucha et al.**; Duddigan et al.**;

Khadse & Rosset®®; Jaacks et al.*®

C12 Forest-based practices to address ~ ++ + + + tenure and access  Blackman & Veit®’; Duchelle et al.*%;

climate change Gebara & Agrawal®®; Garcia et al.*°

C13 Restoration of coastal and marine ~ ++ et 4 4 local livelihood Wylie et al.*"; Huff & Tonui“?; Formuli

ecosystems for carbon sequestration trade-offs et al.*®

C14 Urban nature-based solutions + + 0 ++ spatial equity Anguelovski et al.**; Garcia Ferrari

et al.**; Reynolds et al.“®
C15 Sustainable healthy diets ++ + ++ ++ affordability and Springmann et al.“’; Singh et al.’®

access

Note: symbols indicate the direction and consistency of direct or near-direct nexus effects reported in the assessed evidence: ++ consistently pos-
itive; + mostly positive; 0 neutral or indirect; + mixed or context-dependent. They do not represent effect sizes, universal outcomes, or invariant effects
across regions and time horizons. Where evidence varies by context, the table reports mixed or context-dependent effects rather than forcing a single
positive or negative classification. Citations are limited to sources explicitly available in the uploaded assessment chapters and synthesis papers.

mitigation and health gains through energy decarbonization and
reduced air pollution.'®"" Their biodiversity and food-system in-
teractions are more variable. Reported trade-offs concern ma-
rine ecosystem disturbance and competition for land, arising
from spatial allocation rather than from incompatibility with miti-
gation objectives. The sustainable bioeconomy (C07) follows a
comparable pattern. It can support food and health outcomes,
but its effects on biodiversity and water remain context-depen-
dent because biomass demand can intensify pressure on land
and water.>'° Thus, outcomes depend on feedstock sourcing,
land governance, and ecological thresholds.

Third, system-enabling options generate mediated but impor-
tant cross-nexus effects. Multi-hazard early warning systems
(C09) strengthen health and food-system resilience through
anticipatory action,'®"" although biodiversity effects are usually
mediated effects rather than direct effects. Reducing short-lived
climate pollutants (C08) yields rapid climate and health gains
because methane and black carbon have distinct atmospheric
properties.®> Global cooperation for finance and technology
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(C10) functions as a structural enabler across domains. Positive
impacts are reported across biodiversity, water, food, and
health, but distributional equity remains a recurrent concern.'®'"

Across categories, trade-offs cluster around land competition,
biomass demand, tenure and access rights, affordability, and
distributional equity. Mixed outcomes do not imply net failure.
They reveal structural tensions within socio-ecological systems
that need to be governed rather than ignored.

Justice alignment and transformative differentiation
Figure 2 differentiates response options based on their align-
ment with the scoring criteria for social inclusion, equity, and
transformative change. It does not rank sectors. Instead, it
maps normative and institutional orientation, showing how jus-
tice compatibility and systemic integration vary independently
of technological ambition.

Ecosystem-centered and demand-side options cluster toward
stronger ESJ compatibility and nexus governance synergy. Ag-
roecology (C11), forest-based practices (C12), coastal and ma-
rine ecosystem restoration (C13), and sustainable healthy diets
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Figure 2. Multi-dimensional assessment of response options using social, equity, and transformative change criteria (modified from ref.

10)

Green indicates synergies; orange indicates trade-offs. Light, medium, and dark shading indicate small, moderate, and large impacts, respectively.

(C15) occupy this zone.'”'" These pathways embed distributive
co-benefits within production and consumption systems. They
strengthen local autonomy while integrating biodiversity, water,
food, and health linkages. Their transformative character lies in
reshaping land-livelihood-governance relationships and embed-
ding plural knowledge systems in decision-making.®'®

Wetland conservation and restoration (C04) and integrated
multitrophic aquaculture (C03) display similar systemic promise.
Both can deliver broad cross-nexus benefits. Their justice per-
formance, however, depends on participatory governance and
ecological safeguards. Where inclusion and accountability are
institutionalized, synergies consolidate; where safeguards
weaken, benefits fragment.®

Infrastructure-centered mitigation pathways occupy a
distinct position. Offshore wind (C05) and land-based solar
photovoltaics (C06) provide clear mitigation and health
gains.'®"" Figure 2 indicates more moderate justice alignment

for these options. Distributive outcomes hinge on siting, tenure,
and benefit-sharing design. Without procedural safeguards,
benefits may concentrate while ecological or social burdens
diffuse. Technical maturity does not remove this institutional
dependence.'®

The sustainable bioeconomy (C07) demonstrates high sys-
temic potential, but its justice profile varies with biomass
sourcing, land governance, and value-chain structure. Circular
resource use does not automatically secure equity. Institu-
tional design determines whether local livelihoods strengthen
or extraction pressures intensify.>'°

System-enabling options reveal a further distinction.
Reducing short-lived climate pollutants (C08) yields rapid
climate and health benefits due to the atmospheric properties
of methane and black carbon.® Multi-hazard early warning
systems (C09) strengthen resilience through anticipatory ac-
tion."®"" Both show strong relevance to equity in Figure 2.
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Their transformative depth depends on whether they expand
rights to information, reach marginalized groups, and induce
institutional reform in risk governance.®'®

Global cooperation for finance and technology (C10) is structur-
ally distinct because it conditions feasibility and justice outcomes
across the set of options. It scores highest on ESJ compatibility
and nexus governance synergy.'® lts transformative potential
lies in redistributing capabilities and correcting structural asym-
metries in climate governance.®'® Without equitable finance and
technology transfer, cross-nexus gains remain uneven.

Enabling climate action: Governance, finance, equity,
and knowledge

As climate change and biodiversity loss intensify, mitigation, and
adaptation depend not only on limiting adverse outcomes but
also on the institutions, power relations, and socio-political con-
texts through which strategies are enacted. Enabling conditions
include governance structures, financial and technological
mechanisms, ethical frameworks, justice considerations, and
the weaving of indigenous and local knowledge (ILK) with scien-
tific knowledge. Together, these conditions shape whether
response options generate durable co-benefits or reproduce
trade-offs across biodiversity, water, food, health, and climate
systems.
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Figure 3. Governance approaches for
climate action (systems transitions compo-
nent modified from ref.>°)

The figure links actors and institutions, policy in-
struments, and governance frameworks. It shows
how polycentric and nexus governance can sup-
port coordination, safeguards, and adaptive
learning across sectors and scales.

Governance and institutional
frameworks for enabling climate
action

This subsection examines how institu-
tional arrangements shape coordination,
legitimacy, and durability. It focuses on
actors, policy instruments and gover-
nance frameworks rather than cataloging
governance models.

Nexus governance offers a more inte-
grative and transdisciplinary framing of
climate challenges and responses. It
brings diverse actors into multiple arenas
of engagement, makes values such as
equity and accountability explicit, en-
ables policy alignment, and supports
experimental, adaptive, and reflexive ac-
tion.®>*® Governance, therefore, does
more than implement climate action. It
shapes how mitigation and adaptation
unfold and whether they contribute to
sustainable development across environ-
mental and societal dimensions.

Climate governance operates through
three interrelated elements: (1) actors
and institutions working in diverse arenas of engagement; (2)
policy instruments, including regulations, economic tools, and
procedural mechanisms that coordinate climate action across
levels and sectors'?*°~°?; and (3) governance frameworks and
mechanisms that structure actor interactions and define how au-
thority is organized.*°

Figure 3 conceptualizes these governance approaches. It
shows how actors and institutions interact through regulatory,
market-based, and voluntary instruments within broader gover-
nance frameworks. Polycentric governance distributes authority
across overlapping centers of decision-making, allowing
context-specific responses and adaptive learning.®**®> Nexus
governance complements this by integrating policies across
traditionally siloed sectors and supporting equitable, cross-sec-
toral co-benefits.>>“®
Key actors and institutions. Variation in outcomes across
climate change response options reflects differences in how ac-
tors are positioned, empowered, and connected within gover-
nance systems. Actors engage in decision-making across multi-
ple arenas of engagement, understood as the settings and
contexts in which governance interactions shape nexus-oriented
approaches and initiatives.”® These arenas span political, eco-
nomic, ecological, socio-cultural, and knowledge-technological
domains. Power relations within them are often asymmetric.
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Hence, each arena contributes distinct perspectives and capac-
ities to climate action.® Table 2 summarizes the major cate-
gories of actors and their areas of engagement across the 15
selected climate response options.

Equity, inclusivity, plural values, and deliberative approaches
within these arenas are critical for addressing systemic failures
that undermine climate action.'®*° Diverse actors require gover-
nance arrangements that facilitate coordination, deliberation,
and negotiation across scales. National governments continue
to dominate formal policy processes, but non-state actors,
including civil society organizations and private firms, shape
climate action through practice and influence. They design local
initiatives, steer public debate, and direct flows of finance and
technical expertise.®
Policy instruments for effective climate action. Policy instru-
ments translate governance intent into practice. Their design
conditions whether climate responses reinforce cross-sectoral
synergies or reproduce fragmentation. Regulatory tools, such
as carbon taxes and emissions caps, set binding limits. Mar-
ket-based options, including emissions trading and payments
for ecosystem services, use financial signals to influence deci-
sions.”® Voluntary commitments, from corporate net-zero
pledges to community-driven conservation initiatives, create
scope for flexible and context-specific action. Figure 4 synthe-
sizes climate-related policies and procedures and evaluates
their contributions across the biodiversity-water-food-health
nexus. Table S2 provides the scoring rationale, confidence as-
sessments, and actor attribution, while Table S3 reports the full
policy matrix.

Despite this diversity, fragmented policy landscapes continue
to hinder coordinated implementation. Disjointed mandates
across jurisdictions and sectors dilute institutional focus and
create overlaps or blind spots. Global frameworks such as the
2030 Agenda for Sustainable Development and the Kunming-
Montreal Global Biodiversity Framework promote coherence
and integration.® Their translation into national instruments re-
mains uneven, particularly where political priorities diverge or in-
ter-ministerial coordination is weak.

Nationally Determined Contributions (NDCs) under the Paris
Agreement are central instruments for aligning mitigation and
adaptation efforts with enabling conditions. Recent synthesis
evidence shows progression in ambition and scope, with
most parties communicating economy-wide targets and a
large majority including adaptation components.®” Many
NDCs reference ecosystems, forests, oceans, resilience, and
just transition considerations. Yet integration across biodiver-
sity, water, food, and health systems remains uneven. These
interlinkages are often acknowledged but rarely embedded
in mandatory safeguards or integrated assessment require-
ments. While forest and ocean measures are increasingly
visible, explicit mechanisms to prevent biodiversity trade-
offs in mitigation planning remain limited.°”*® Fragmented
institutional mandates risk maladaptive outcomes, particularly
where energy transitions proceed without parallel safeguards
for ecosystem integrity, tenure security, and distributive
equity.

National adaptation plans also provide opportunities for policy
integration, yet biodiversity dimensions, including ecological
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flow requirements in hydropower development, are often ne-
glected.®® Only a minority of least developed countries prioritize
nutrition within adaptation planning, indicating that the needs of
vulnerable populations remain under-represented.”®

Legal and regulatory instruments, therefore, require a stronger
nexus orientation. This includes embedding biodiversity-water-
food-health linkages into national and sub-national adaptation
planning, integrating procedural safeguards to ensure the partic-
ipation of Indigenous Peoples and local communities (IPLC), and
ensuring cross-ministerial accountability. Such measures can
improve coherence and reduce unintended trade-offs.

Economic and financial instruments add another layer of influ-
ence. Reducing Emissions from Deforestation and Forest Degra-
dation (REDD+) supports mitigation and biodiversity objectives
through forest governance in high-carbon ecosystems.®?
Ecosystem-based adaptation uses biodiversity-driven strate-
gies to manage climate risks under both the United Nations
Framework Convention on Climate Change (UNFCCC) and the
convention on biological diversity.®” Yet these approaches can
generate harm when implemented without social and ecological
safeguards. Afforestation with exotic monocultures has dis-
placed native species, strained water resources, and under-
mined local food systems.®*%

Customary institutions and rights-based approaches help
secure tenure, foster accountability, and build legitimacy. For
IPLC, whose stewardship underpins biodiversity conservation,
these frameworks enable participation in decisions affecting
their lands and livelihoods. Despite international recognition,
their operationalization in national climate policies and financing
mechanisms remains inconsistent and under-resourced.®®

More broadly, existing policy instruments often fail to address
systemic inequalities or institutional exclusion. IPLC engage-
ment remains largely symbolic, while financial mechanisms
rarely accommodate plural value systems or build on ILK.®
Few instruments define procedural pathways for resolving
cross-sectoral trade-offs.

Governance frameworks and mechanisms

Beyond individual actors and instruments, broader governance
frameworks determine how authority is distributed, how learning
occurs, and how trade-offs are managed over time. Climate
governance must contend with complex interdependencies
and uncertain futures. It therefore requires institutional designs
that move beyond sectoral silos and static rules. Polycentric
governance and nexus governance offer complementary re-
sponses to this complexity.

Polycentric governance distributes authority across multiple,
overlapping centers that operate with partial autonomy while re-
maining interconnected.*° This structure supports experimen-
tation, adaptive learning, and context-sensitive responses.
Redundancy across centers enhances resilience, while modular
autonomy enables innovation without reliance on a single au-
thority.®” Variation across governance units can therefore stabi-
lize, rather than weaken, implementation.

Distributed authority alone, however, does not guarantee
equitable or coherent outcomes. Without mechanisms to bal-
ance power and align mandates, polycentric systems may
entrench fragmentation or elite capture.”>® Transparency,
accountability, and procedural safeguards remain essential.
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Table 2. Response options, key actors, and arenas of engagement

Response options

Actors

Arena of engagement

CO01 Increase soil organic carbon

C02 Sustainable intensification

CO083 Integrated multitrophic aquaculture

C04 Wetland conservation and restoration

C05 Offshore wind power

C06 Solar photovoltaics on land

CO07 Sustainable bioeconomy

C08 Reduce short-lived climate pollutants

C09 Multi-hazard early warning systems

C10 Global cooperation for finance and
technology

C11 Agroecology

C12 Forest-based practices to address
climate change

C13 Restoration of coastal and marine
ecosystems for carbon sequestration

C14 Urban nature-based solutions

agriculture ministries; extension systems;
farmer organisations; rural development
agencies; microfinance institutions;
research institutes; civil society; IPLCs

agriculture ministries; agribusiness firms;
development banks; research institutes;
farmer producer organisations; regulators

fisheries authorities; aquaculture
enterprises; coastal municipalities; marine
research centers; coastal community
organisations; environmental NGOs

environment ministries; river basin
authorities; municipal agencies;
conservation organisations; community
groups; IPLCs

energy agencies; renewable companies;
marine spatial planners; development
banks and private investors; regulators;
science-policy advisers

energy regulators; solar firms; green banks;
municipalities; community energy
initiatives; technical institutes

industry and environment ministries; bio-
based enterprises; innovation hubs;
financiers; research institutes; civil society

environment and health ministries; sector
regulators; clean-technology firms; civil
society; local governments; media and
communication platforms

meteorological services; disaster
authorities; climate centers; health
agencies; local governments; community
organisations

multilateral climate institutions;
development banks; finance ministries;
climate finance units; technology platforms;
science-policy interfaces; civil society
oversight bodies

agriculture ministries; agroecology
networks; farmer movements; women’s
collectives; research institutes; civil society;
IPLCs

forest ministries; community forest
organisations; carbon-market actors;
conservation NGOs; IPLCs; financiers

coastal authorities; blue-carbon initiatives;
development finance; municipalities;
fisheries cooperatives; IPLCs;
environmental NGOs; research institutes

municipal governments; planning
departments; health agencies; urban
ecology institutes; neighborhood
associations; real estate and green-
infrastructure firms

8 iScience 29, 117734, November 20, 2026

ecological; socio-cultural; political;
economic; technological

economic; technological; political;
ecological

ecological; economic; technological; socio-
cultural; political

ecological; political; socio-cultural;
economic

economic; technological; political;
ecological

economic; technological; political; socio-
cultural; ecological

economic; technological; political;
ecological

political; technological; socio-cultural;
economic; ecological

technological; political; socio-cultural;
ecological; economic

political; economic; technological

ecological; socio-cultural; political;
economic; technological

ecological; political; economic; socio-
cultural; technological

ecological; political; economic; socio-
cultural; technological

political; socio-cultural; ecological;
economic; technological

(Continued on next page)
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Table 2. Continued

Response options Actors

Arena of engagement

C15 Sustainable healthy diets

health and agriculture ministries; food
research institutes; civil society; youth

socio-cultural; political; economic;
technological; ecological

movements; food enterprises; media;

community networks

Note: arena categories indicate the main settings through which actors shape implementation.IPLCs, Indigenous Peoples and local communities;
NGOs, non-governmental organizations; PV, photovoltaics; REDD+, reducing emissions from deforestation and forest degradation.

Nexus governance complements polycentricity by addressing
interconnections across biodiversity, water, food, health, and
climate systems. It is based on five interlinked principles outlined
in the IPBES Nexus Assessment®?: integrative and transdisci-
plinary framings, inclusive engagement of diverse actors, explicit
attention to justice and accountability, cross-scale and cross-
sectoral coordination, and adaptive, reflexive governance that
learns iteratively from practice.”*®

Together, polycentric and nexus governance combine flexi-
bility with coherence. Polycentric arrangements allow responses
to reflect local priorities and conditions. Nexus governance pro-
vides the integrative logic required to manage trade-offs and
realize co-benefits across systems. Their combination supports
climate governance that is adaptive, inclusive, and capable of
sustaining outcomes.

Global cooperation for finance and technology

This subsection examines why technically viable climate
response options often fail to scale equitably or remain dura-
ble, especially in low- and middle-income contexts. Access to
finance and climate-relevant technologies remains deeply
uneven. Many low- and middle-income countries face
limited concessional finance, high borrowing costs, and
weak institutional capacity.'®*° These barriers restrict invest-
ment in long-term resilience and low-carbon development.
Despite long-standing commitments under the UNFCCC,
adaptation finance remains insufficient, with substantial
annual shortfalls.®®

Transparent and accountable governance of financial flows is
critical for low-carbon transitions. Market-based instruments
such as carbon pricing and emissions trading can redirect in-
vestment incentives.'®’® Blended finance and mechanisms
such as REDD+ and blue carbon markets mobilize resources
for adaptation while strengthening ecological and economic re-
silience.”'™"® Yet unsustainable debt burdens, risk-averse capi-
tal, and entrenched subsidy regimes continue to constrain
progress.*°

Harmful public subsidies for fossil fuels, agriculture,
forestry, and fisheries divert resources from renewable- and
circular-economy pathways. Reallocating these funds and
embedding equity considerations in financial governance are
central to a just climate transition.

Access to technology is similarly uneven. Intellectual property
regimes, financial barriers, and geopolitical asymmetries limit the
diffusion of climate-relevant technologies.”*”® International
mechanisms such as the Green Climate Fund and the Climate In-
vestment Platform can help close these gaps by strengthening
access and building technical capabilities.

Collaborations between public institutions and private firms
play a crucial role in transferring knowledge and innovation
across contexts.*® Legal tools, including patent waivers and
compulsory licensing, have been used to ease restrictions asso-
ciated with proprietary technologies.”®”” Emerging forms of
South-South cooperation offer alternative pathways that priori-
tize context-specific innovation and local production over de-
pendency on high-income economies.”® Approaches that
combine regional finance, co-designed research, and local
manufacturing are better positioned to democratize access to
climate-relevant technologies.

Ethical foundations for climate governance

This subsection examines how values, worldviews, and norma-
tive commitments shape the legitimacy and durability of climate
governance arrangements.

Ethical principles, societal values, and diverse worldviews
shape climate decisions that are both socially legitimate and
environmentally responsible.”*° Ethical reasoning influences
how climate choices are framed, contested, and justified. Defini-
tions of key sustainability and ethics concepts used in this anal-
ysis are provided in Table S4. Frameworks grounded in justice,
equity, and sustainability provide shared reference points for
governing uncertainty and contestation.®’® Rights-based ap-
proaches and community-led adaptation can open institutional
space for more equitable outcomes.?"®

Institutional design reflects underlying values. These values
shape what is prioritized, how systems respond to disruption,
and how they learn over time.*® Worldviews are, therefore,
consequential. Anthropocentric models tend to center growth
and human utility, often treating ecosystems instrumentally.
Ecocentric perspectives emphasize relationality among species
and the integrity and resilience of ecosystems.®® Governance ar-
rangements that selectively draw on both perspectives may
build legitimacy and coherence across competing objectives.
Sustainable change depends not only on scientific input but
also on the capacity to align evidence, deliberation, and lived
experience. Table 3 situates these ethical strands within
nexus-based climate governance.

The distinction between risk-oriented and rights-oriented
ethical framings has institutional consequences. A risk-attuned
approach defines sustainability primarily as hazard reduction. It
prioritizes rapid mitigation, measurable outputs, and technolog-
ical deployment. Such strategies can deliver visible climate and
health gains, but they may leave tenure, access, and distribu-
tional equity insufficiently addressed.

A rights-attuned approach treats equity and participation as
design principles. Distributive equity concerns the fair allocation

iScience 29, 117734, November 20, 2026 9




¢? CellPress

OPEN ACCESS

Policies/ procedures

Biodiversity
Water

Food

iScience

Figure 4. Climate policies and procedures
potentially shaping the biodiversity-water-
food-health nexus

Table S3 provides the detailed policy matrix;
Table S9 reports the evaluation criteria.

Health
Energy
Climate

Action

Legal and regulatory measures

Implementation of Nationally Determined Contributions

Integration of national climate and biodiversity action plans

Implementation of Sustainable Development Goal 13
National adaptation plans
Economic and financial measures

Three interrelated dimensions of jus-
tice are central. Procedural justice con-

Climate-related financial disclosures (TCFD)

cerns inclusive decision-making that
brings those facing the greatest climate

Integrated finance for climate and biodiversity (GBF 19E)
Accounting of ecosystem services
Market-based mechanisms (Article 6 PA)

risks and those historically excluded
from political participation into gover-
nance processes.'®%° Distributive justice

Green bonds

REDD+ (results-based payments)
Payment for ecosystem services
Reduction of harmful subsidies

addresses the allocation of financial,
technological, and institutional support
in ways that reflect differentiated needs

Rights-based and customary approaches

Ecosystem and community-based adaptations
Non-market approaches (Paris Agreement Art 6)

OECMs

Local and Indigenous peoples’ rights for climate resilience
Indigenous and local knowledge registers

Socio-cultural approaches

Religion and culture-driven nature protection
Participatory/ co-management

Capacity development

Action for climate empowerment (ACE)

and responsibilities.”® Recognition jus-
tice requires that the worldviews and
lived experiences of marginalized com-
munities are affirmed as integral to deci-
sion-making.

ESJ extends these concerns to the
planetary scale. It treats justice as
constitutive of how ecological thresh-
olds are defined and governed, rather
than as an external normative overlay.'®
By holding ecological limits and human

dignity within the same analytical

Scale-2|1|0|

frame, ESJ challenges any separation

of benefits and burdens. Procedural inclusion refers to meaning-
ful participation in decision-making. Recognition affirms diverse
knowledge systems, including ILK. When these elements are
embedded in governance, cross-nexus coherence strengthens.
Thus, sustainability depends not only on technical effectiveness
but also on the ethical orientation that shapes institutional
design.

Equity, justice, and social inclusion in climate
governance

This subsection analyses how equity, inclusion, and historical re-
sponsibility condition the effectiveness and legitimacy of climate
action.

Climate governance is linked to histories of exclusion that
continue to shape exposure and vulnerability. Structural inequal-
ities rooted in colonial exploitation, entrenched social hierar-
chies, and patterns of environmental degradation influence
whose voices are heard and whose interests prevail.?"?? Policies
that overlook these asymmetries risk reproducing the injustices
they seek to address.

Responding to this challenge requires more than technical
adjustment. Institutions must confront how governance arrange-
ments silence certain groups, misdirect public resources, and
marginalize alternative knowledge systems.®*** Equity must
therefore be treated as a precondition for legitimacy and effec-
tiveness, not as an ancillary concern.

10 iScience 29, 117734, November 20, 2026

between environmental safety and polit-
ical responsibility.

Nexus governance, as developed through the IPBES Nexus
Assessment, offers a complementary perspective.® Like ESJ, it
centers equity, accountability, and pluralism. Its distinctive
emphasis lies in operational coherence: identifying synergies
and reducing trade-offs across sectors and scales.

The two approaches converge in recognizing the indivisibility
of environmental and social goals, the need for knowledge co-
production, and the importance of broad-based participation.
They diverge in emphasis. ESJ prioritizes redistributive impera-
tives, historical legacies, and reparative responsibilities, while
nexus governance provides institutionally navigable mecha-
nisms for coordination and learning.>'®

Integrating ESJ with nexus governance strengthens climate
action by linking ethical evaluation to institutional coordina-
tion. ESJ assesses response options against distributive eqg-
uity, procedural fairness, intergenerational responsibility, and
the recognition of diverse knowledge systems. Nexus gover-
nance aligns biodiversity, water, food, health, and climate
objectives across sectors and scales. Table 4 applies this
combined lens. For example, C11 agroecology scores high
on both ESJ compatibility and nexus governance synergy
because it embeds food sovereignty, ecological integrity,
and participatory governance within production systems, rein-
forcing soil-water-food linkages. Table S5 details the evalua-
tion rationale.
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Table 3. Ethical foundations in climate action

Response option

Governance priorities

Ethical considerations

Worldview alignment

CO01 Increase soil organic
carbon

C02 Sustainable
intensification

CO03 Integrated multitrophic
aquaculture

C04 Wetland conservation
and restoration

CO05 Offshore wind power

CO06 Solar photovoltaics on
land

CO07 Sustainable
bioeconomy

C08 Reduce short-lived
climate

pollutants

C09 Multi-hazard early
warning

systems

C10 Global cooperation for
finance

and technology

C11 Agroecology

C12 Forest-based practices
to address

climate change

C13 Restoration of coastal
and marine

ecosystems for carbon
sequestration

C14 Urban nature-based
solutions

C15 Sustainable healthy
diets

regenerative soils; food
sustainability

efficient productivity; land
sparing

circular nutrients; water
quality

water regulation; habitat
recovery

renewables; marine spatial
planning

distributed energy; access
justice

biomass efficiency;
innovation

pollution control; rapid
mitigation

Anticipatory action; disaster
preparedness

equitable finance;
technology transfer

local resilience;
agrobiodiversity

carbon storage; sustainable
forestry

ocean stewardship;
ecosystem recovery

green infrastructure;
environmental justice

food-system sustainability;
health equity

soil stewardship; long-term
resilience

food security; future equity

marine stewardship;
ecosystem balance

ecological justice; critical-
habitat protection

just transition; ocean-use
ethics

energy equity; land-use
ethics

circularity; future justice

clean-air rights;
environmental health

safety; information rights

climate justice; historical
responsibility

food sovereignty; ecological
integrity

conservation ethics;
community rights

marine conservation; climate
resilience

climate resilience; social
inclusion

right to food; ethical
consumption

ecocentric agroecology

pragmatic intensification

blue sustainability

biocentric conservation

precautionary pragmatism

eco-modern pragmatism

regenerative systems

precautionary equity

human security; resilience

ethics

cosmopolitan justice

biocultural regeneration

indigenous knowledge; deep
ecology

marine biocentrism; blue
economy

urban ecology

planetary health; food-
system transformation

Note: worldview alignment indicates the dominant ethical orientation associated with each response option; categories are interpretive and not mutu-

ally exclusive.

Indigenous and local knowledge in climate action

This subsection explains how epistemic inclusion shapes the
durability and contextual fit of climate responses. ILK systems
embody long-standing, place-based understandings of
ecological dynamics embedded in cultural and ethical rela-
tionships with nature. These systems support adaptive prac-
tices across biodiversity, water, food, health, and climate do-
mains and remain central to many communities’ resilience
strategies.”*%-%"

Mainstream climate governance has often marginalized ILK by
privileging universalized scientific models and technocratic solu-
tions. This epistemic exclusion constrains innovation, weakens
legitimacy, and undermines locally rooted capacities. Where inte-
gration occurs, it often remains extractive: knowledge is docu-
mented, but its political, relational, and governance dimensions
remain under-recognized.

Across several response options assessed here, ILK
underpins effective adaptation. In forest-based approaches,
customary governance and sacred forest conservation align
ecological integrity with cultural meaning. Agroecological sys-
tems (C11) draw on traditional seed-saving, intercropping,
and soil fertility management. In coastal contexts, ILK informs
navigation, mangrove restoration, and fisheries governance.
In wetland restoration, local knowledge of hydrology and
species succession supports ecological recovery and risk
reduction.'?:88:89

Weaving ILK with scientific knowledge requires institutional ar-
rangements that recognize knowledge sovereignty and uphold
procedural equity. Co-governance arrangements and transdisci-
plinary collaborations enhance contextual fit and long-term
stewardship.’® Moving from inclusion to recognition depends
on legal and institutional mechanisms that protect collective
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rights and enable equitable benefit-sharing. Table 5 shows how
ILK strengthens multiple response options by reinforcing bio-
cultural diversity and enabling pathways that are both context-
sensitive and systemically just.

lllustrative global examples of enabling conditions
Climate change response options: co-benefits, trade-offs,
and structural differentiation and enabling climate action:
governance, finance, equity, and knowledge identified two cen-
tral findings: ecosystem-centered and demand-side options
tend to generate stronger cross-nexus synergies than infrastruc-
ture-centered pathways, and durability depends on governance
coherence and justice safeguards as much as on technical
design. This section uses five enabling-condition cases and
one contested counter-case to examine those mechanisms in
context. The focal cases trace enabling conditions across agro-
ecology, indigenous forest governance, blue carbon, urban na-
ture-based solutions, and sustainable healthy diets. The Ka-
chung Forest Project is included as a contested counter-case
within C12 to probe the inverse mechanism. Nexus impacts
are synthesized in Table S6, while institutional features are
detailed in Tables 6 and S7.

Community-managed natural farming in Andhra Pradesh,
India, illustrates agroecology (C11) in practice. Reported out-
comes include enhanced agrobiodiversity, improved ground-
water recharge, increased dietary diversity, and reduced agro-
chemical exposure.>*° These outcomes align with the high
ESJ compatibility and nexus governance synergy attributed to
C11 (Table 4). Agronomic technique alone does not explain the
gains. The Rythu Sadhikara Samstha (RySS) platform connected
state agencies with self-help groups, farmer networks, and civil
society organizations. Authority was decentralized yet coordi-
nated; farmer-led experimentation and field schools enabled
adaptive learning.®®> Redundancy across extension services
and community institutions strengthened resilience to market
and policy shifts. Women farmers and marginal groups were
actively included. Synergies stabilized where distributive equity,
recognition of local knowledge, and cross-sectoral coordination
converged.®*36:9

Indigenous-led REDD+ initiatives in the Brazilian Amazon illus-
trate forest-based practices (C12) under conditions of recogni-
tion justice. Documented outcomes include avoided deforesta-
tion, habitat protection, strengthened watershed function, and
reduced fire-related health burdens.®”*%“%%? Food systems
benefited through continued access to non-timber forest prod-
ucts. These effects correspond to the strong justice and nexus
scores for C12 (Table 4). Tenure security proved decisive, where
customary land rights were formally recognized, and indigenous
institutions retained authority, mitigation aligned with livelihood
security. The Amazon Fund linked IPLC, non-governmental or-
ganizations, and state agencies within a multi-level governance
architecture. Participatory mapping and satellite monitoring inte-
grated scientific tools with indigenous knowledge. Overlapping
institutional linkages enhanced resilience to political change,
where communities were treated as beneficiaries rather than
rights-holders, conflict, and instability followed. Carbon finance
without recognition justice did not secure durable cross-nexus
outcomes.®’740:92:93
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The Mikoko Pamoja initiative in Kenya extends this logic to
coastal restoration (C13). Documented effects include mangrove
rehabilitation, improved water filtration, salinity buffering, diver-
sification of marine food sources, and livelihood-linked nutrition
gains. Carbon revenues finance education and water infrastruc-
ture, thereby linking mitigation to social development.**** The
project operates through community-state-donor co-manage-
ment. Community oversight governs revenue allocation, and
carbon stocks are validated through satellite monitoring and
local reporting. Trade-offs between conservation and livelihoods
are negotiated in community forums. Blue carbon functions as a
nexus intervention when ecological stewardship and account-
able finance reinforce one another.”’™* When ESJ principles
are not observed, conservation and restoration initiatives can
result in the transfer of ownership and control over previously
communal (customary collective) territories to private actors,
such as investment funds involved in mangrove restoration, as
documented in the Sine-Saloum delta of Senegal.>'%81%°
Case-specific responses are therefore required.

Medellin’s urban green corridors in Colombia represent urban
nature-based solutions (C14) within a metropolitan context.
Reported outcomes include expanded tree cover, improved air
quality, reduced heat exposure, and measurable mental and car-
diovascular health benefits. These gains required coordination
across planning, health, and environmental departments. Munic-
ipal leadership enabled integration.**“>%* Urban geographic
information systems and ecological design frameworks sup-
ported monitoring and adaptive refinement (Table 6). Civic
bodies, academic institutions, and neighborhood associations
participated in co-design. Spatial inequities in access to green
spaces persisted, and green gentrification posed risks to vulner-
able populations. Ecological and health co-benefits did not auto-
matically secure distributive justice.** %% Explicit safe-
guards remained necessary to sustain legitimacy over time.

The revitalization of local diets and health traditions in Waya-
nad, Kerala state, southwest India, illustrates sustainable healthy
diets (C15) as a socio-ecological transition. Reported outcomes
include the revival of wild edible species, strengthened food sov-
ereignty, improved dietary quality, and reinforcement of local
health practices.?”'°° These outcomes correspond to the high
ESJ compatibility of C15 (Table 4). Governance operated
through layered coordination among local governments, self-
help groups, civil society organizations, and tribal institutions.
More than 500 training sessions connected indigenous knowl-
edge holders with scientific institutions. This process enabled
knowledge co-production, defined as the joint creation of action-
able understanding across epistemic communities. Public pro-
curement and local institutions supported market access
for diverse crops. Dietary transitions generated system-wide
co-benefits when embedded in biocultural diversity and
women’s agency rather than framed as individual consumption
change.”’'%°

Across the five enabling-condition cases, strong cross-nexus
impacts coincide with polycentric governance, adaptive
learning, distributive equity, recognition justice, and locally
accountable finance. These features do not operate as add-
ons to technical design. They shape who participates, whose
knowledge counts, how benefits are distributed, and whether
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Table 4. Evaluating climate action response options through Earth System Justice and nexus governance synergy

Nexus O
ESJ governance (1)
Response option compatibility  synergy Current implementation Scalability Systemic rationale -
CO01 Increase soil organic 3 3 embedded in sustainable high with policy strengthens soil-water-food links; 8
carbon agriculture programmes support permanence remains critical
C02 Sustainable 2 2 widespread in commercial moderate; needs productivity gains with
intensification agriculture input regulation rebound and equity risks
CO03 Integrated multitrophic & 3 community-driven coastal moderate-high in circular nutrient design
aquaculture applications suitable coastal supports marine
zones biodiversity-food
integration
C04 Wetland conservation 3 3 biodiversity hotspots and high in suitable restores hydrological
and restoration NbS projects hydrological regulation and biodiversity
landscapes with multi-domain benefits
CO05 Offshore wind power 2 2 expanding in renewable high in resource-rich strong mitigation gains;
energy systems marine areas siting governs marine
trade-offs
C06 Solar photovoltaics on 2 2 widely deployed for high with land-use decarbonization benefits
land decentralized power safeguards require land-competition
safeguards
C07 Sustainable 3 3 implemented through moderate-high with biomass circular resource use;
bioeconomy bio-based industries governance sourcing limits shape
outcomes
C08 Reduce short-lived 3 3 implemented across urban high through targeted rapid climate and health
climate pollutants and rural contexts regulation gains with sectoral
leverage
C09 Multi-hazard early 3 3 operational in hazard-prone high with digital and institutional  anticipatory risk reduction
warning systems regions integration with indirect biodiversity
effects
C10 Global cooperation for 4 4 global financing and technology  transformative through system-wide enabling mechanism
finance and technology mechanisms multilateral reform for other options
C11 Agroecology 4 4 community-based agriculture high via extension and ecological farming creates
initiatives policy integration food-biodiversity synergies
C12 Forest-based practices to 4 4 REDD+ and community forestry  high with forest governance carbon sequestration integrated with
address climate change programmes safeguards ecosystems and tenure
C13 Restoration of coastal and marine 4 4 active blue-carbon projects high in suitable coastal blue carbon supports coastal protection
ecosystems for carbon sequestration systems and biodiversity recovery t
C14 Urban nature-based solutions 3 3 implemented in metropolitan high within municipal urban climate buffering with spatial
areas planning systems distribution challenges (_8 O
C15 Sustainable healthy diets 4 4 growing advocacy and local high through coordinated demand-side transformation links food, E g
adoption food policy health, and emissions > v
Note: ESJ compatibility and nexus governance synergy scores are ordinal expert-synthesis judgments on a 0-4 scale: 0 = none or very low; 1 = limited; 2 = moderate; 3 = strong; 4 = transfor- 8 3
mative. Scores are not statistical estimates, effect sizes, or direct nexus-impact scores. Direct or near-direct nexus effects are reported separately in Table 1. This table should be read with (I'}'I) (7))
Supplementary Materials 4, 5, and 10. N, ]
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ecological gains persist. The cases, therefore, support the pa-
per’s central inference: variation in cross-nexus performance re-
flects institutional coherence and justice orientation as well as
technical ambition.

The Kachung Forest Project in Uganda serves as the con-
tested counter-case because it holds the response-option cate-
gory constant while probing the inverse mechanism within
forest-based climate action. Official Clean Development
Mechanism documents framed the project as an afforestation
intervention on degraded lands, with anticipated mitigation and
sustainable-development benefits.'?"'%? Independent studies,
however, show that the project’s legitimacy was weakened by
contested degradation baselines, restricted access to land, fuel-
wood, grazing areas, and useful trees, limited recognition of
customary resource use, and uneven livelihood benefits.'%*'%7
The case does not invalidate forest-based climate action. It dem-
onstrates that carbon accounting, plantation establishment, and
formal certification cannot secure durable co-benefits when pro-
cedural inclusion, distributive safeguards, and epistemic recog-
nition remain weak.

DISCUSSION

This study demonstrates why technically credible climate re-
sponses produce uneven outcomes across connected biodiver-
sity, water, food, and health systems. Response-option design
establishes the initial ecological and technical possibilities.
Ecological context then shapes the direction and magnitude of
direct effects. Institutional conditions determine whose interests
influence implementation and whose burdens remain visible.
Ecosystem-centered and demand-side options often support
broader synergies because they work through ecological func-
tions linking several nexus elements. However, implementation
of technologies alone cannot sustain those benefits. Gover-
nance architecture, distributive arrangements, and epistemic
inclusion determine whether synergies endure, fragment or
become contested.

Infrastructure- and technology-centered pathways reveal this
institutional mediation most clearly. Land-based solar photo-
voltaics (C06) and offshore wind power (C05) reduce emissions
and air-pollution exposure.'®"" Their biodiversity and food-sys-
tem effects depend on siting, spatial planning, and benefit-
sharing. Many reported trade-offs arise from land or marine
allocation rather than technological incompatibility. Planning
can align mitigation with local development when it respects
ecological thresholds, tenure rights, and community consent.
Centralized decisions can instead concentrate benefits while
dispersing social and ecological costs. Spatial governance
therefore shapes the wider nexus performance of these
technologies.

The sustainable bioeconomy (C07) shows how resource de-
mand can redirect cross-nexus outcomes. Circular resource
use may reduce emissions and support livelihoods.>'° Yet
biomass sourcing, ecological limits and land governance condi-
tion its biodiversity and water effects. Forest-based practices
(C12) display comparable institutional dependence. Carbon
sequestration can reinforce biodiversity and livelihoods where
communities retain authority and tenure rights.*®“° Benefits
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weaken when carbon accounting displaces recognition, partici-
pation and enforceable safeguards.’'® Documented REDD+ and
plantation-carbon controversies demonstrate the resulting legit-
imacy risks.''® Quantified carbon gains cannot compensate for
insecure rights or inequitable benefit-sharing.

Polycentric governance distributes authority among overlap-
ping centers of decision-making. This arrangement can sup-
port experimentation, learning, and context-sensitive adapta-
tion.>*°> However, decentralization without coordination may
reproduce sectoral silos and existing power asymmetries.”*®
Nexus governance addresses this weakness by making explicit
the interdependencies across biodiversity, water, food, health,
and climate.® Polycentric arrangements and nexus governance
are therefore complementary rather than interchangeable. Poly-
centric arrangements create space for adaptation, while nexus
governance connects decisions across sectors and scales. Their
combination can expose trade-offs, assign responsibility and
strengthen accountability. Fragmented authority can weaken
technically promising interventions when these integrative func-
tions remain absent.**%®

ESJ treats justice as a constitutive element of Earth system
governance.'® It connects distributive equity, procedural fair-
ness, recognition of diverse worldviews, and intergenerational
responsibility. This perspective explains why procedural inclu-
sion affects more than social acceptance. It shapes access, au-
thority, and the institutional legitimacy required for ecological
gains to persist. Agroecology relies on farmer autonomy and col-
lective organization.>*° Forest-based strategies require secure
tenure and equitable benefit-sharing.®”*® Multi-hazard early
warning systems (C09) protect lives only when information rea-
ches marginalized populations.'®"" Justice alignment therefore
influences both implementation quality and outcome durability.

Knowledge systems provide a further mechanism linking legit-
imacy with ecological performance. ILK comprises place-based
understanding embedded in social relations, cultural practices
and ethical obligations toward nature.?#”'"" Governance can
strengthen adaptive capacity when it respects knowledge sover-
eignty and supports co-governance. Knowledge sovereignty
means that knowledge holders retain authority over how their
knowledge is interpreted, shared, and applied. Instrumental
use of ILK without recognition or decision-making power can
erode legitimacy.*®*" Epistemic inclusion therefore requires
institutional authority, not merely consultation or information
extraction.

Financial and technological arrangements act as structural fil-
ters across all response options. Limited concessional finance,
high debt burdens, and risk-averse investment restrict imple-
mentation in many low- and middle-income settings.'®*° Mar-
ket-based instruments can mobilize capital, but safeguards
determine their distributive and ecological consequences. Car-
bon pricing may advance mitigation while neglecting biodiver-
sity, tenure, and livelihood protections.®® Intellectual property
rules and domestic institutional capacity also shape technology
access and diffusion.”*”® Global cooperation for finance and
technology (C10) therefore conditions feasibility across the op-
tion set. Its redistributive promise depends on transparent allo-
cation, enforceable accountability, and locally appropriate
implementation.
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Table 5. Potential contributions of Indigenous and local knowledge to climate action

Response option

Potential contributions of ILK to climate action

CO01 Increase soil organic carbon

CO02 Sustainable intensification

CO083 Integrated multitrophic aquaculture

C04 Wetland conservation and restoration

CO05 Offshore wind power

CO06 Solar photovoltaics on land

CO07 Sustainable bioeconomy

C08 Reduce short-lived climate pollutants

C09 Multi-hazard early warning systems

C10 Global cooperation for finance and technology

C11 Agroecology
C12 Forest-based practices to address climate change

C13 Restoration of coastal and marine ecosystems
for carbon sequestration

C14 Urban nature-based solutions
C15 Sustainable healthy diets

traditional composting, organic amendments, soil stewardship practices

mixed cropping, indigenous rotation systems, ecological land-use planning
polyculture traditions, nutrient cycling, aquatic ecosystem balance

floodplain governance, local hydrological knowledge, community-led restoration
coastal use rights, culturally sensitive siting, marine spatial awareness

sacred landscape mapping, traditional architectural insights, land-use compatibility
low-waste biomass use, traditional harvesting, regenerative resource cycles
efficient cooking practices, fire control traditions, local air quality strategies
environmental sign interpretation, oral histories, localised risk response

customary governance integration, community-informed co-design,
equitable partnerships

seed-saving, pest management knowledge, ecological farming systems
sacred groves, rotational access, collective forest stewardship

mangrove planting knowledge, seasonal tidal insights, community replanting
protocols

home-garden traditions, rainwater harvesting, thermoregulation techniques

local food diversity, seasonal consumption, traditional diets and indigenous
food systems

These findings extend existing response-option assessments
in two respects. First, they distinguish direct nexus effects from
the mediated effects of governance, finance, tenure, and knowl-
edge systems. Second, they explain durability as an institutional
and ethical outcome rather than an automatic consequence of
technical effectiveness. Durability refers here to the persistence
of cross-nexus benefits over time. This distinction prevents
favorable technical scores from being mistaken for stable imple-
mentation outcomes.

The comparison also clarifies differences among response-op-
tion categories without ranking them intrinsically. Ecosystem-
centered and demand-side pathways often connect nexus ele-
ments through ecological processes. Infrastructure-centered
pathways can generate broad benefits when planning protects
ecosystems, rights and livelihoods. System-enabling options
work indirectly through coordination, redistribution and institu-
tional reform. These are evidence-supported comparative ten-
dencies, not universal properties of each category. Different litera-
tures emphasize different outcomes, regions and risks, which can
influence the apparent pattern.

Finance and technological readiness condition feasibility, but
neither determines durability independently. Concessional finance
can expand implementation capacity while still reproducing asym-
metry through opaque allocation. Technological maturity can
strengthen mitigation or adaptation potential while leaving tenure
conflicts unresolved. Institutional coherence determines how
these resources interact with ecological limits and social rights.
The relevant analytical question therefore concerns how capacity,
authority, and accountability combine in specific settings.

The structured expert assessment and comparative institu-
tional analysis remain diagnostic rather than predictive. The
ordinal scores identify directional patterns within the assessed
evidence. They do not estimate causal effects, probabilities, or
invariant outcomes. Administrative capacity, legal frameworks,

and political economy continue to shape implementation across
settings. The analysis therefore supports reasoned comparison
while resisting deterministic interpretation.

Technical potential alone cannot explain uneven co-benefits
across connected systems. Durable outcomes become more
plausible when institutions coordinate across sectors and
scales. They also require fair distributions of benefits and bur-
dens, meaningful participation, plural knowledge systems, and
accountable long-term finance. Weak conditions can produce
displaced costs, fragmented gains, or social contestation
despite credible mitigation or adaptation potential. Climate re-
sponses should therefore be evaluated through both their direct
effects and the institutional conditions governing their persis-
tence. This approach aligns ecological interdependence with
rights, responsibilities, and public accountability.

Limitations of the study

Several limitations constrain the scope of the comparison. The
study uses ordinal scoring and qualitative mechanism tracing
rather than statistical causal identification. It cannot estimate
average treatment effects, probabilities, or universal rankings.
Evidence coverage also varies across response options, re-
gions, and institutional settings. Ordinal categories compress
contextual differences that may matter for implementation.
The literature-based expert assessment requires interpretive
judgment despite standardized criteria and author-team cali-
bration. The assessment did not use blinded independent par-
allel coding, calculate inter-rater reliability, or conduct formal
numerical sensitivity analysis. Source counts in Table S11
represent entries cited in this manuscript, not independent
studies identified through a systematic review. The focal
cases illustrate enabling mechanisms and include one con-
tested counter-case. They do not represent the global distribu-
tion of implementation outcomes. Selection boundaries and
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Table 6. Enabling conditions for five focal climate response options and one contested counter-case

Andhra Pradesh

Brazilian Amazon
(Indigenous

Mikoko Pamoja
41-43

Medellin (urban

Wayanad (healthy

Kachung forest

Dimension Core feature (Agroecology)>3-36-91 REDD+)37740.92.93 (blue carbon) NbS)#4-46.94-96 diets & ILK) 977100 Project'®1-107
Polycentric multi-level RySS-SHG-farmer Amazon fund links community-state- municipal leadership layered SHG-CSO- CDM-state-
governance  coordination coordination IPLCs, NGOs, and donor co- with civic-academic public coordination corporate links; weak
state management actors local authority and
accountability
adaptive learning farmer experiments mapping plus satellite iterative carbon and monitoring and pilot ILK holder-scientist MRV improved;
and field schools oversight restoration validation refinement co-learning livelihood correction
lagged
equity tensions adapted tenure governance; negotiated livelihood unequal green recognition gaps local resource use
agroecology; benefit-sharing risks trade-offs access across health, forest, overlooked in project
bureaucratic remain and ILK design
gaps persist
Nexus cross-sector soil-water-nutrition- carbon-biodiversity- restoration- heat-air-biodiversity food-ecosystem- carbon/timber
governance  framing livelihood links indigenous rights livelihood-coast alignment women’s agency dominated within
integration protection links project framing
participation/ SHG-based marginal ~ FPIC-centered transparent revenue neighborhood co- tribal women/healers  beneficiaries, not co-
accountability farmer inclusion decisions governance design central designers in
decisions
cross-scale agriculture-nutrition- forest-climate-IPLC NGO-state- inter-agency planning health-biodiversity- global-national
reflexivity NRM convergence alignment community agriculture coordination
coordination convergence exceeded local
accountability and
grievance correction
Finance/ climate finance public schemes; no donor-backed PES/ blue-carbon municipal/donor co- public/CSO funding; CDM finance;
technology carbon credits carbon finance community services finance little climate finance contested benefits for
communities
knowledge seed exchange; remote sensing plus satellite/community GlS/ecological ILK-science co- GIS/MRV/silviculture
transfer agroecology ILK monitoring design production dominated
tools assessment
Ethical justice values soil stewardship; climate justice; coastal-custodian green equity; biocultural food mitigation over

foundations

Equity and
inclusion

ESJ alignment

recognition/
participation

distributive
outcomes

justice
mobilization

dignity
agroecosystem
procedural/
distributive justice
landless and women
empowered

smallholder benefits

agroecology

movement
links

indigenous rights
tenure-secure PES
justice

partial IPLC authority

community carbon
payments

land-rights struggles

equity
blue carbon with
development

community
ownership

schools and water
funded

blue-justice framing

well-being

equitable ecosystem-
service access

citizen planning
engagement

air-quality/jobs gains

urban justice
mobilisation

ethics
food/healing justice

consensus SHG
platforms

nutrition/income/
herbal access

diet revival

livelihoods

weak ESJ alignment
across dimensions

customary users
weakly recognized in
governance

carbon gains; local
access losses
persisted
Carbon-colonialism
scrutiny and
legitimacy concerns

(Continued on next page)
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Continued

Table 6.

Brazilian Amazon

(Indigenous

Kachung forest
Project 91107

Wayanad (healthy

Medellin (urban

N bs)44446,94496

Mikoko Pamoja

Andhra Pradesh

diets & ILK) 97100

(blue carbon)*'~*3

(Agroecology)33436,91 REDD+)37440,92,93

Core feature

Dimension
ILK

expert baselines

ILK in diet/health/

agroecology

community insight

in design

participatory
monitoring

ILK-satellite-carbon

tools

farmer knowledge
and agroecology

science

marginalized ILK

integration

restricted access

climate-resilient
diets/healing

plant/urban

mangrove/tidal
knowledge

fire and biodiversity

stewardship

seed-soil-cropping

knowledge

resilience role

weakened coping

adaptation

knowledge

ILK not embedded

weak legal

limited formal
recognition

recognized through

PES
Note: cases are used for qualitative mechanism tracing, not for statistical representativeness.CDM, clean development mechanism; CSO, civil society organization; ESJ, Earth System Justice;

FPIC, free, prior and informed consent; GIS, geographic information system; ILK, indigenous and local knowledge; IPLC, Indigenous Peoples and local communities; MRV, monitoring, reporting

partly formalised;

informal SHG support

institutional

institutionalization

tenure-sensitive

recognition

and verification; NbS, nature-based solutions; NGO, non-governmental organization; NRM, natural resource management; PES, payment for ecosystem services; REDD+, reducing emissions

from deforestation and forest degradation; RySS, Rythu Sadhikara Samstha; SHG, self-help group.
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evidence-focus bias may therefore influence comparisons
among response-option types. The findings should be read
as evidence-supported comparative tendencies, not determin-
istic predictions.

Future research should test these comparative tendencies
through preregistered systematic review, independent parallel
coding, and quantitative sensitivity analysis. Preregistration
would specify search, screening, and analytical decisions before
evidence synthesis begins. Independent parallel coding would
allow reviewers to classify evidence separately before resolving
disagreements. Quantitative sensitivity analysis could examine
whether alternative scoring assumptions alter the reported
comparative patterns. These procedures would strengthen
reproducibility without converting context-dependent judg-
ments into deterministic estimates.
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Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Pramod K. Singh, email:
pramodirma@gmail.com.

Materials availability

This study did not generate new physical materials, biological samples, soft-
ware, or experimental resources. It uses published assessment material,
peer-reviewed and gray literature, and the supplementary scoring, and case
matrices prepared for this manuscript.

Data and code availability

® All data used in the analysis are reported in the main tables and
supplementary materials. Response-option definitions are reported in
Table S1. Policy-instrument scoring rationales are reported in
Table S2. Key sustainability and ethics terms are defined in Table S4.
The rationale for assessing ESJ and nexus governance together is re-
ported in Table S5. Case-based nexus impacts and enabling conditions
are reported in Tables S6 and S7. Scoring indicators and criteria are re-
ported in Tables S8-S10. Evidence coverage and long-list exclusions
are reported in Tables S11 and S12. Chapter 5 response-option scoring
criteria and process are available at https://doi.org/10.5281/zenodo.
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paper is available from the lead contact upon request.

DECLARATION ON AI-ASSISTED TECHNOLOGIES IN THE
MANUSCRIPT PREPARATION PROCESS

An enterprise version of Grammarly was used to improve language, grammar,
and readability. The authors reviewed and approved all revisions and remain
responsible for the final content.

ACKNOWLEDGMENTS

We thank the members of the IPBES Bureau and Multidisciplinary Expert
Panel, including those who served on the Nexus assessment management
committee and provided guidance throughout the assessment process.
We also thank the external reviewers who commented on drafts of Chapter
5.5 during the production of the Nexus Assessment and the chapter review
editor, N.H. Ravindranath. The leadership, guidance, and support of
the IPBES secretariat have been invaluable throughout the assessment
process.

iScience 29, 117734, November 20, 2026 17



mailto:pramodirma@gmail.com
https://doi.org/10.5281/zenodo.13931440
https://doi.org/10.5281/zenodo.13931440

¢? CellPress

OPEN ACCESS

AUTHOR CONTRIBUTIONS

P.K.S., conceptualization, methodology, formal analysis, response option
assessment, writing - original draft, writing — review and editing, and visualiza-
tion; H.G., conceptualization, response option assessment, referencing, and
review & editing; J.D.-J., M.C.T., F.C., H.D., M.L.,, M.M.V., S.K,, All, M.-H.,
and X.X., response option assessment, and review & editing; L.T., drawing fig-
ures and visualization; S.H.E., S.C.P., D.M.-D., M.H., T.H.R., P.D.M., P.AH.,
and T.v.H., review of response-option assessment, review & editing; P.S.,
methodology, review of response-option assessment, and review & editing.
All authors reviewed and approved of the paper.

DECLARATION OF INTERESTS

The authors declare no competing interests.

STARxMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
e METHOD DETAILS
o Study design
o Evidence corpus and boundary
o Evidence hierarchy and source use
o Selection of climate change response options
o Response option scoring
o Policy instrument evaluation
o ESJ and nexus governance assessment
o Case selection and comparison
o Treatment of uncertainty and limits of inference
® QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].isci.
2026.117734.

Received: April 14, 2026
Revised: July 16, 2026
Accepted: September 16, 2026

REFERENCES

1. IPCC (2022). In Climate Change 2022: Impacts, adaptation and vulnera-
bility: Contribution of Working Group Il to the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change, H.-O. Pértner, D.C.
Roberts, M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegria, M.
Craig, S. Langsdorf, S. Léschke, and V. Mdller, et al., eds. (Cambridge
University Press).

2. Crippa, M., Solazzo, E., Guizzardi, D., Monforti-Ferrario, F., Tubiello,
F.N., and Leip, A. (2021). Food systems are responsible for a third of
global anthropogenic GHG emissions. Nat. Food 2, 198-209. https://
doi.org/10.1038/s43016-021-00225-9.

3. IPCC (2019). Climate Change and Land: An IPCC Special Report on
Climate Change, Desertification, Land Degradation, Sustainable Land
Management, Food Security, and Greenhouse Gas Fluxes in Terrestrial
Ecosystems (IPCC).

4. Harrison, P.A., McElwee, P., Phang, S.C., Zambrana-Torrelio, C., Enrico,
L., Giraudoux, P., Jarvis, R., Karim, M., Rivera Ferre, M.G., Luque, S.,
et al. (2024). Chapter 1. Introducing the nexus. In Thematic Assessment
Report on the Interlinkages among Biodiversity, Water, Food and Health
of the Intergovernmental Science-Policy Platform on Biodiversity and

18 iScience 29, 117734, November 20, 2026

13.

iScience

Ecosystem Services (IPBES Secretariat). https://doi.org/10.5281/zen-
0do.13850293.

. IPBES (2024). In Summary for Policymakers of the Thematic Assessment

Report on the Interlinkages among Biodiversity, Water, Food and Health
of the Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services, P.D. McElwee, P.A. Harrison, T.L. van Huysen, V.
Alonso Roldan, E. Barrios, P. Dasgupta, F. DeClerck, Z. Harmackova,
D.T.S. Hayman, and M. Herrero, et al., eds. (Zenodo). https://doi.org/
10.5281/ZENODO.13850289.

. IPBES (2024). In Summary for Policymakers of the Thematic Assessment

Report on the Underlying Causes of Biodiversity Loss and the Determi-
nants of Transformative Change and Options for Achieving the 2050
Vision for Biodiversity of the Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services, K. O’Brien, L. Garibaldi, A.
Agrawal, E. Bennett, O. Biggs, R. Calderén-Contreras, E.R. Carr, N.
Frantzeskaki, H. Gosnell, and J. Gurung, et al., eds. (IPBES Secretariat).

. Eriksen, S.H., Simpson, N.P., Glavovic, B., Ley, D., Carr, E.R., Fernan-

dez-Carril, L., Hayward, B., Morecroft, M.D., Pathak, M., Pereira, J.J.,
et al. (2024). Pathways for urgent action towards climate resilient devel-
opment. Nat. Clim. Chang. 14, 1212-1215. https://doi.org/10.1038/
s41558-024-02190-0.

. IPCC (2023). IPCC, 2023: Climate Change 2023: Synthesis Report. In

Contribution of Working Groups I, Il and Il to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change, Core Writing
Team., H. Lee, and J. Romero, eds. (Intergovernmental Panel on Climate
Change (IPCC)). https://doi.org/10.59327/IPCC/AR6-9789291691647.

. Sanchez Rodriguez, R.A., and Fernandez Carril, L.R. (2024). Climate-

resilient development in developing countries. Curr. Opin. Environ. Sus-
tain. 66, 101391. https://doi.org/10.1016/j.cosust.2023.101391.

. Singh, P.K., Smith, P., Cherubini, F., Diaz-José, J., Duchkova, H., Gupta,

H., Hori, M., lto, A., Khan, S., Llope, M., et al. (2024). Chapter 5.5: Options
for delivering sustainable biodiversity-related approaches to climate
change, adaptation and mitigation, including relevant aspects of the en-
ergy system. In Thematic Assessment Report on the Interlinkages among
Biodiversity, Water, Food and Health of the Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services (IPBES Secre-
tariat).

. Smith, P., Singh, P.K., Ballal, V.P., Cherubini, F., Diaz-José, J., Duch-

kova, H., Gupta, H., Hori, M., Ito, A., Khan, S., et al. (2025). Impacts of
Climate Change Interventions on Biodiversity, Water, the Food System
and Human Health and Well-Being. Glob. Chang. Biol. 37, e70444.
https://doi.org/10.1111/gcb.70444.

. Fan, J.-L., Xiang, X., Yao, Y., Li, K., Li, Z., Wei, S., Diao, Y., Ju, Z., Li, X., Li,

X., etal. (2025). Dataset of CO2 geological storage potential and injection
rate capacity in China based on fine grid technology. Sci. Data 72, 640.
https://doi.org/10.1038/s41597-025-04875-3.

Fan, J.-L., Huang, X., Shi, J., Li, K., Cai, J., and Zhang, X. (2023). Comple-
mentary potential of wind-solar-hydro power in Chinese provinces:
Based on a high temporal resolution multi-objective optimization model.
Renew. Sustain. Energy Rev. 184, 113566. https://doi.org/10.1016/j.rser.
2023.113566.

. Fan, J.-L., Li, Z., Ding, Z., Li, K., and Zhang, X. (2023). Investment deci-

sions on carbon capture utilization and storage retrofit of Chinese coal-
fired power plants based on real option and source-sink matching
models. Energy Econ. 726, 106972. https://doi.org/10.1016/j.eneco.
2023.106972.

. Mao, Y., Li, K., Li, J., Zhang, X., and Fan, J. (2025). Spatial Heterogeneity

of Plant-Level CCUS Investment Decisions in China’s Cement Industry
Under Various Policy Incentives. Earths Future 73, e2024EF004951.
https://doi.org/10.1029/2024EF004951.

. Gupta, J., Liverman, D., Prodani, K., Aldunce, P., Bai, X., Broadgate, W.,

Ciobanu, D., Gifford, L., Gordon, C., Hurlbert, M., et al. (2023). Earth sys-
tem justice needed to identify and live within Earth system boundaries.
Nat. Sustain. 6, 630-638. https://doi.org/10.1038/s41893-023-01064-1.


https://doi.org/10.1016/j.isci.2026.117734
https://doi.org/10.1016/j.isci.2026.117734
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref1
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref1
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref1
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref1
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref1
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref1
https://doi.org/10.1038/s43016-021-00225-9
https://doi.org/10.1038/s43016-021-00225-9
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref3
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref3
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref3
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref3
https://doi.org/10.5281/zenodo.13850293
https://doi.org/10.5281/zenodo.13850293
https://doi.org/10.5281/ZENODO.13850289
https://doi.org/10.5281/ZENODO.13850289
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref6
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref6
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref6
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref6
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref6
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref6
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref6
https://doi.org/10.1038/s41558-024-02190-0
https://doi.org/10.1038/s41558-024-02190-0
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1016/j.cosust.2023.101391
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref10
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref10
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref10
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref10
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref10
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref10
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref10
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref10
https://doi.org/10.1111/gcb.70444
https://doi.org/10.1038/s41597-025-04875-3
https://doi.org/10.1016/j.rser.2023.113566
https://doi.org/10.1016/j.rser.2023.113566
https://doi.org/10.1016/j.eneco.2023.106972
https://doi.org/10.1016/j.eneco.2023.106972
https://doi.org/10.1029/2024EF004951
https://doi.org/10.1038/s41893-023-01064-1

iScience

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

. Cheng, K., Xu, X., Cui, L., Li, Y., Zheng, J., Wu, W., Sun, J., and Pan, G.

(2021). The role of soils in regulation of freshwater and coastal water qual-
ity. Philos. Trans. R. Soc., B 376, 20200176. https://doi.org/10.1098/rstb.
2020.0176.

. Keesstra, S., Sannigrahi, S., Lépez-Vicente, M., Pulido, M., Novara, A.,

Visser, S., and Kalantari, Z. (2021). The role of soils in regulation and pro-
vision of blue and green water. Philos. Trans. R. Soc., B 376, 20200175.
https://doi.org/10.1098/rstb.2020.0175.

. De Deyn, G.B., and Kooistra, L. (2021). The role of soils in habitat crea-

tion, maintenance and restoration. Proc. R. Soc. B 376, 20200170.
https://doi.org/10.1098/rstb.2020.0170.

Smith, P., Calvin, K., Nkem, J., Campbell, D., Cherubini, F., Grassi, G.,
Korotkov, V., Le Hoang, A., Lwasa, S., McElwee, P., et al. (2020). Which
practices co-deliver food security, climate change mitigation and adap-
tation, and combat land degradation and desertification? Glob. Chang.
Biol. 26, 1532-1575. https://doi.org/10.1111/gcb.14878.

Bais-Moleman, A.L., Schulp, C.J.E., and Verburg, P.H. (2019). Assessing
the environmental impacts of production- and consumption-side mea-
sures in sustainable agriculture intensification in the European Union.
Geoderma 338, 555-567. https://doi.org/10.1016/j.geoderma.2018.
11.042.

Brauman, K.A., Siebert, S., and Foley, J.A. (2013). Improvements in crop
water productivity increase water sustainability and food security—a
global analysis. Environ. Res. Lett. 8, 024030. https://doi.org/10.1088/
1748-9326/8/2/024030.

Garrett, R.D., Koh, |., Lambin, E.F., Le Polain De Waroux, Y., Kastens,
J.H., and Brown, J.C. (2018). Intensification in agriculture-forest frontiers:
Land use responses to development and conservation policies in Brazil.
Glob. Environ. Change 53, 233-243. https://doi.org/10.1016/j.gloenv-
cha.2018.09.011.

Smith, P., Arneth, A., Barnes, D.K.A., Ichii, K., Marquet, P.A., Popp, A.,
Portner, H.O., Rogers, A.D., Scholes, R.J., Strassburg, B., et al. (2022).
How do we best synergize climate mitigation actions to co-benefit biodi-
versity? Glob. Chang. Biol. 28, 2555-2577. https://doi.org/10.1111/gchb.
16056.

Chopin, T., Cooper, J.A., Reid, G., Cross, S., and Moore, C. (2012). Open-
water integrated multi-trophic aquaculture: environmental biomitigation
and economic diversification of fed aquaculture by extractive aquacul-
ture. Rev. Aquac. 4, 209-220. https://doi.org/10.1111/].1753-5131.
2012.01074.x.

FAO (2022).
China (FAO).

Hori, M., Hamaguchi, M., Sato, M., Tremblay, R., Correia-Martins, A.,
Derolez, V., Richard, M., and Lagard, F. (2021). In Oyster Aquaculture Us-
ing Seagrass Beds as a Climate Change Countermeasure (Fisheries
Research and Education Agency), pp. 123-133.

Gentry, R.R., Alleway, H.K., Bishop, M.J., Gillies, C.L., Waters, T., and
Jones, R. (2020). Exploring the potential for marine aquaculture to
contribute to ecosystem services. Rev. Aquac. 12, 499-512. https://
doi.org/10.1111/raq.12328.

Munang, R., Thiaw, |., Alverson, K., Liu, J., and Han, Z. (2013). The role of
ecosystem services in climate change adaptation and disaster risk
reduction. Curr. Opin. Environ. Sustain. 5, 47-52. https://doi.org/10.
1016/j.cosust.2013.02.002.

Dale, P.E.R., and Connelly, R. (2012). Wetlands and human health: an
overview. Wetl. Ecol. Manag. 20, 165-171. https://doi.org/10.1007/
s11273-012-9264-4.

Integrated Multitrophic Aquaculture: Lessons from

. Sadeghi, M., Chaston, T., Hanigan, |., De Dear, R., Santamouris, M., Ja-

laludin, B., and Morgan, G.G. (2022). The health benefits of greening stra-
tegies to cool urban environments — A heat health impact method. Build.
Environ. 207, 108546. https://doi.org/10.1016/j.buildenv.2021.108546.

IPBES (2024). Thematic Assessment Report on the Interlinkages Among
Biodiversity, Water, Food and Health of the Intergovernmental Science-

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

¢? CellPress

OPEN ACCESS

Policy Platform on Biodiversity and Ecosystem Services (IPBES Secre-
tariat).

Bharucha, Z.P., Mitjans, S.B., and Pretty, J. (2020). Towards redesign at
scale through zero budget natural farming in Andhra Pradesh, India. Int.
J. Agric. Sustain. 718, 1-20. https://doi.org/10.1080/14735903.2019.
1694465.

Duddigan, S., Collins, C.D., Hussain, Z., Osbahr, H., Shaw, L.J., Sinclair,
F., Sizmur, T., Thallam, V., and Ann Winowiecki, L. (2022). Impact of Zero
Budget Natural Farming on Crop Yields in Andhra Pradesh, SE India.
Sustainability 74, 1689. https://doi.org/10.3390/su14031689.

Khadse, A., and Rosset, P.M. (2019). Zero Budget Natural Farming in In-
dia — from inception to institutionalization. Agroecol. Sustainable Food
Syst. 43, 848-871. https://doi.org/10.1080/21683565.2019.1608349.

Jaacks, L.M., Serupally, R., Dabholkar, S., Venkateshmurthy, N.S., Mo-
han, S., Roy, A., Prabhakaran, P., Smith, B., Gathorne-Hardy, A., Velu-
guri, D., and Eddleston, M. (2022). Impact of large-scale, government
legislated and funded organic farming training on pesticide use in Andhra
Pradesh, India: a cross-sectional study. Lancet Planet. Health 6, e310-
e319. https://doi.org/10.1016/S2542-5196(22)00062-6.

Blackman, A., and Veit, P. (2018). Titled Amazon Indigenous Commu-
nities Cut Forest Carbon Emissions. Ecol. Econ. 153, 56-67. https://
doi.org/10.1016/j.ecolecon.2018.06.016.

Duchelle, A.E., Cromberg, M., Gebara, M.F., Guerra, R., Melo, T., Larson,
A., Cronkleton, P., Borner, J., Sills, E., Wunder, S., et al. (2014). Linking
Forest Tenure Reform, Environmental Compliance, and Incentives: Les-
sons from REDD+ Initiatives in the Brazilian Amazon. World Dev. 55,
53-67. https://doi.org/10.1016/j.worlddev.2013.01.014.

Gebara, M., and Agrawal, A. (2017). Beyond Rewards and Punishments
in the Brazilian Amazon: Practical Implications of the REDD+ Discourse.
Forests 8, 66. https://doi.org/10.3390/f8030066.

Garcia, B., Rimmer, L., Canal Vieira, L., and Mackey, B. (2021). REDD+
and forest protection on indigenous lands in the Amazon. Rev. Eur.
Comp. Int. Environ. Law 30, 207-219. https://doi.org/10.1111/reel.
12389.

Wylie, L., Sutton-Grier, A.E., and Moore, A. (2016). Keys to successful
blue carbon projects: Lessons learned from global case studies. Mar.
Policy 65, 76-84. https://doi.org/10.1016/j.marpol.2015.12.020.

Huff, A., and Tonui, C. (2017). Making “Mangroves Together”: Carbon,
conservation and co-management in Gazi Bay, Kenya (STEPS Working
Paper 95) (STEPS Centre, Institute of Development Studies).

Formuli, F., Mazza, F., Medeleanu, M., Sant’Ana, T.T., and Wong, J.
(2023). A Virtuous Cycle: Mangrove Conservation and Blue Carbon Initia-
tives in Coastal Kenya (Reach Alliance).

Anguelovski, I., Irazabal-Zurita, C., and Connolly, J.J.T. (2019). Grabbed
Urban Landscapes: Socio-spatial Tensions in Green Infrastructure Plan-
ning in Medellin. Int. J. Urban Reg. Res. 43, 133-156. https://doi.org/10.
1111/1468-2427.12725.

Garcia Ferrari, S., Smith, H., Coupe, F., and Rivera, H. (2018). City profile:
Medellin. Cities 74, 354-364. https://doi.org/10.1016/j.cities.2017.12.011.

Reynolds, C., Escobedo, F., Clerici, N., and Zea-Camafo, J. (2017). Does
“Greening” of Neotropical Cities Considerably Mitigate Carbon Dioxide
Emissions? The Case of Medellin, Colombia. Sustainability 9, 785.
https://doi.org/10.3390/su9050785.

Springmann, M., Mason-D’Croz, D., Robinson, S., Garnett, T., Godfray,
H.C.J., Gollin, D., Rayner, M., Ballon, P., and Scarborough, P. (2016).
Global and regional health effects of future food production under climate
change: a modelling study. Lancet 387, 1937-1946. https://doi.org/10.
1016/S0140-6736(15)01156-3.

Mangalagiu, D., Saito, O., Sitas, N., Dias, A.C.E., Felipe-Lucia, M.R., Fi-
lyushkina, A., Ghosh, S., Gongalves, L.R., Hiwasaki, L., Kok, M.T.J., et al.
(2024). Chapter 4. Policy and sociopolitical options across the nexus that
could facilitate and accelerate the transition to a range of sustainable fu-
tures. In Thematic Assessment Report on the Interlinkages among

iScience 29, 117734, November 20, 2026 19



https://doi.org/10.1098/rstb.2020.0176
https://doi.org/10.1098/rstb.2020.0176
https://doi.org/10.1098/rstb.2020.0175
https://doi.org/10.1098/rstb.2020.0170
https://doi.org/10.1111/gcb.14878
https://doi.org/10.1016/j.geoderma.2018.11.042
https://doi.org/10.1016/j.geoderma.2018.11.042
https://doi.org/10.1088/1748-9326/8/2/024030
https://doi.org/10.1088/1748-9326/8/2/024030
https://doi.org/10.1016/j.gloenvcha.2018.09.011
https://doi.org/10.1016/j.gloenvcha.2018.09.011
https://doi.org/10.1111/gcb.16056
https://doi.org/10.1111/gcb.16056
https://doi.org/10.1111/j.1753-5131.2012.01074.x
https://doi.org/10.1111/j.1753-5131.2012.01074.x
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref26
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref26
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref27
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref27
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref27
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref27
https://doi.org/10.1111/raq.12328
https://doi.org/10.1111/raq.12328
https://doi.org/10.1016/j.cosust.2013.02.002
https://doi.org/10.1016/j.cosust.2013.02.002
https://doi.org/10.1007/s11273-012-9264-4
https://doi.org/10.1007/s11273-012-9264-4
https://doi.org/10.1016/j.buildenv.2021.108546
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref32
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref32
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref32
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref32
https://doi.org/10.1080/14735903.2019.1694465
https://doi.org/10.1080/14735903.2019.1694465
https://doi.org/10.3390/su14031689
https://doi.org/10.1080/21683565.2019.1608349
https://doi.org/10.1016/S2542-5196(22)00062-6
https://doi.org/10.1016/j.ecolecon.2018.06.016
https://doi.org/10.1016/j.ecolecon.2018.06.016
https://doi.org/10.1016/j.worlddev.2013.01.014
https://doi.org/10.3390/f8030066
https://doi.org/10.1111/reel.12389
https://doi.org/10.1111/reel.12389
https://doi.org/10.1016/j.marpol.2015.12.020
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref42
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref42
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref42
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref43
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref43
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref43
https://doi.org/10.1111/1468-2427.12725
https://doi.org/10.1111/1468-2427.12725
https://doi.org/10.1016/j.cities.2017.12.011
https://doi.org/10.3390/su9050785
https://doi.org/10.1016/S0140-6736(15)01156-3
https://doi.org/10.1016/S0140-6736(15)01156-3

¢? CellPress

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

20

OPEN ACCESS

Biodiversity, Water, Food and Health of the Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services (IPBES Secre-
tariat). https://doi.org/10.5281/zenodo.13850305.

Ley, D., Vause, J., Pengue, W.A., Cavanagh, C.J., Eriksen, S.H., Kharrazi,
A., Pacheco, A., Ahmed, I., Cisneros-Montemayor, A., Palma, A.D., et al.
(2024). Chapter 6. Options for delivering sustainable approaches to pub-
lic and private finance for biodiversity-related elements of the nexus. In
Thematic Assessment Report on the Interlinkages among Biodiversity,
Water, Food and Health of the Intergovernmental Science-Policy Plat-
form on Biodiversity and Ecosystem Services (IPBES Secretariat).

Schipper, E.L.F., Revi, A., Preston, B.L., Carr, E.R., Eriksen, S.H., Fernan-
dez-Carril, L.R., Glavovic, B.C., Hilmi, N.J.M., Ley, D., Mukeriji, R., et al.
(2022). Climate Resilient Development Pathways. In Climate Change
2022: Impacts, Adaptation and Vulnerability. Contribution of Working
Group Il to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change, H.-O. Pértner, D.C. Roberts, M. Tignor, E.S. Poloc-
zanska, K. Mintenbeck, A. Alegria, M. Craig, S. Langsdorf, S. Léschke,
and V. Mdller, et al., eds. (Cambridge University Press), pp. 2655-2807.

Sgrensen, E. (2017). Political innovations: innovations in political institu-
tions, processes and outputs. Public Manag. Rev. 19, 1-19. https://doi.
0rg/10.1080/14719037.2016.1200661.

Treib, O., Bahr, H., and Falkner, G. (2007). Modes of governance: to-
wards a conceptual clarification. J. Eur. Public Policy 74, 1-20. https://
doi.org/10.1080/135017606061071406.

Jordan, A.J., Huitema, D., Hildén, M., van Asselt, H., Rayner, T.J., Schoe-
nefeld, J.J., Tosun, J., Forster, J., and Boasson, E.L. (2015). Emergence
of polycentric climate governance and its future prospects. Nat. Clim.
Chang. 5, 977-982. https://doi.org/10.1038/nclimate2725.

Ostrom, E. (2010). Polycentric systems for coping with collective action
and global environmental change. Glob. Environ. Change 20, 550-557.
https://doi.org/10.1016/j.gloenvcha.2010.07.004.

Carlisle, K., and Gruby, R.L. (2019). Polycentric Systems of Governance:
A Theoretical Model for the Commons. Policy Stud. J. 47, 927-952.
https://doi.org/10.1111/psj.12212.

Seddon, N., Chausson, A., Berry, P., Girardin, C.A.J., Smith, A., and
Turner, B. (2020). Understanding the value and limits of nature-based so-
lutions to climate change and other global challenges. Philos. Trans. R.
Soc., B 375, 20190120. https://doi.org/10.1098/rstb.2019.0120.

UNFCCC (2025). Nationally determined contributions under the Paris
Agreement: Synthesis report by the secretariat. Belém, November
2025 (United Nations Framework Convention on Climate Change).

Portner, H.-O., Scholes, R.J., Agard, J., Archer, E., Arneth, A, Bai, X.,
Barnes, D., Burrows, M., Chan, L., Cheung, W.L., et al. (2021). Scientific
Outcome of the IPBES-IPCC Co-sponsored Workshop on Biodiversity
and Climate Change (Zenodo). https://doi.org/10.5281/ZENODO.
4659158.

Tirado, M.C., Vivero-Pol, J.L., Bezner Kerr, R., and Krishnamurthy, K.
(2022). Feasibility and Effectiveness Assessment of Multi-Sectoral
Climate Change Adaptation for Food Security and Nutrition. Curr. Clim.
Change Rep. 8, 35-52. https://doi.org/10.1007/s40641-022-00181-x.

UNFCCC (2008). Report of the Conference of the Parties on its Thirteenth
Session, Held in Bali from 3 to 15 December 2007 (UNFCCC).

UNFCCC (2015). Decision 4/CP.15. Methodological Guidance for Activ-
ities Relating to Reducing Emissions from Deforestation and Forest
Degradation and the Role of Conservation, Sustainable Management
of Forests and Enhancement of Forest Carbon Stocks in Developing
Countries (UNFCCC).

CBD (2018). Guidelines for Ecosystem-Based Approaches to Climate
Change Adaptation and Disaster Risk Reduction (CBD).

Gupta, H., and Dube, L.C. (2018). Addressing biodiversity in climate
change discourse: Paris mechanisms hold more promise. Int. Forest.
Rev. 20, 104-114. https://doi.org/10.1505/146554818822824282.

iScience 29, 117734, November 20, 2026

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

iScience

Ma, M., Haapanen, T., Singh, R.B., and Hietala, R. (2014). Integrating
ecological restoration into CDM forestry projects. Environ. Sci. Policy
38, 143-153. https://doi.org/10.1016/j.envsci.2013.11.008.

Doswald, N., and Osti, M. (2011). Ecosystem-based Approaches to
Adaptation and Mitigation: Good Practice Examples and Lessons
Learned in Europe (BfN, Federal Agency for Nature Conservation).

IPBES (2019). Global Assessment Report on Biodiversity and Ecosystem
Services of the Intergovernmental Science-Policy Platform on Biodiver-
sity and Ecosystem Services (IPBES Secretariat).

Cole, D.H. (2015). Advantages of a polycentric approach to climate
change policy. Nat. Clim. Chang. 5, 114-118. https://doi.org/10.1038/
nclimate2490.

Morrison, T.H., Adger, W.N., Brown, K., Lemos, M.C., Huitema, D., and
Hughes, T.P. (2017). Mitigation and adaptation in polycentric systems:
sources of power in the pursuit of collective goals. WIREs Clim. Change
8, e479. https://doi.org/10.1002/wcc.479.

UNEP (2025). 2025 Adaptation Gap Report: Running on Empty (UNEP).

Carty, T., Kowalzig, J., and Zagema, B. (2020). Climate Finance Shadow
Report 2020: Assessing progress towards the $100 billion commitment
(Oxfam) https://doi.org/10.21201/2020.6621.

Hochard, J.P., Hamilton, S., and Barbier, E.B. (2019). Mangroves shelter
coastal economic activity from cyclones. Proc. Natl. Acad. Sci. USA 116,
12232-12237. https://doi.org/10.1073/pnas.1820067116.

Markandya, A., and Gonzalez-Eguino, M. (2019). Integrated Assessment
for Identifying Climate Finance Needs for Loss and Damage: A Critical
Review. In Loss and Damage from Climate Change: Concepts, Methods
and Policy Options Climate Risk Management, Policy and Governance,
R. Mechler, L.M. Bouwer, T. Schinko, S. Surminski, and J. Linnerooth-
Bayer, eds. (Springer International Publishing), pp. 343-362. https://
doi.org/10.1007/978-3-319-72026-5_14.

Singh, P.K., and Chudasama, H. (2021). Pathways for climate change ad-
aptations in arid and semi-arid regions. J. Clean. Prod. 284, 124744.
https://doi.org/10.1016/j.jclepro.2020.124744.

Weko, S., and Goldthau, A. (2022). Bridging the low-carbon technology
gap? Assessing energy initiatives for the Global South. Energy Policy
169, 113192. https://doi.org/10.1016/j.enpol.2022.113192.

Zhou, C. (2019). Can intellectual property rights within climate technology
transfer work for the UNFCCC and the Paris Agreement? Int. Environ.
Agreements 19, 107-122. https://doi.org/10.1007/s10784-018-09427-2.

Nightingale, A.J., Eriksen, S., Taylor, M., Forsyth, T., Pelling, M., News-
ham, A., Boyd, E., Brown, K., Harvey, B., Jones, L., et al. (2020). Beyond
Technical Fixes: climate solutions and the great derangement. Clim. Dev.
12, 343-352. https://doi.org/10.1080/17565529.2019.1624495.

Ockwell, D., and Byrne, R. (2016). Improving technology transfer through
national systems of innovation: climate relevant innovation-system
builders (CRIBs). Clim. Policy 16, 836-854. https://doi.org/10.1080/
14693062.2015.1052958.

Van Egmond, N.D., and De Vries, H.J.M. (2011). Sustainability: The
search for the integral worldview. Futures 43, 853-867. https://doi.org/
10.1016/j.futures.2011.05.027.

Simpson, N.P., Simpson, K.J., Ferreira, A.T., Constable, A., Glavovic, B.,
Eriksen, S.E.H., Ley, D., Solecki, W., Rodriguez, R.S., and Stringer, L.C.
(2023). Climate-resilient development planning for cities: progress from
Cape Town. NPJ Urban Sustain. 3, 10. https://doi.org/10.1038/s42949-
023-00089-x.

Lacroix, K., and Gifford, R. (2018). Psychological Barriers to Energy Con-
servation Behavior: The Role of Worldviews and Climate Change Risk
Perception. Environ. Behav. 50, 749-780. https://doi.org/10.1177/
0013916517715296.

Dawson, N., Martin, A., and Danielsen, F. (2018). Assessing Equity in Pro-
tected Area Governance: Approaches to Promote Just and Effective
Conservation. Conserv. Lett. 17, e12388. https://doi.org/10.1111/conl.
12388.


https://doi.org/10.5281/zenodo.13850305
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref49
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref49
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref49
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref49
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref49
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref49
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref49
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref50
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref50
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref50
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref50
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref50
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref50
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref50
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref50
https://doi.org/10.1080/14719037.2016.1200661
https://doi.org/10.1080/14719037.2016.1200661
https://doi.org/10.1080/135017606061071406
https://doi.org/10.1080/135017606061071406
https://doi.org/10.1038/nclimate2725
https://doi.org/10.1016/j.gloenvcha.2010.07.004
https://doi.org/10.1111/psj.12212
https://doi.org/10.1098/rstb.2019.0120
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref57
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref57
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref57
https://doi.org/10.5281/ZENODO.4659158
https://doi.org/10.5281/ZENODO.4659158
https://doi.org/10.1007/s40641-022-00181-x
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref60
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref60
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref61
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref61
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref61
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref61
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref61
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref62
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref62
https://doi.org/10.1505/146554818822824282
https://doi.org/10.1016/j.envsci.2013.11.008
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref65
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref65
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref65
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref66
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref66
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref66
https://doi.org/10.1038/nclimate2490
https://doi.org/10.1038/nclimate2490
https://doi.org/10.1002/wcc.479
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref69
https://doi.org/10.21201/2020.6621
https://doi.org/10.1073/pnas.1820067116
https://doi.org/10.1007/978-3-319-72026-5_14
https://doi.org/10.1007/978-3-319-72026-5_14
https://doi.org/10.1016/j.jclepro.2020.124744
https://doi.org/10.1016/j.enpol.2022.113192
https://doi.org/10.1007/s10784-018-09427-2
https://doi.org/10.1080/17565529.2019.1624495
https://doi.org/10.1080/14693062.2015.1052958
https://doi.org/10.1080/14693062.2015.1052958
https://doi.org/10.1016/j.futures.2011.05.027
https://doi.org/10.1016/j.futures.2011.05.027
https://doi.org/10.1038/s42949-023-00089-x
https://doi.org/10.1038/s42949-023-00089-x
https://doi.org/10.1177/0013916517715296
https://doi.org/10.1177/0013916517715296
https://doi.org/10.1111/conl.12388
https://doi.org/10.1111/conl.12388

iScience

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Kroll, C., Warchold, A., and Pradhan, P. (2019). Sustainable Development
Goals (SDGs): Are we successful in turning trade-offs into synergies?
Palgrave Commun. 5, 140. https://doi.org/10.1057/s41599-019-0335-5.

Reckien, D., Lwasa, S., Satterthwaite, D., McEvoy, D., Creutzig, F., Mont-
gomery, M., Schensul, D., Balk, D., Khan, I.A., Fernandez, B., et al. (2018).
Equity, Environmental Justice, and Urban Climate Change. In Climate
Change and Cities, C. Rosenzweig, W.D. Solecki, P. Romero-Lankao, S.
Mehrotra, S. Dhakal, and S. Ali Ibrahim, eds. (Cambridge University Press),
pp. 173-224. https://doi.org/10.1017/9781316563878.013.

Robinson, S.a., Carlson, D., Bouton, E., Dolan, M., Meakem, A., Messer,
A., and Roberts, J.T. (2023). The dynamics of institutional arrangements
for climate change adaptation in small island developing states in the
Atlantic and Indian Oceans. Sustain. Sci. 18, 251-264. https://doi.org/
10.1007/s11625-022-01186-z.

Schlosberg, D., and Collins, L.B. (2014). From environmental to climate
justice: climate change and the discourse of environmental justice.
WIREs Clim. Change 5, 359-374. https://doi.org/10.1002/wcc.275.

Brand, U., Gérg, C., and Wissen, M. (2020). Overcoming neoliberal glob-
alization: social-ecological transformation from a Polanyian perspective
and beyond. Globalizations 17, 161-176. https://doi.org/10.1080/
14747731.2019.1644708.

Gorg, C., Brand, U., Haberl, H., Hummel, D., Jahn, T., and Liehr, S.
(2017). Challenges for Social-Ecological Transformations: Contributions
from Social and Political Ecology. Sustainability 9, 1045. https://doi.
0rg/10.3390/su9071045.

Gadgil, M. (2000). People’s Biodiversity Registers: Lessons Learnt. Envi-
ron. Dev. Sustain. 2, 323-332. https://doi.org/10.1023/A:1011438729881.

Reang, D., Hazarika, A., Sileshi, G.W., Pandey, R., Das, A.K., and Nath,
A.J. (2021). Assessing tree diversity and carbon storage during land
use transitioning from shifting cultivation to indigenous agroforestry sys-
tems: Implications for REDD+ initiatives. J. Environ. Manage. 298,
113470. https://doi.org/10.1016/j.jenvman.2021.113470.

Reyes-Garcia, V., and Benyei, P. (2019). Indigenous knowledge for con-
servation. Nat. Sustain. 2, 657-658. https://doi.org/10.1038/s41893-
019-0341-z.

Kumar, C.P. (2022). Sustainable Agriculture in India - Natural Farming
Spreads Roots in Andhra Pradesh. Shanlax Int. J. Arts Sci. Humanit.
10, 16-21. https://doi.org/10.34293/sijash.v10i2.5159.

West, T.A.P. (2016). Indigenous community benefits from a de-central-
ized approach to REDD+ in Brazil. Clim. Policy 16, 924-939. https://
doi.org/10.1080/14693062.2015.1058238.

Shankland, A., and Hasenclever, L. (2011). Indigenous Peoples and the
Regulation of REDD+ in Brazil: Beyond the War of the Worlds? IDS
Bull. 42, 80-88. https://doi.org/10.1111/].1759-5436.2011.00225.x.

Hammelman, C., and Saenz-Montoya, A. (2020). Territorializing the
Urban-Rural Border in Medellin, Colombia: Socio-Ecological Assem-
blages and Disruptions. J. Lat. Am. Geogr. 19, 36-59. https://doi.org/
10.1353/lag.2020.0031.

Humphrey, M., and Valverde, E. (2017). A Tale of Dual Cities: The Urban
Miracle and Humanitarian Crisis Maps of Medellin (2002-2015). J. Iberian
Latin Am. Res. 23, 159-177. https://doi.org/10.1080/13260219.2017.
1365927.

Sotomayor, L. (2017). Dealing with Dangerous Spaces: The Construction
of Urban Policy in Medellin. Lat. Am. Perspect. 44, 71-90. https://doi.org/
10.1177/0094582X16682758.

Anil Kumar, N., Sivan, V.V., and Vipindas, P. (2022). Promoting Local
Health Traditions and Local Food Baskets: A Case Study from a Bio-
cultural Hotspot of India. In Biodiversity-Health-Sustainability Nexus in
Socio-Ecological Production Landscapes and Seascapes (SEPLS) Sa-
toyama Initiative Thematic Review, M. Nishi, S.M. Subramanian, and H.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

¢? CellPress

OPEN ACCESS

Gupta, eds. (Springer Nature), pp. 177-198. https://doi.org/10.1007/
978-981-16-9893-4_9.

Chandirasekaran, V.M., and Rani, M.G. (2003). Conservation and char-
acterization of traditional varieties of legumes and cucurbits in Wayanad.
In Crop Diversity and Tribal Empowerment, pp. 187-190.

Flachs, A., and Richards, P. (2018). Playing development roles: the polit-
ical ecology of performance in agricultural development. J. Polit. Ecol.
25, 638-646. https://doi.org/10.2458/v25i1.23089.

Kumar, N.A., Nambi, V.A., Rani, M.G., King, E.D.1.O., Chaudhury, S.S.,
and Mishra, S. (2015). Community agro biodiversity conservation contin-
uum: an integrated approach to achieve food and nutrition security. Curr.
Sci. 109, 474-487.

Busoga Forestry Company Ltd., Green Resources AS, and Swedish En-
ergy Agency (2021). Monitoring Report: Kachung Forest Project: Affores-
tation on Degraded Lands, UNFCCC Project Activity 4653 (Version 1;
Third Monitoring Period, 23/11/2017-20/05/2021) (Busoga Forestry
Company Ltd., Green Resources AS, and Swedish Energy Agency).

Green Resources AS and Busoga Forestry Company Ltd. (2019). Project
Design Document Form: Kachung Forest Project: Afforestation on
Degraded Lands (Version 09) (Green Resources AS and Busoga Forestry
Company Ltd.).

Edstedt, K., and Carton, W. (2018). The benefits that (only) capital can
see? Resource access and degradation in industrial carbon forestry, les-
sons from the CDM in Uganda. Geoforum 97, 315-323. https://doi.org/
10.1016/j.geoforum.2018.09.030.

Fischer, K., Giertta, F., and Hajdu, F. (2019). Carbon-binding biomass or
a diversity of useful trees? (Counter)topographies of carbon forestry in
Uganda. Environ. Plan. E Nat. Space 2, 178-199. https://doi.org/10.
1177/2514848618823598.

Fischer, K., and Hajdu, F. (2018). The importance of the will to improve:
how ‘sustainability’ sidelined local livelihoods in a carbon-forestry invest-
ment in Uganda. J. Environ. Policy Plan. 20, 328-341. https://doi.org/10.
1080/1523908X.2017.1410429.

Hajdu, F., Penje, O., and Fischer, K. (2016). Questioning the use of
‘degradation’ in climate mitigation: A case study of a forest carbon
CDM project in Uganda. Land Use Policy 59, 412-422. https://doi.org/
10.1016/j.landusepol.2016.09.016.

Lyons, K., and Westoby, P. (2014). Carbon colonialism and the new land
grab: Plantation forestry in Uganda and its livelihood impacts. J. Rural
Stud. 36, 13-21. https://doi.org/10.1016/j.jrurstud.2014.06.002.
Cormier-Salem, M., and Panfili, J. (2016). Mangrove reforestation:
greening or grabbing coastal zones and deltas? Case studies in Senegal.
Afr. J. Aquat. Sci. 47, 89-98. https://doi.org/10.2989/16085914.2016.
1146122.

Cormier-Salem, M.-C. (2017). Let the Women Harvest the Mangrove.
Carbon Policy, and Environmental Injustice. Sustainability 9, 1485.
https://doi.org/10.3390/su9081485.

Lord, E.J., and Sareen, S. (2025). Subjects of injustice: Inequity, misfram-
ing and human rights violations in a Tanzanian REDD+ pilot project. Geo-
forum 767, 104245. https://doi.org/10.1016/j.geoforum.2025.104245.
Mallick, M., Singh, P.K., and Pandey, R. (2024). Harvesting resilience:
Tribal home-gardens as socio-ecological solutions for climate change
adaptation and sustainable development in a protected area. J. Clean.
Prod. 445, 141174, https://doi.org/10.1016/j.jclepro.2024.141174.
Ricketts, T., Herrero, M., Smith, P., van Huysen, T., Alonso Roldan, V.,
Barrios, E., Dasgupta, P., DeClerck, F., Kumar, R., McFarlane, R., et al.
(2024). Chapter 5.6: Options for delivering sustainable approaches —
Introduction. In Thematic Assessment Report on the Interlinkages among
Biodiversity, Water, Food and Health of the Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services (IPBES Secre-
tariat).

iScience 29, 117734, November 20, 2026 21



https://doi.org/10.1057/s41599-019-0335-5
https://doi.org/10.1017/9781316563878.013
https://doi.org/10.1007/s11625-022-01186-z
https://doi.org/10.1007/s11625-022-01186-z
https://doi.org/10.1002/wcc.275
https://doi.org/10.1080/14747731.2019.1644708
https://doi.org/10.1080/14747731.2019.1644708
https://doi.org/10.3390/su9071045
https://doi.org/10.3390/su9071045
https://doi.org/10.1023/A:1011438729881
https://doi.org/10.1016/j.jenvman.2021.113470
https://doi.org/10.1038/s41893-019-0341-z
https://doi.org/10.1038/s41893-019-0341-z
https://doi.org/10.34293/sijash.v10i2.5159
https://doi.org/10.1080/14693062.2015.1058238
https://doi.org/10.1080/14693062.2015.1058238
https://doi.org/10.1111/j.1759-5436.2011.00225.x
https://doi.org/10.1353/lag.2020.0031
https://doi.org/10.1353/lag.2020.0031
https://doi.org/10.1080/13260219.2017.1365927
https://doi.org/10.1080/13260219.2017.1365927
https://doi.org/10.1177/0094582X16682758
https://doi.org/10.1177/0094582X16682758
https://doi.org/10.1007/978-981-16-9893-4_9
https://doi.org/10.1007/978-981-16-9893-4_9
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref98
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref98
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref98
https://doi.org/10.2458/v25i1.23089
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref100
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref100
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref100
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref100
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref101
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref101
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref101
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref101
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref101
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref102
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref102
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref102
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref102
https://doi.org/10.1016/j.geoforum.2018.09.030
https://doi.org/10.1016/j.geoforum.2018.09.030
https://doi.org/10.1177/2514848618823598
https://doi.org/10.1177/2514848618823598
https://doi.org/10.1080/1523908X.2017.1410429
https://doi.org/10.1080/1523908X.2017.1410429
https://doi.org/10.1016/j.landusepol.2016.09.016
https://doi.org/10.1016/j.landusepol.2016.09.016
https://doi.org/10.1016/j.jrurstud.2014.06.002
https://doi.org/10.2989/16085914.2016.1146122
https://doi.org/10.2989/16085914.2016.1146122
https://doi.org/10.3390/su9081485
https://doi.org/10.1016/j.geoforum.2025.104245
https://doi.org/10.1016/j.jclepro.2024.141174
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref112
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref112
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref112
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref112
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref112
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref112
http://refhub.elsevier.com/S2589-0042(26)03115-9/sref112

¢? CellPress

OPEN ACCESS

STARxMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited data

Deposited dataset

https://doi.org/10.5281/
zenodo.13931440

Not applicable

Other

IPBES Nexus Assessment Summary for Policymakers
IPBES Nexus Assessment Chapter 5.5

IPBES Nexus Assessment Chapter 5.6
Climate-resilient development pathways
Response-option pool and synthesis

Earth System Justice framework

Response-option definitions

Policy-instrument scoring rationales

Climate policies and procedures potentially shaping
the biodiversity-water-food-health nexus
Definitions of key sustainability and ethics
terminology

Rationale for evaluating climate response
options through Earth System Justice and
nexus governance synergy

Nexus impacts across five focal cases and
one contested counter-case

Enabling conditions for five focal response
options and one contested counter-case
Indicators and scoring framework for
response options

Criteria for evaluating policies and procedures
enabling climate response options

Criteria for assessing climate response options
for Earth System Justice compatibility and
nexus governance synergy

Evidence base, source coverage, confidence,
and limitations for the 15 climate response options
Selection-boundary audit for long-list climate
response options

IPBES et al.”
Singh et al.™®

Ricketts et al.”'?

Schipper et al.*°

Smith et al."”
Gupta etal.’®

This study
This study
This study

This study

This study

This study
This study
This study
This study

This study

This study

This study

Published assessment and supporting materials
Published assessment chapter

Published assessment chapter

IPCC WGII Sixth Assessment Report, Chapter 18

Published synthesis used to identify
the broader response-option set

Conceptual framework for justice in
Earth system governance

Table S1
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Table S5

Table S6

Table S7

Table S8

Table S9

Table S10

Table S11

Table S12

METHOD DETAILS

Study design

The study uses structured evidence synthesis and comparative institutional analysis. It examines why technically viable climate
response options generate uneven cross-nexus outcomes, and how governance and justice conditions shape whether these out-
comes become durable co-benefits or remain fragmented, contested or short-lived. The design is grounded in a bounded assess-
ment evidence base. It does not report a new systematic review, meta-analysis, experiment, predictive model or causal identification

design.

Evidence synthesis refers here to a bounded comparison of already assessed evidence, case material and policy-instrument in-
formation. Comparative institutional analysis is the examination of how rules, authority relations, participation, finance, and knowl-
edge systems shape implementation. Global assessments and peer-reviewed syntheses support broad patterns of response
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options. Empirical studies support specific nexus interactions. Policy and project documents support implementation analysis. Focal
cases and the contested counter-case support qualitative mechanism tracing rather than prevalence estimation.

The study proceeds in four steps. First, it identifies and classifies climate response options across system transitions. Second, it
compares their direct effects across nexus domains. Third, it evaluates policy instruments, ESJ compatibility and nexus governance
synergy. Fourth, it uses focal cases to examine how governance, finance, rights, values and knowledge inclusion mediate
implementation.

Evidence corpus and boundary

The evidence corpus was anchored in the IPBES Nexus Assessment, especially the Chapter 5 response-option assessment and the
climate-focused Chapter 5.5 synthesis.'>''? The analysis also used the IPCC WGII system-transition framing,’® the broader
response-option synthesis,'’ the Earth System Justice framework, '® and case-specific peer-reviewed and gray literature listed in
the Supplementary Materials.

The study did not run a new database search. It therefore does not report search strings, database counts, screening-stage ex-
clusions, or a PRISMA flow diagram. This choice reflects the study design. The manuscript builds on an intergovernmental assess-
ment corpus and applies an additional governance-and-justice framework to it. It does not claim to exhaust all climate-response liter-
ature. Transparency is provided through the published 69-option assessment, the supplementary scoring criteria, and the evidence
rationales reported in the Supplementary Materials.

Sources were included when they met at least one of four criteria. They had to inform the definition, performance, or implementa-
tion of one or more selected climate response options; provide evidence on biodiversity, water, food, health, energy, or climate in-
teractions; document policy instruments, governance arrangements, finance, rights, values, or ILK; or support one of the focal case
analyses. Sources were not used where they offered only general climate-policy commentary without clear relevance to response-
option performance, cross-nexus effects, governance, justice, or case interpretation.

Evidence hierarchy and source use

The analysis used different types of evidence for different purposes. Global assessments and peer-reviewed syntheses supported
broad response-option patterns. Peer-reviewed empirical studies supported specific nexus interactions and trade-off claims. Policy
reports, project documents, and institutional material supported governance, finance, rights, and implementation analysis. Case
studies were used for mechanism-tracing, not for estimating prevalence. Expert judgment was used within the structured IPBES-
style assessment process, in which the interpretation of evidence required calibration across domains and response options.

Selection of climate change response options

The response-option selection followed the system-transition logic used in Chapter 18 of the IPCC WGII Sixth Assessment Report.*°
That framing identifies five transition arenas relevant to climate-resilient development: land and ocean ecosystems; energy systems;
settlement and infrastructure systems; industrial systems; and societal systems. The published long-list assessment of 69 climate
response options provided the intervention boundary for the selection. "

Fourteen sector-bound response options were selected from the published long-list assessment."" Global cooperation for finance
and technology was included as a cross-cutting enabling option, yielding the fifteen-option set analyzed here. This distinction matters
because global cooperation for finance and technology does not operate as a sector-bound intervention in the same way as solar
photovoltaics, agroecology, or urban nature-based solutions. It shapes feasibility, equity, and implementation capacity across
several response options through finance, technology transfer, capacity-building, and institutional cooperation.

Selection combined representational and explanatory criteria. First, the set had to cover the five transition arenas rather than priv-
ilege a single sector or technology. Second, each option needed to demonstrate or emerging relevance for climate change mitigation,
adaptation, or both. Third, each option needed to have traceable effects across the biodiversity, water, food, health, and climate do-
mains. These cross-domain effects are referred to here as nexus effects.

The selected set deliberately includes different types of climate action. Land and ocean ecosystem transitions are represented by
increases in soil organic carbon, sustainable intensification, integrated multitrophic aquaculture, wetland conservation and restora-
tion, agroecology, forest-based practices, and the restoration of coastal and marine ecosystems. Energy transitions are represented
by offshore wind power and land-based solar photovoltaics. The sustainable bioeconomy and reductions in short-lived climate pol-
lutants represent industrial transitions. Settlement and infrastructure transitions are represented by urban nature-based solutions.
Societal transitions are represented by sustainable healthy diets. Multi-hazard early warning systems and global cooperation for
finance and technology affects all. These 15 response options were discussed in various IPBES author meetings across chapters.
Table S11 reports the evidence base, source coverage, evidence type, geography, confidence, and limitations for each response
option. Table S12 lists long-list options/categories not examined as separate analytical units, explains the reasons for non-selection,
identifies potential selection-bias risks, and explains how bias was mitigated.

Non-selected options were not treated as unsuitable or ineffective. They were not examined in detail where they substantially over-
lapped with selected options, had narrower sectoral mechanisms, had weaker cross-nexus traceability, or were less useful for testing
the governance-and-justice explanation developed in this study. This exclusion logic reduces duplication while preserving variation
across transition arenas, actors, spatial scales, and governance challenges.
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The final set was not selected as a ranked list of preferred interventions. It was selected to examine variation. Some options show
strong co-benefit potential. Some show context-dependent outcomes. Others deliver mitigation or adaptation benefits while raising
questions about land use, ecological disturbance, distributional equity, or procedural inclusion. This variation allows the analysis to
examine why technically credible climate actions produce different outcomes across biodiversity, water, food, health, and climate
systems.

The fifteen selected options are defined in Table S1 and classified in below table. Table 1 reports their observed co-benefits and
trade-offs. Table 2 identifies key actors and arenas of engagement. The analysis treats the selected options as analytically useful
response types rather than policy prescriptions. Their performance depends on context, institutional capacity, tenure arrangements,
safeguards, finance, and political economy.

Classification of the selected climate change response options

Land and ocean Industrial
ecosystems Energy system Settlement & infrastructure system Societal system
Climate change response option transitions transitions system transitions transitions transitions
CO01 Increase soil organic carbon 174
C02 Sustainable intensification v
CO03 Integrated multitrophic 17
aquaculture
C04 Wetland conservation I
and restoration
CO05 Offshore wind power %
C06 Solar photovoltaics on land 17
C07 Sustainable bioeconomy 174 17
C08 Reduce short-lived I 7
climate pollutants
C09 Multi-hazard early %4 %4 I 74 v
warning systems
C10 Global cooperation for 17 17 17 I 17
finance and technology
C11 Agroecology I
C12 Forest-based practices 17

to address climate change

C13 Restoration of coastal and marine 17
ecosystems for carbon sequestration

C14 Urban nature-based solutions 17
C15 Sustainable healthy diets %4 v

Response option scoring

The response option scoring drew on the Chapter 5 process of the IPBES Nexus Assessment.'”''? The Chapter 5.5 author team
developed scores through literature-based expert assessment. The process used peer-reviewed and gray literature, cross-author
deliberation, and internal consistency checks across the Chapter 5 subchapter teams (5.1-5.5). These scores were included in drafts
of the chapter made available during IPBES external reviews of the Nexus Assessment. Disagreements were resolved through dis-
cussion and calibration against shared definitions.

The scoring was not implemented as independent, blinded parallel coding by a fixed number of raters. It therefore did not generate
an inter-rater reliability coefficient. No formal sensitivity analysis was conducted. Reproducibility rests instead on explicit criteria, re-
ported scoring rationales, public assessment procedures, and deliberative calibration across the author team. These limits are re-
ported because the scores are structured expert syntheses rather than statistical estimates.

The scoring framework comprised ten criteria: spatial scale, temporal scale, impact on nexus elements, social acceptability, align-
ment with political priorities, economic implications, technical feasibility, equity, alignment with international frameworks, and trans-
formative change potential. Table S8 reports the indicators and scoring rules. Table 1 and Figure 2 draw on these criteria.

The scoring distinguished direct effects from mediated effects. Direct effects are expected consequences of implementing a
response option for biodiversity, water, food, health, or climate systems. Mediated effects arise through governance design, finance,
tenure, procedural inclusion, knowledge systems, institutional capacity, and political economy. The main tables focus on direct or
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near-direct effects. The case analysis and Discussion examine mediated mechanisms. No mediated governance effect was used to
upgrade a direct nexus-impact score unless the assessed evidence linked that mechanism to the relevant response option.

Impacts on biodiversity, water, food, health, and climate were scored using ordinal scales. Biodiversity and water scores account
for changes in state, function, quantity, and quality. Food scores account for access to healthy food, production, and environmental
performance. Health scores account for disease burden, disability, well-being, and, where relevant, access to healthcare. Climate
scores account for mitigation potential and adaptation effect. Equity was assessed through distributional equity, recognition and in-
clusion, and procedural equity. Technical feasibility drew on Technology Readiness Levels, ranging from basic principles observed to
systems proven in operational environments.

Qualitative confidence followed the IPBES four-box model for the communication of confidence approach. Confidence reflects the
quantity and quality of evidence and the level of agreement among sources. Four categories were used: well-established, established
but incomplete, unresolved, and inconclusive. Where evidence pointed in different directions, the assessment retained mixed or
context-dependent classifications rather than forcing a single positive or negative interpretation. The symbols in Table 1 should
therefore be read as directional judgements. They do not report universal effects, effect sizes, or invariant outcomes across all re-
gions and time horizons.

Policy instrument evaluation

The policy-instrument analysis examined how governance tools enable or constrain climate response options. Twenty-one instru-
ments were assessed by the Chapter 5.5 author team. They were selected because they recur in the IPBES Chapter 5.5 climate-ac-
tion assessment and represent the principal legal, economic, financial, rights-based, customary, socio-cultural, and participatory
mechanisms through which response options are enabled or constrained. They were grouped into four domains: legal and regulatory
instruments; economic and financial instruments; rights-based and customary instruments; and socio-cultural and participatory
mechanisms. Figure 4 reports the policy instruments and their nexus effects. Table S2 provides scoring rationales. Table S9 reports
the evaluation criteria.

Each policy instrument was assessed on a four-point ordinal scale from 0 to 3. A score of 3 denotes full institutionalisation, cross-
sectoral operation, clear mandates, implementation evidence, and embedded safeguards. A score of 2 denotes strong articulation
but uneven operationalisation. A score of 1 denotes partial or fragmented uptake. A score of 0 denotes siloed operation, weak insti-
tutional anchoring, or risks of maladaptation and inequity. The score does not measure universal policy quality. It evaluates how far an
instrument supports integrated climate action across the nexus.

ESJ and nexus governance assessment

A second evaluative layer assessed each climate response option for ESJ compatibility and nexus governance synergy. ESJ compat-
ibility measures how far an option incorporates distributive equity, procedural fairness, recognition justice, intergenerational respon-
sibility, and ILK. Nexus governance synergy measures how far an option supports coordinated outcomes across biodiversity, water,
food, health, and climate systems.

Both criteria were scored on a 0-4 ordinal scale. A score of 4 indicates transformative ESJ compatibility or systemic nexus
governance synergy. A score of 3 indicates strong compatibility or high synergy. A score of 2 indicates moderate incorporation.
A score of 1 indicates limited operationalisation. A score of 0 indicates justice incompatibility or fragmentary governance.
Table 4 reports the results. Table S5 explains the rationale for combining ESJ and nexus governance. Table S10 reports the
full scoring criteria.

The ethical foundations in Table 3 and the ILK analysis in Table 5 support this assessment. These tables were used to check
whether response options merely report technical benefits or also address values, rights, participation, recognition, accountability,
and knowledge pluralism.

Case selection and comparison

Five focal cases were selected for deeper institutional interpretation. They correspond to C11-C15 and represent agricultural,
forest, coastal, urban, and food-health systems. The cases are Andhra Pradesh’s Community-managed Natural Farming; Indig-
enous REDD+ initiatives in the Brazilian Amazon; Mikoko Pamoja’s community-led blue carbon project in Kenya; Medellin’s ur-
ban green corridors; and the revitalisation of local health traditions and food baskets in Wayanad. These cases were selected
because they provide evidence-rich illustrations of enabling conditions and represent different systems transitions. They are not
treated as statistically representative. They are also not treated as unqualified successes.

The Kachung Forest Project in Uganda was added as a contested counter-case within C12. It was selected because it had a tech-
nical mitigation rationale and a formal Clean Development Mechanism architecture, yet contested baseline assumptions, access re-
strictions, limited recognition of customary resource use, and uneven benefit-sharing undermined its legitimacy. It also has a
comparatively rich literature base among contested forest-carbon cases.

The counter-case reduces successful-case bias. It does not make the case set statistically balanced. It strengthens qualitative
mechanism tracing by showing how a technically plausible forest-based response option can lose legitimacy when justice and gover-
nance safeguards are weak. It also has a comparatively rich literature base for a contested forest-carbon case.

iScience 29, 117734, November 20, 2026 25




¢? CellPress iScience
OPEN ACCESS

The cases were used to examine mechanisms, not to estimate prevalence. They show how institutional design and social legiti-
macy shape implementation. They do not support claims about average effects across all climate response options.

The case comparison used two matrices. Table S6 reports nexus impacts across cases. Table S7 reports enabling conditions,
including polycentric governance, adaptive learning, procedural inclusion, tenure and rights, distributive safeguards, knowledge
pluralism, financing, monitoring, legitimacy, and durability. Table 6 condenses these case findings for the main text.

Treatment of uncertainty and limits of inference

The analysis uses ordinal scoring, comparative interpretation, and qualitative confidence categories. It does not estimate causal
effects in a statistical sense. It does not assign probabilities to outcomes. It does not treat modeled or scored results as deter-
ministic real-world trajectories.

Four safeguards were used to reduce overstatement. First, scoring criteria were standardised and reported in the Supplementary
Materials. Second, direct effects were separated from mediated governance effects. Third, mixed evidence was retained as mixed rather
than converted into a single positive result. Fourth, scores were subjected to established review within the Chapter 5.5 author team and
the IPBES process, including cross-chapter deliberations. Where evidence was incomplete, the manuscript uses cautious language and
reports confidence limits.

The assessment may reflect differences in how separate literatures study response options. Ecosystem-centred and de-
mand-side options are often examined through the lenses of co-benefits, resilience, livelihoods, and justice. Infrastructure-cen-
tred options are often examined through the lenses of risk, siting, spatial footprint, and ecological impact. The analysis, there-
fore, treats observed patterns as evidence-supported comparative tendencies, not as intrinsic rankings of response-option
quality. Table S11 provides an evidence transparency map for the 15 response options. It distinguishes global assessments,
peer-reviewed syntheses, empirical studies, policy and gray literature, and case-based evidence, while clarifying that source
counts refer only to sources explicitly used in this manuscript and do not represent a systematic review count of the full liter-
ature. Table S12 reports the long-list response options and categories from Smith et al.”’ that were not examined as separate
analytical units, explains the reason for non-selection, assesses potential selection-bias risks, and identifies the safeguards
used to mitigate those risks.

QUANTIFICATION AND STATISTICAL ANALYSIS

The quantitative elements are descriptive and ordinal. The main analytical units are fifteen climate response options, twenty-one
policy instruments, five focal cases, and one contested counter-case. The response-option assessment used ten scoring
criteria. The policy-instrument assessment used a 0-3 ordinal scale. The ESJ and nexus governance assessment used a 0-4
ordinal scale. Selected nexus-impact dimensions used —3 to +3 scales. All the scales are reported in the Supplementary
Materials. Technical feasibility used Technology Readiness Levels from 1 to 9.

No inferential statistics were used. No p values, confidence intervals, regressions, meta-analytic weights, machine-learning
models, or simulation outputs were generated. No randomisation, blinding, stratification, or sample-size estimation was appli-
cable. The symbols in Table 1 are ordinal summaries of the direction and consistency of the evidence. They are not effect sizes.
The symbols in Table 1 and scores in Table 4 are structured expert syntheses. They are not population estimates.
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