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Summary

This report on Deliverable D3.1 of the TRANSPATH project reports on the achievement of
Milestone M5: “Synthesis and assessment of global biodiversity-climate pathways”. The
present report describes a database and synthesis of global model-based quantitative
scenarios for climate change mitigation and/or biodiversity restoration. The interventions
implemented in global models and the impacts of scenarios are identified. Synergies and
trade-offs of scenarios, scenario types, and archetypes for biodiversity and climate change
are investigated.

The first chapter describes the methods used to compile the literature and extract information
from the studies. Based on an extensive literature review, we compiled a dataset of global
policy-screening, target-seeking and policy-oriented exploratory scenarios. These formed the
basis for collecting the scenarios' underlying assumptions, such as the qualitative information
describing the narratives (i.e. storyline), the interventions applied in these scenarios and their
impacts. It is important to note that interventions here include not only policies, but also
physical changes (e.g. management changes) or assumptions on future behaviour (e.g. diet
changes) that can influence direct or indirect drivers to mitigate climate change or reverse
trends in biodiversity loss. Policy instruments aim to shape behaviour, control emissions and
encourage the adoption of environmentally sustainable practices through regulation and
incentives.

By identifying the scenario type (policy-screening, target-seeking, exploratory), the scenarios
were categorized into non-intervention, modest-intervention and intervention scenarios (Van
Vuuren et al. 2012, IPBES 2016). In addition, the scenarios were grouped into a predefined
set of archetypes based on similar underlying characteristics (IPBES 2019). The interventions
implemented in the models for each scenario were extracted and summarized into intervention
groups, sectors, types and whether they were policy instruments or physical changes.

Quantitative data on scenario impacts were collected either explicitly from the studies or
implicitly from related scenario databases or the supplementary information material of the
studies. Several metrics were gathered and harmonized to enable a more detailed comparison
across studies and scenarios. For each metric, the percentage change per decade was
calculated. To enable consistent impact comparisons, we selected four key metrics — the two
most frequently reported climate metrics (Temperature change (since the pre-industrial age
(1850-1900)) and total CO, emissions) and the two most frequently reported biodiversity
metrics (Biodiversity Intactness Index, Mean Species Abundance).

Finally, scenarios that either met the 1.5°C Paris Agreement target or showed a positive
decadal percentage change in any of 18 biodiversity metrics were grouped into two target-
achieving categories: 1.5°C scenarios and bending the curve scenarios.

In the second chapter, we describe the contents of the scenario database. We collected 601
different scenarios, of which 80.2% were intervention scenarios (i.e. policy-screening, target-
seeking or exploratory scenarios that apply sustainability-oriented interventions). Most
scenarios explicitly quantify climate-related impacts, while fewer than half address impacts on
biodiversity or other sustainable development objectives. When it comes to biodiversity, the
quantification of impacts is not only less frequent but also more fragmented: we identified 21
different biodiversity metrics used across 23 studies. Similarly, we also found that most of the
interventions applied in global models continue to focus on climate change mitigation, with
greenhouse gas emission markets (e.g. carbon pricing, carbon taxes) playing a prominent
role.

In, the third chapter we use the scenario impact information to provide insights into the
impacts of different scenarios. The results show that among the intervention scenarios, the
most positive outcomes for climate and biodiversity are found in the ambitious target-seeking
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scenarios, while the modest-intervention scenarios have a less positive impact. If only single
interventions such as plantation forestry, or agricultural trade liberalization, or interventions
addressing climate change mitigation are applied, policy-screening scenarios can have more
negative consequences for biodiversity.

While climate change mitigation in the models can in principle be achieved through a ‘reformed
market’ archetype, scenarios with a more transformative narrative, aiming at global or regional
sustainable development, can lead to synergistic outcomes for both climate and biodiversity.

Moreover, it is not only the socioeconomic conditions or the underlying paradigm of the
scenarios that matter. The number of interventions applied within a scenario, as well as the
number of sectors targeted by different interventions, has an important impact on the outcome.
The more interventions that are applied across sectors, the better the outcome for biodiversity
and climate.

While both nature protection and markets for greenhouse gas emissions appear to be
essential to reverse biodiversity loss or meet the 1.5°C target, they cannot address either
challenge alone. Combining policies can help to minimize trade-offs with other sustainability
goals, for example by enabling lower global carbon prices, or by allowing multiple challenges
to be addressed simultaneously.

The three key findings of this report are:

(i) Interventions in global models are dominated by climate change mitigation measures
and conventional conservation measures to protect and restore terrestrial ecosystems.
Furthermore, impacts on climate change are quantified more frequently than impacts
on biodiversity or other sustainability objectives.

(i) Transformative pathways for biodiversity and climate generally belong to the group of
target-seeking scenarios. Scenarios that follow a sustainability paradigm, using
multiple interventions at once to transform different sectors simultaneously, have the
highest combined positive impacts on climate and biodiversity and offer the greatest
potential for transformative change. These scenarios often include measures beyond
conventional conservation and climate change mitigation measures such as the
sustainable intensification of agriculture, the reduction of food waste, and changes to
diets, e.g. a reduced meat consumption.

(iii) The main pillars for global climate change mitigation and biodiversity restoration in
current scenarios are well-known interventions such as carbon markets or nature
conservation measures (e.g. protected areas, sparing mechanisms, etc.). However,
these do not suffice alone and should be complemented by other measures to create
transformative pathways that minimize trade-offs and maximize synergies for
biodiversity, climate and society.
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Introduction

Global change impacts on the biophysical conditions of the Earth system are becoming
steadily more visible (Steffen et al. 2015). The pressures of global change are exceeding
planetary boundaries (Richardson et al. 2023), and increasingly challenge Earth system
justice (Rockstrém et al. 2023, Gupta et al. 2024). Depending on the scenario, temperatures
are projected to reach 1.4°C (best case) — 4.4°C (worst case) above pre-industrial levels by
the end of the century (IPCC 2023a). Biodiversity is expected to decline, leading to the
extinction of many species (IPBES 2019, WWF 2022). Global efforts, such as the Paris
Agreement to limit the global temperature increase to 1.5°C above pre-industrial levels (United
Nations 2018), the 2030 Agenda for Sustainable Development (UN General Assembly 2015),
or the Kunming-Montreal Global Biodiversity Framework (KMGBF) (CBD 2022) should lay the
foundation to minimize the impacts of climate change, improve the situation towards a more
just and sustainable world, and reverse the trends in biodiversity loss, respectively. In contrast,
we are currently far from achieving these goals: global emissions have peaked (UNEP 2024b),
global biodiversity is still declining (UNEP 2024a, WWF 2024), and global sustainable
development is only 17% on track to meet the Sustainable Development Goals (SDGs) (UNEP
2024a).

The challenges of our time require a portfolio of diverse, scale-independent solutions (Gupta
et al. 2024). The importance and need of transformative change towards a more sustainable
future is increasing (IPBES 2019, UNEP 2019, IPCC 2023b). Transformative change, “a
fundamental system-wide reorganization across technological, economic and social factors,
including paradigms, goals and values” (IPBES 2019), offers the capacity to enable a more
sustainable system, triggered by various levers (actions, measures to intervene) that directly
address leverage points (points to intervene in a system) (Chan et al. 2020), or social tipping
points (Otto et al. 2020).

The planning of such levers (here interpreted as interventions) must be approached with
great care, as addressing individual issues in isolation can lead to unintended trade-offs and
undermine progress toward broader sustainability goals (IPBES 2024). In particular global
biodiversity loss and climate change are two major environmental challenges that influence
one another through a range of ecological and socioeconomic feedbacks. Addressing them in
isolation risks overlooking critical interactions and trade-offs (Arneth et al. 2020, Pértner et al.
2023). Although most climate or biodiversity interventions generally offer more synergies, they
need to be carefully planned. For example, climate change mitigation measures may risk
further biodiversity loss, for example through the expansion of bioenergy or bioenergy with
carbon capture and sequestration (BECCS) (Pdrtner et al. 2021, 2023). To minimize such
trade-offs, it is therefore essential to develop integrated solutions that address both challenges
simultaneously to support the transition to a sustainable and equitable society (Portner et al.
2021, 2023, IPBES 2024).

However, assessing whether different solutions work together effectively is often difficult and
requires significant time and resources. Hence, model-based quantitative scenarios
provide a valuable tool for quantifying potential synergies and trade-offs, estimating the impact
of specific interventions, and assessing their combined contribution to transformative change
(Van Vuuren et al. 2015, IPBES 2016, Rosa et al. 2017). As a result, global scenarios have
often been used in the past to quantify the environmental impacts of policies and other
underlying assumptions (MEA 2005, UNEP 2007, IPBES 2019, IPCC 2023a). By combining
qualitative and quantitative characteristics, scenarios allow the description of potential future
conditions and allow the exploration of socioeconomic trends, technological developments,
etc. (Van Vuuren et al. 2012).

While some scenarios represent exploratory futures of different socioeconomic
assumptions, such as the shared socioeconomic pathways (SSPs) (Van Vuuren et al. 2014),
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others focus primarily on interventions, such as policy-screening or target-seeking
scenarios (IPBES 2016). The term pathway is commonly used for scenarios, such as the
SSPs and the Representative Concentration Pathways (RCPs) (Van Vuuren et al. 2011a,
2014). In contrast, we consider pathways here as synonym for both policy-screening and
target-seeking intervention scenarios (IPBES 2016, Aguiar et al. 2020). These pathways
represent different strategies and actions aimed at approaching or achieving specific targets,
such as limiting global warming to 1.5°C or halting the ongoing loss of biodiversity (IPBES
2016, Aguiar et al. 2020). However, to avoid further confusion, we will now refer to scenarios
rather than pathways, and further distinguish between non-intervention and intervention
scenarios based on their scenario type (exploratory, policy-screening, target-seeking).

To better understand the necessary actions and translate global intervention scenarios into
actionable strategies at the local level, models are needed that integrate not only global
climate and biodiversity pathways but also contextual factors that enable transformative
change (Pereira et al. 2020). Unfortunately, transformative scenarios that address multiple
sustainability challenges simultaneously through a combined set of interventions remain
underexplored, although there are some notable examples (e.g., Van Vuuren et al. (2015),
Kok et al. (2023)). Consequently, this report aims to help fill that gap by providing an overview
of such scenarios, including their underlying assumptions and impacts. Furthermore, most
scenario analyses tend to assess the impact of interventions on only a narrow set of
sustainability issues (Orbons et al. 2024), or focus exclusively on either climate mitigation
(e.g., Rogelj et al. (2018)) or biodiversity restoration (e.g., Leclére et al. (2020)), but rarely on
both.

To help close this gap and clarify the current state of knowledge on integrated climate and
biodiversity scenarios, this report provides an evidence-based synthesis of existing global
scenarios, highlighting the state of research and what is still needed to support transformative
change in global models (Task 3.1, Figure 1). Based on an extensive literature review, we
have compiled a database of target-seeking, policy-screening and policy-oriented
exploratory scenarios, including reference and baseline scenarios (when available) in the
relevant studies. For these scenarios, information was collected on their assumptions, on the
interventions implemented in the models where possible, and on the quantified impacts of the
scenarios. Based on this information, the scenarios were classified as intervention, modest-
intervention and non-intervention scenarios.

The literature synthesis will lay the foundation, combined with results from the other work
packages, for the second task of our Work Package, a model-based quantification of
promising biodiversity-climate pathways (Task 3.2, Figure 1).

The Text is structured into three chapters. The first chapter (The TRANSPATH scenarios
database) describes the methods used to compile the database and gives an overview of the
categorization of scenarios. In the second chapter (Global scenarios — gaps and state of
research) we present the contents of the database. We describe which scenarios have been
found, which interventions have been implemented, and which impacts have been quantified
in global scenarios. In the third chapter (Global scenarios - synergies and trade-offs), we
analyse the contents of the database, identify synergies and trade-offs for specific scenario
types and archetypes, and describe which scenarios have the greatest potential for creating
transformative change.
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Figure 1: Short schematic overview of the tasks in the work package. Task 3.1 is due in month 32,
while the deliverable for task 3.2 is due in month 46.
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1 The TRANSPATH scenarios database

The TRANSPATH scenarios database, which forms the basis of this report and for future work
in course of the TRANSPATH project, is a database of quantitative policy-oriented exploratory,
policy-screening and target-seeking scenarios that quantify impacts on either climate,
biodiversity, or both. To compile the database, we reviewed the literature on global scenarios
with a focus on climate change mitigation and/or biodiversity restoration. We then collected
information on the assumptions underlying the scenarios, the interventions applied and their
respective impacts. This provides the basis for a synthesis of current research and the
identification of gaps in global model-based biodiversity and climate change scenarios. This
chapter describes the methodology we used to conduct the literature review and to extract
and categorize relevant data. Figure 2 provides a brief overview of the contents of the
database. In general, the database consists of four main parts:

1. General information: We first identified which scenarios were included in which
studies, along with their associated narratives. Where available, we also recorded the
socioeconomic or emissions baselines used (e.g., SSPs or RCPs).

2. Qualitative assumptions: Next, we extracted qualitative scenario assumptions using
the SSP narrative framework described by O’Neill et al. (2017). In addition, we
collected quantitative projections related to population, gross domestic product (GDP),
and land cover where these were provided.

3. Interventions: Particular attention was given to the interventions applied in the
scenarios. When interventions were implemented within the models (i.e., beyond being
part of the narrative), we extracted and summarized them. These interventions were
then grouped based on similarity, categorized by sector and type, and classified as
either physical measures or policy instruments.

4. Impacts: Finally, we extracted scenario impacts where possible and assigned each
impact metric to a relevant SDG.

Throughout this process, we collected both explicit information (from the main text of studies
and reports) and implicit information (from supplementary materials, referenced sources, or
associated databases providing additional quantitative data). This chapter provides a detailed
overview of the literature review process and the methods used to categorize, harmonize, and
analyse the scenarios.

T | tn oo BN
4 \
4 \
1
éeneral information \ éualitative assumptions} G‘ \ \

I terventions Impact ‘I
| + Index + Demographics * Interventions * Metrics according 1
1 + Study * Human development + Group to SDG: 1
! + Shortcut + Economy and lifestyle * Type * MSA, BII !
: » Source + Policies and institutions + Sector » Total GHG :
| ®| ¢ Datasources « Technology » Physical change emissions |
1 g » Scenario » Environmental and or policy (Kyoto gases) 1
I 8| * Narrative natural resources instrument + Temperature !
: ‘.(g » Scenario type change (since :
, ® | ° Scenario class Quantitative pre-industrial |
| Q| . Model assumptions: levels) |
1 + Biodiversity model * GDP/Population + etc. 1
! « Impact focus « Land cover * Type of !
: « Time (Start, end) measurement !
\ * Socioeconomic * Time horizon !
\

N

scenario ¢
AN \ Emissions scenario/ K / \ ) \ j
< -

e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e o

Figure 2: Overview of the contents of the database. The main focus for information extraction was
general information, information on the interventions applied and, on the impacts, quantified in the
scenario.
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1.1 Literature screening

For the literature screening, we followed the PRISMA 2020 guidelines for scoping reviews
(Tricco et al. 2018), which aim to map the state of the literature, identify research gaps and
provide a comprehensive overview of the evidence already available (Munn et al. 2018, Peters
etal. 2020). However, where possible, we also collected quantitative metadata and used these
to conduct a quantitative analysis.

To compile our final literature, we reviewed publications from four different sources:

1. The literature list of the IPBES Global Assessment Report, Chapter 5 (Chan et al.
2019 p. 5), as they also included policy-screening/target-seeking scenarios with a
similar focus to ours, covering the period 2006-2019.

2. As this did not cover the period 2019-2023, we extended our sources with an
additional literature screening using the Web of Science online platform, focusing
on biodiversity-related studies.

3. In addition, we added to our database all scenarios from the IPCC Assessment
Report Six (AR6) database that were able to achieve a temperature limit of less
than or equal to 1.5°C at the end of the century (Byers et al. 2022). These include
IPCC scenario categories C1, which 'limit warming to 1.5°C (>50%) with no or
limited overshoot', and C2, which 'return warming to 1.5°C (>50%) after a large
overshoot' (IPCC 2023a).

4. Finally, we added grey literature, consisting mainly of scenarios from global
environmental assessment reports, such as the Second Global Land Outlook
(UNCCD 2022) or the Global Biodiversity Outlook (CBD 2006, 2014).

Our final literature consisted of scenarios derived from both studies and environmental
assessment reports, but for simplicity we now use the term studies rather than environmental
assessment reports. The following search string was used to conduct the biodiversity literature
search in the Web of Science database to identify relevant peer-reviewed literature:

((( “Global” ) AND (“Future”) AND ( “Scenario” OR “Pathway” OR “Model” OR “modelling” OR
“Models”) AND ( “Backcasting” OR “Normative” OR “Target” OR “Target seeking” OR “Policy
screening*” OR “Ex-ante” OR “Strategies” OR “Interventions” OR “Measures” OR “Actions” OR
“Efforts”) AND ( “Species” OR “Abundance” OR “Richness” OR “Biological” OR “Ecological” OR
“Nature” OR “Biodiversity” OR “Organism*” OR “Ecosystem*” OR “Conservation”)))

To ensure the effectiveness of the search term and to cross-validate it, we used three studies
that were identified as highly relevant to our objectives and that should appear in the Web of
Science search: Leclére et al. 2020, Soergel et al. 2021, Kok et al. 2023. We restricted the
search to articles, and searched from 01-01-2019 to 01-01-2024. Finally, of the 3495 studies
screened (Including those from the other sources, Figure 3), those that met the following
eligibility criteria were selected for further analysis:

¢ Included scenarios were required to be global in scope, model-based, quantitative, and
policy-screening, target-seeking, or policy-oriented exploratory in type.

e Each study had to specify the simulation time frame, with input and output data
documented either explicitly in the materials and methods section or implicitly through
referenced sources.

e Studies had to assess impacts on either terrestrial biodiversity or climate change.
Analyses focusing solely on individual species distribution models were excluded.

Some studies included exploratory scenarios as well as policy-screening or target-seeking
scenarios. In these cases, only baseline or reference scenarios, policy-screening and target-
seeking scenarios were extracted. As noted in Chapter 5 of the IPBES global assessment
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report, there are not many target-seeking scenarios, so we decided to also include policy-
oriented exploratory scenarios, which were the subject of Chapter 5 and are also considered
by our team to be important intervention scenarios (Chan et al. 2019). Finally, the SSPs have
been included in the database as these remark wide-established baseline scenarios for policy-
screening or target-seeking scenarios.

[ Identification of studies via databases and other sources ]
'
g | | Records identifed from: Records removed bofors screening:
= IPBES Chapter 5 (2019) (n = 47) IPBES Chapter 5 (2019) (n = 3)
o Web of Science (n = 3401) > Web of Science (n = 1)
5 IPCC ARG Database (n = 24) -
5 Expert suggestions (n = 23) IPCC ARG Database (n = 2)
kel Expert suggestions (n = 0)
' i
Title and abstract screening: Records excluded:
IPBES Chapter 5 (2019) (n = 44) IPBES Chapter 5 (n = 5)
Web of Science (n = 3401) »| Web of Science (n = 3370)
IPCC ARG6 Database (n = 22) IPCC ARG6 Database (n = 0)
Expert suggestions (n = 23) Expert suggestions (n = 0)
o
=
§ v
5 Full-text screening: Records excluded:
n IPBES Chapter 5 (2019) (n = 39) .| IPBES Chapter 5 (2019) (n = 23)
Web of Science (n = 31) »1 Web of Science (n = 23)
IPCC AR6 Database (n=22) IPCC ARG Database (n = 0)
Expert suggestions (n = 23) Expert suggestions (n = 9)

Studies/Reports included:
(n=60)

Figure 3: PRISMA 2020 flowchart (Tricco et al. 2018) showing the number of studies included and
excluded due to deduplication, title and abstract screening, and full-text screening.

1.2 Data collection

We aimed to gather as much information as possible from the sources on each scenario. This
included both explicit and implicit assumptions reported in the studies. It is important to note,
however, that implicit quantitative assumptions were only collected if the scenario was not
modified from its original formulation by the main source - that is, if no significant changes
(e.g. land use changes) were made after the scenario was initially developed and the same
model was used. In these cases, quantitative assumptions were only obtained if the scenario
was quantified by an external source without changing its original structure (post-processing).
For example, Visconti et al. (2016) quantified changes in consumption under the Rio20+
scenarios in relation to biodiversity, while maintaining the original scenario setup of Van
Vuuren et al. (2015) and using the same model outputs. Here we have retrieved implicit
quantitative assumptions from Van Vuuren et al. (2015) In contrast, when the scenario was
modified, such as by Leclére et al. (2020), who adjusted a SSP2 scenario through specific
interventions - quantitative outputs of SSP2 scenarios from model-individual studies were not
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collected, as they may have changed due to the changes introduced in the new scenario
setup.

1.2.1 Qualitative data collection (general information, assumptions)

In addition to general information about the studies, such as study, scenario name, scale,
focus, time frame, start and end year, etc. (see Figure 2), qualitative information about the
scenarios was collected. For this purpose, the variables used in O’'Neill et al. (2017) for the
qualitative description (the narrative) of the SSP scenarios have been used as a baseline
(Table 1).

Table 1: Short overview of the variables included in the qualitative description of SSP scenarios
(adapted and modified from O’Neill et al. (2017)).

Demographics Human Economy Policies and Technology Environment

development and lifestyle institutions and natural

resources

Population Education, Growth (per | International Development, | Fossil
(Growth, Health capita), cooperation, Transfer, constraints,
fertility, investment, Inequality, Environmental | Energy tech | Environment,
mortality, Access to | International  policy, change, Land use,
migration), health trade, Policy Carbon Agriculture
Urbanization facilities, Globalization, | orientation, intensity,
(level, type) water, Consumption | Institutions Energy

sanitation, and diet intensity

Gender

equality,

Equity,

Social

cohesion,

Societal

participation

Since many scenarios are based on the SSP scenarios, we have adopted all of these
assumptions from O’Neill et al. (2017) for the corresponding intervention scenario. If a
scenario was not explicitly based on an SSP, we attempted to collect its underlying
assumptions using the existing database structure. For SSP-based scenarios, we treated the
SSP narratives and assumptions as the baseline. However, when interventions were applied,
particularly those influencing key dimensions such as land use, these were considered
modifications to the baseline, effectively layered "on top" of the original SSP framework. In
such cases, we recorded the baseline assumptions of the relevant SSP under the qualitative
assumptions section.

Based on a combination of the socioeconomic assumptions and the interventions applied, we
summarized the narrative of each scenario. For example, a SSP2 scenario typically follows
a “business-as-usual” or “middle of the road” narrative (O’Neill et al. 2017). However, a SSP2-
2.6 scenario, such as that presented by Popp et al. (2017), would, based on our logic, follow
a narrative such as: “Middle of the road. Mitigation to achieve 2.6 W/m?Z.".
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1.2.2 Scenario type

Furthermore, we have classified scenarios into their scenario type: exploratory, policy-
screening, and target-seeking (IPBES 2016). Exploratory scenarios are designed to
project alternative futures based on extrapolated past trends and assumptions about
forthcoming developments. These are not constrained by specific policy objectives and are
particularly useful for illustrating a broad range of plausible outcomes under different
socioeconomic and environmental conditions (Van Vuuren et al. 2012, IPBES 2016). In
summary, we have interpreted all scenarios as exploratory where the underlying narrative
does not allow a specific description of the interventions applied (as these are formulated as
qualitative assumptions and do not describe how they are applied within the models).

In contrast, policy-screening scenarios evaluate the effectiveness of different policy options
by comparing them to a reference, commonly a business-as-usual (BAU) scenario. These
scenarios identify the potential impacts of various policy interventions and support the
comparison of trade-offs among competing strategies (Van Vuuren et al. 2012, IPBES 2016).
Consequently, we have considered all scenarios as policy-screening that applied specific
interventions on top of another scenario without any pre-defined targets.

Target-seeking scenarios, on the other hand, are used to investigate pathways necessary
to achieve specific environmental or policy goals, such as limiting global temperature rise or
stabilizing atmospheric greenhouse gas concentrations. These scenarios provide critical
insights into the actions required to reach long-term sustainability targets (Van Vuuren et al.
2012, IPBES 2016). We considered all scenarios as target-seeking, where a specific target
was predefined, such as the 1.5°C target of the Paris Agreement (United Nations 2018).
Finally, we considered all scenarios that combined a SSP scenario with a RCP targeting a
forcing concentration below 6.0 W/m?, as these tend to apply strict carbon prices (Thomson
et al. 2011, Van Vuuren et al. 2011b).

Scenarios can be further categorized into intervention scenarios, BAU, and intermediate
scenarios (Van Vuuren et al. 2012). Based on this terminology, we further characterized
scenarios into:

* Non-intervention scenarios, which generally align with exploratory or BAU
frameworks and assume a continuation of existing trends with minimal or no new policy
efforts. These scenarios are important for highlighting the potential consequences of
inaction (Van Vuuren et al. 2012, IPBES 2016).

¢ Intermediate scenarios, here referred to as modest-intervention scenarios reflect
limited intervention and often incorporate currently implemented or near-term policies,
such as nationally determined contributions (NDCs) under the Paris Agreement (Van
Vuuren et al. 2012). While these scenarios suggest some progress, they generally fall
short of the transformative changes needed for significant impact.

¢ Intervention scenarios represent more ambitious policy efforts and may include both
policy-screening and target-seeking approaches. These are particularly relevant for
exploring how strong, coordinated action could lead to substantial progress toward
global environmental goals (Van Vuuren et al. 2012, IPBES 2016). Although SSP1 is
formally considered an exploratory scenario, it is treated here as an intervention
scenario due to its underlying assumptions of ambitious sustainability policies (Van
Vuuren et al. 2017). The interventions under SSP1 vary depending on the model
implementation and are therefore collected according to the specific assumptions of
each modelling study (Popp et al. 2017). All other SSPs (SSP2-SSP5) are treated as
purely exploratory scenarios without coded interventions. Although they may include
assumptions such as the expansion of protected areas (e.g. extending protected areas
to 17% in line with the Aichi Biodiversity Targets) or improvements in yields and
agricultural efficiency, these are interpreted and coded as qualitative assumptions
rather than active interventions (Popp et al. 2017).
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1.2.3 Exploratory archetypes

To structure the complex information, we grouped scenarios into archetypes based on their
underlying qualitative storylines, socioeconomic assumptions and scenario logic (Van Vuuren
et al. 2012). Archetypes serve to identify salient patterns, highlight key elements, and
synthesize recurring assumptions across multiple scenarios (IPBES 2019). While such
archetypes are well-established for exploratory scenarios (Hunt et al. 2012, Van Vuuren et al.
2012, IPBES 2019), they often fall short of capturing the processes and dynamics typically
associated with policy-screening or target-seeking scenarios (IPBES 2022).

In our approach, we sought to make the exploratory archetypes described in IPBES (2019)
applicable not only to exploratory scenarios, but also to policy-screening and target-seeking
scenarios. In this context, we interpreted the environmental and economic principles outlined
in the archetype framework established by IPBES (2019) as a general guideline for
distinguishing between archetypes. We combined this interpretation with the underlying
socioeconomic assumptions of the scenario, as described in its narrative, and the
interventions applied to determine the most appropriate archetype classification (Table 1).

First, the exploratory scenarios were categorized according to the archetypes defined in
IPBES (2019). For example, scenarios using SSP1 as a baseline were assigned to global
sustainable development, those using SSP3 or SSP4 to regional competition, and those
using SSP5 to economic optimism. This classification was made independently of specific
interventions, as the underlying socioeconomic assumptions are inextricably linked to the
broader scenario narrative and cannot be overridden by the inclusion of a single policy or
intervention. For BAU scenarios and SSP-RCP combinations, we developed further
guidelines, which are outlined below.

In general we considered scenarios such as SSP2 (O’Neill et al. 2017), NPi (McCollum et al.
2018), OECD baseline (OECD 2012), B2 (IPCC 2000), STEPS and APS (IEA 2022) to be
scenarios that fall into the business-as-usual archetype (mostly without any intervention, at
most with modest interventions (i.e. applying current or near-term policies, including NDCs)).
Most scenarios apply interventions on top of such a BAU scenario, so we categorized them
based on the interventions applied in the corresponding scenario.

Scenarios that promoted supply-side changes, trade liberalization, economic growth and the
deployment of technologies such as carbon capture and storage (CCS), carbon dioxide
removal (CDR) were assigned to the economic optimism archetype (e.g.: supply side
scenario from Leclére et al. (2020)).

Scenarios that introduced greenhouse gas emission markets or focused on demand-side
strategies, such as reductions in food waste and loss, dietary shifts, or changes in
consumption patterns, were categorized as reformed markets (e.g.: demand-side scenario
from Leclére et al. (2020)). For the SSP-RCP combinations, all scenarios below SSP2-4.5,
SSP3-6.0, SSP4-6.0, SSP5-6.0 were included in the reformed markets archetype (this was
decided independently of the implemented interventions, as in these scenarios the carbon
price is usually used as a controlling element for the emissions trajectory).

Scenarios that emphasized sustainable land use practices, sharing-based principles or
regional protected areas were grouped under the regional sustainability archetype (e.g.:
sharing the planet scenarios from Kok et al. (2023)), while those that implemented global
protected area networks or afforestation interventions were classified under the global
sustainable development archetype (e.g.: conservation scenario from Leclére et al. (2020)).
Where scenarios combined elements from several archetypes, they were categorized under
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global sustainable development, reflecting the integrative and multilateral nature of this
archetype (e.g.: integrated action scenario from Leclére et al. (2020) and Kok et al. (2023)).

Finally, all scenarios assuming SSP3, SSP4 or SSP-RCP combinations greater than or equal
to SSP3-6.0/SSP4-6.0 were categorized into the regional competition archetype.

Table 2: Guidelines for archetype categorization, adapted and extended from IPBES (2019). The
extension includes the socioeconomic context and the interventions commonly used to approach the

target.
Economic Reformed  Global Regional Regional Business-
optimism markets sustainabl sustainabil competitio as-usual
e ity n
developme
nt
Principle | Prosperity Economic Global Equity & | Individualis | No change
s based on efficiency & @ sustainabilit = local m and
economic sustainabilit | y sustainabilit | safety
growth y y concerns
Environ More Use of ' Protecting Local Lack of | Overexploit
mental "efficient” use | nature is | nature and | sustainable | concern/low | ation of
principle | of nature with @ regulated environmen | use of | priority  of | nature with
s new with tal nature nature elements of
technologies, | reformed sustainabilit regulation
but protection | policies y and
is not protection
prioritised
Economi | Market Market Market Markets Market Market
c oriented regulation regulation oriented to | oriented oriented
principle | based on based on and non- | local with trade | with some
s profit efficiency & = market environmen | barriers and | barriers and
maximization  sustainabilit | mechanism | tal and growing some
y targets s based on quality of economic regulation
global life priorities | asymmetrie
environmen s/polarisatio
tal n
sustainabilit
y and equity
Socio- BAU, SSP5, BAU, SSP1, BAU | BAU SSP3, BAU
economi  >=SSP5-6.0 | <SSP2-4.5, SSP4,
c <SSP3-6.0, >=SSP3-
baseline <SSP4-6.0, 6.0,
<SSP5-6.0 >=SSP4-
6.0
Interventi | Supply-side Demand- Nature Sustainable None,
ons to changes, side conservatio | land use modest-
approach | Technology/E changes, n, practices, intervention
target fficiency, greenhouse | forestation, | regional (NDCs,
Trade gas combined intervention current
liberalization, emission efforts (e.g. s (e.g. policies,
greenhouse markets supply-side | biodiversity near-term
gas emission combined hotspots policies)
markets with protection)
demand-
side

changes)
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1.2.4 Intervention data collection (guidelines, categorization)

Unless otherwise specified, interventions were recorded as described in the primary sources.
In some cases, it was necessary to translate model adjustments, such as changes to rates,
ratios, or other parameters, into qualitative descriptions of interventions. This translation was
based on the reported model changes and involved consultation with the authors of this report.
Interventions were refined in two stages: first, to consolidate similar model implementations
under specific interventions, and second, to standardize terminology across studies. Any
exceptions to this procedure are outline below.

SSP/RCP scenario combinations were assumed to include shared policy assumptions
(SPA) and a carbon tax or carbon price. As a result, most SSP/RCP combinations in the
database only include a carbon tax or price as an intervention, even if they implicitly direct, for
example, decarbonization of the energy sector. This default only applies where explicit
interventions are not detailed, such as in well-documented cases. For example, Doelman et
al. (2018) describe interventions related to Reducing Emissions from Deforestation and Forest
Degradation (REDD) measures and afforestation, or Van Vuuren et al. (2021) describe
specific interventions related to lifestyle and renewable energy transition.

For scenarios that used SSP1 as a baseline and extended it with additional interventions,
e.g. scenarios in Soergel et al. (2021), the interventions from the model-specific SSP1
implementation were also collected. This was documented based on the documentation
available in the main publications and the relevant SSP marker scenario sources (Calvin et al.
2017, Fricko et al. 2017, Fujimori et al. 2017, Kriegler et al. 2017, Van Vuuren et al. 2017).
This has been extended to include additional assumptions that explain the implementation of
the SSP model for the land use sector in detail by Popp et al. (2017). Only for Obersteiner et
al. (2016), SSP1 interventions were not adopted. Although the study used SSP-based socio-
economic drivers, only the GLOBIOM model was applied and no direct use of SSP1
interventions from the MESSAGE-GLOBIOM coupling was documented (Obersteiner et al.
2016). Therefore, despite the underlying SSP1-consistent population and GDP assumptions,
the scenario was not classified as containing SSP1 interventions. All other scenarios that
clearly documented SSP1-based interventions (including correct citation of relevant SSP
marker scenario papers) were included in our intervention dataset.

Finally, based on the interventions identified and the intervention overview created, we
summarized similar interventions in intervention groups. For example, we grouped
interventions such as protection, REDD and sparing mechanisms into the final intervention
group nature protection. We also grouped carbon budgets, carbon prices, carbon taxes,
emission prices, emissions trading schemes and greenhouse gas taxes as greenhouse gas
emissions markets.

In addition, the grouped interventions within each scenario have been organized by sector
(Agriculture, Forestry, and Other Land Uses (AFOLU), Energy, etc.) and categorized by the
intervention type (land use management, economic instruments, etc.). Furthermore, they
were distinguished by how they were applied, whether they involve direct, physical changes
or rather interventions of regulatory nature, i.e. such as policy instruments. Physical
interventions (land use management, technologies, etc.) directly induce changes in the
physical environment to mitigate climate change/biodiversity loss. Policy instruments
(economic instruments, regulatory standards, etc.) are designed to influence behaviour,
regulate emissions and provide incentives for sustainable practices. Most, but not all, physical
interventions address direct drivers (e.g. lifestyle changes also address indirect drivers), while
policy instruments are designed to address both direct and indirect drivers. A full overview of
all interventions, the summarizing intervention groups, sectors, types and whether they are
physical or policy instruments can be found in the annex of this report (Annex table 1).
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1.2.5 Quantitative data collection (assumptions, impacts)

In addition to qualitative assumptions, we also collected quantitative assumptions such as
population and GDP projections and land cover changes for the 2030-, 2050- and 2100-time
steps. We also collected the impacts of each scenario. To do this, we mapped the collected
metrics to the SDG to which they correspond. We collected impact data for the beginning of
the simulation, 2030, 2050 and the end of the simulation. To obtain numerical data from
figures, we used WebPlotDigitizer, version 4 (Ankit Rohatgi 2024). We also extracted implicit
information from the supplementary material and, in some cases, quantitative assumptions
and impacts from accessible online scenario databases (Table 2). Quantitative data have been
standardized and harmonized as far as possible by converting units, calculating percentage
changes per decade and selecting key metrics as described in sections 1.2.6 and 1.2.7.

Table 3: Overview of data sources used to collect quantitative data for the scenarios.
Databases were provided by the International Institute for Applied Systems Analysis (IIASA),
The Tellus Institute for a Great Transition (TELLUS) and the Netherlands Environmental
Assessment Agency (PBL). The content of the licences has been partially summarized to
highlight the relevant sections and can be viewed in full on the corresponding database
website.

Name Version Description Citation License URL

SSP 2.0 Quantitative | Riahi et The non-commercial use for scientific = https://tnt
Datab documentatio | al. publications, education, and figures or | cat.iiasa.
ase n of SSPs (2017) tables is allowed, as long as proper ac.at/Ssp

citation is provided. Partial data may be | Db/dsd?
archived in online repositories for Action=ht
journal compliance, with a link to the mlpage&
original source and download date. Any = page=10
full  duplication, commercial use,
redistribution, etc. without explicit
written permission from [IASA is

prohibited.
GEA | 2.0.2 Quantitative | Riahi et | Content may be freely used for non- https://tnt
datab documentatio | al. commercial and educational purpose, | cat.iiasa.
ase n of the GEA | (2012), provided conditions. Proper | ac.at/gea

transformatio | McCollu | acknowledgement is given as specified. | db/dsd?A
n pathways m et al. | All content is intended for information | ction=htm
(2012) use only, and individual documents Ipage&pa

may carry distinct copyright. ge=welco
me

IPCC 11 Quantitative  Byers et | EU Sui generis database rights. | https://da
ARG documentatio | al. Adapted from Creative Commons | ta.ece.iia
datab n of climate @ (2022) Attribution 4.0 International Public sa.ac.at/a
ase change Licence. This modified licence restricts | r6/#/login

mitigation reproduction to only parts of the

pathways for material, prohibiting sharing of a

the sixth substantial portion of the licenced

assessment material, with an emphasis on linking to

report of the original source instead. Adapted

IPCC materials can be shared specifically for

Working scientific research, communication, or

Group llI. policy consultancy, such as figures or

visual tools, tables and derived
analysis.
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RCP | 2.0.5 Quantitative | Hurtt et https://tnt
datab documentatio | al. cat.iiasa.a
ase n of the | (2011), c.at/RcpD
RCPs for the | Riahi et b/dsd?Act
fifth al. ion=htmlp
assessment | (2011), age&page
report of the = Thomso —welcome
IPCC n et al -
(2011),
Van
Vuuren
et al.
(2011)
GSG | 2024 Quantitative  Electris | CC-BY-NC-ND https://w
scena documentatio et al. ww.tellus.
rios n of the (2009) org/result
datab scenarios s/results.
ase from the html
global
scenarios
group (GSG)
IMAG | 2.2, 2.4 - | Quantitative Version 2.2, 2.4 - 2.5: Modification, | https://m
E 2.5 documentatio translation, decompilation, disassembly | odels.pbl.
scena n of the or creation of derivative applications | nl/image/
rios IMAGE based on this software are prohibited, | Downloa
datab scenarios as are rent, lease or any other manner | d
ase of transferring the rights of this
software, or publishing the data and
results presented by the software
without proper agreement of PBL. The
contents of the product and its copyright
are the property and are protected by
copyright laws and international
treaties.

1.2.6 Harmonizing metrics and units for cross-study comparison

To enable consistent and meaningful comparisons across the wide range of studies and
scenario databases, it was necessary to establish a standardized set of quantitative metrics.
Different sources often report similar variables using varying definitions, units, or reference
baselines, which can hinder direct comparison and synthesis. As such, for some metrics in
the database, we identified key metrics that were commonly reported and applied unit
conversions or harmonization steps where necessary.

For temperature and radiative forcing, we relied on the ARG scenario database, extracting
global mean temperature increases and radiative forcing values based on median projections
from the MAGICCv7.5 ensemble. These temperature changes are expressed relative to pre-
industrial levels (1850—1900) and reported in Kelvin (K), which are numerically equivalent to
degrees Celsius (°C). All temperature values across the other scenarios—including those from
the SSPs (Riahi et al. 2017), CD-LINKS project (McCollum et al. 2018), and the AR6 scenario
database (Byers et al. 2022), were consistently based on the MAGICC climate model. IMAGE
model scenarios similarly use median temperature projections from MAGICC, relative to the
same pre-industrial baseline (Stehfest et al. 2014).

Total greenhouse gas (GHG) emissions were collected as aggregated values, covering the
full suite of Kyoto gases (carbon dioxide (CO.), methane (CH.), nitrous oxide (N:20),
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulphur hexafluoride (SF6) (United
Nations 1997)) in megatons of CO; equivalent.
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https://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=welcome
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https://www.tellus.org/results/results.html
https://www.tellus.org/results/results.html
https://www.tellus.org/results/results.html
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https://www.tellus.org/results/results.html
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Additionally across scenarios in Leclére et al. (2020), we extracted only Extent of Suitable
Habitat (ESH) projections from the INSIGHTS model, as it was the only model providing
consistent ESH values.

To ensure comparability of economic variables such as GDP and carbon prices across
studies, we standardized all monetary values to constant 2005 US dollars. For this, we used
annual percentage changes in the consumer price index (CPI) (inflation rate) obtained from
the World Bank Group (International Monetary Fund 2025). Setting 2005 as the base year
(CPl2005 = 100), we recalculated the global CPI values for each year (t) using the following
equations:

Inflation rate,
100

Equation 1

CPl, = CPI,__ * (1 + ) for deflation (years larger than 2005) , and

CPI;,, ] ) Equation 2
- (Inflation ratet) for inflation (years smaller than 2005)

100

CPI, =

Using these computed CPI values, we converted all nominal values to constant 2005 US
dollars. For deflation, i.e., converting a value from a later year (e.g., 2010) to 2005 dollars we
used:

CP12005> Equation 3

US$2005 = US$2010 * <CP12010

For inflation, i.e., converting a value from an earlier year (e.g., 2005) to 2010 dollars we used:

Equation 4

CPI
US$2010 = US$2005 * ( 2018

or inflation
CP12005> f f

To convert from petagrams of carbon per year to megatons of CO; per year, we used the
following equation based on the ratio of the molecular weights of CO2 and carbon (44/12)
(IPCC 2019):

Mt£%2 — p6 -5 4367 %1000 Equation 5

Year Year

Finally, for certain studies (e.g. CBD (2006), Alkemade et al. (2009)), the percentage change
in mean species abundance (MSA) relative to the reference or baseline was converted to a
percentage change relative to the start of each simulation:

BaselineEnd - ScenarioDeviationBaseline - Baselinesmrt 100 Equation 6
*

AScenariooy,p =
Y%ochange Baselinegmrt
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1.3 Data analysis
1.3.1 Scenario harmonization:

To ensure comparability across studies, scenario metrics were further harmonized and
expressed as percentage change per decade. Some scenarios, such as those in the ARG
database (Byers et al. 2022) were simulated using different models. Additionally, the temporal
coverage varied across studies (e.g. some scenarios spanned from 2005 to 2100, while others
covered shorter periods such as 2015 to 2075. Consequently, time series were standardized
to allow for meaningful comparisons across scenarios and models.

For scenarios simulated by different models, we averaged the quantitative data across the
models, i.e. calculated multi-model averages. To allow proper documentation of the models
used to calculate these multi-model averages, we documented the models used in the general
information of the database. We only did this where interventions in scenarios were
implemented independently of the model implementation, i.e. we only explicitly collected
interventions documented for these scenarios in the main source.

The scenarios analysed in this report included a variety of metrics measured in different units,
making it impractical to harmonize all metrics across the board. We therefore selected the four
most commonly used and widely reported metrics to represent climate and biodiversity
impacts. This approach ensures consistency and allows direct comparison of impacts between
different scenarios in our results. We chose CO» emissions and global temperature change as
representative climate change metrics, and the Biodiversity Intactness Index (Bll) and MSA
as representative biodiversity metrics. As the base years of the scenarios often differ, we
further harmonized the results where the scenarios had different base years to allow for a
direct comparison between scenarios for specific metrics of climate change and biodiversity
loss. For the climate change metrics, we calculated the percentage change per decade relative
to the average of temperature and CO; emissions for the reference period 1991-2020, as
proposed by the World Meteorological Organisation for climatological normal (WMO 2017).
Thus, the percentage change per decade relative to the reference period 1990-2020 was
calculated for all scenarios:

A% Change (Metrict2 - Metrict1> 100 Equation 7
= *

0 - .
Decade Metricges * Decades

A%Change/Decade represents the percentage change of a metric per decade. It is calculated
as the absolute change in the metric value between two points in time (Metric — Metric1)
divided by the reference value of the metric (Metricrer), multiplied by the number of decades
in the scenario. The reference period average global surface temperature was 14.37°C, based
on ERAS5 data (Copernicus Climate Change Service 2019). Average CO; emissions for 1991-
2020 were 30.716 Gt CO-l/year in the 2024 Emissions Database for Global Atmospheric
Research (EDGAR) (Crippa, M. et al. 2024). As the Bll and MSA already represent changes
relative to a pristine ecosystem condition, we have expressed them not as percentage change
per decade relative to a reference value (Scholes and Biggs 2005, Schipper et al. 2020), but
as percentage change per decade (Pereira et al. 2024).
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1.3.2 Descriptive statistics

The descriptive data analysis was conducted using Rstudio version 4.5.0 (R Core Team 2023).
See Annex 4.3 for a full list of packages used in the analysis. We calculated the frequency of
scenario characteristics and generated descriptive summaries, which were visualized using
boxplots. To support this analysis, we manually calculated the number of sectors in which
each intervention was applied per scenario, as well as the total number of interventions
implemented.

Finally, we classified scenarios into a subset further on referred to as target-achieving
scenarios.

¢ 1.5°C scenarios: All scenarios that limit global warming to below 1.5°C by the year
2100 (i.e., achieve the Paris Goal (United Nations 2018)).

¢ Bending the curve scenarios (Mace et al. 2018): Here we consider scenarios that
had a positive decadal percentage change in any of the biodiversity metrics (ESH, BIl,
MSA, Extinction per million species years, Fraction globally remaining species,
Fraction regionally remaining species, Geometric mean abundance, Habitat range
size, INSIGHTS index, Living Planet Index, Suitable habitat loss, Mean species
richness, Potentially disappeared fraction of species, Pressure based natural capital
index, Red List Index, Reduction vascular plant species, Species affected by 50%
range loss, Species range protection level). Ecoregion protection level and biodiversity
hotspot loss were excluded from this definition as they represent changes in
geographical regions rather than areas directly associated with specific species. It is
important to note that this classification represents a highly optimistic interpretation of
biodiversity target achievement, and should be understood as such within the broader
analytical context.

1.4 Data accessibility

The full-text screened literature overview including all citations and exclusion decisions and
the processed database are available on Zenodo (https://zenodo.org/records/15753209). All
code required to run the analyses, along with a backup of the processed database, is hosted
on our GitHub repository (https://github.com/CNeu-hub/Transpath_scenarios_database). A
raw data backup is stored internally; we provide only the processed data publicly to comply
with licensing restrictions outlined in Table 2. To enable the reproducibility of the analysis
presented in Figure 15, only the raw temperature and carbon price data has been uploaded,
in line with the licences, as we are not publishing a substantial part of the original data (see
Table 2). Permission to upload the derived data was granted by IIASA, TELLUS and PBL to
ensure compliance with their licensing restrictions. Nonetheless, the full data processing
pipeline, including scripts for calculating percentage change per decade, categorizing
interventions, and generating the final dataset, is openly accessible in the GitHub repository.
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2 Global intervention scenarios — gaps and state-of-research

2.1 Scenario types

The final literature consisted of 60 studies encompassing 601 different scenarios. \When
these scenarios were categorized according to their scenario type, target-seeking scenarios
were the most common with 39.8% (n scenarios = 239) of all scenarios, followed by policy-
screening scenarios with 36.1% (n scenarios = 217) and reference scenarios with 12.7% of
scenarios (n scenarios = 76) (Figure 4). In contrast, target-seeking scenarios were simulated
by 73.3% of the studies (n studies = 44), while reference scenarios were used by 86.7% of the
studies (n studies = 52) and policy screening scenarios by only 25% of the studies (n studies
=15).

Furthermore, the database predominantly comprises intervention scenarios, accounting
for 80.2% of the total (n scenarios = 482). Only a limited number of scenarios (n scenarios =
15) and studies (n studies = 11) were classified as modest-intervention scenarios (Figure 4).
While non-intervention scenarios consist only of exploratory and reference scenarios, and
modest-intervention scenarios consist of policy-screening and reference scenarios, there is
some overlap of scenario types in the intervention scenarios. This is because we categorized
certain exploratory scenarios, especially those oriented towards sustainability, such as SSP1
from the SSPs, as intervention scenarios because they incorporate assumptions about
sustainable development policies (Van Vuuren et al. 2017). These include scenarios from
studies such as UNEP (2002, 2007), MEA (2005), Raskin et al. (2010), Gerst et al. (2013).
However, for consistency and due to insufficient documentation of the interventions (except
for SSP1), these scenarios were excluded from the intervention, and the impacts analysis in
Figures 12 and 13. Finally, most studies did not simulate only one type of scenario, e.g.,
because they used reference scenarios to compare with the effects of policy-screening or
target-seeking intervention scenarios. This is why the percentages of studies in Figure 4 in
total do not add up to 100%.

Scenarios | | Studies

Modest-intervention

Non-intervention l
Intervention |I

500 400 300 200 100 0 0 10 20 30 40
No. of scenarios/studies

6.7%

35.3%
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73.3%
18.3%

a

0

B reference policy—screening
B exploratory target-seeking

Figure 4: Frequency of scenarios (left) and studies (right), classified by scenario type, presented as
stacked bar charts, showing the contributions of reference, policy-screening, exploratory, and target-
seeking scenarios.
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2.2 Interventions in global scenarios

Across all intervention scenarios we found 101 different interventions (Figure 5). Carbon
pricing mechanisms clearly dominate across all scenarios (n scenarios = 202). Carbon
pricing is often implemented to drive decarbonization in the energy sector. Hence,
interventions related to the energy sector, such as energy technology development (n
scenarios = 115), improving energy efficiency (n scenarios = 131), and expanding renewable
energy use (n scenarios = 150) are also widespread. Biodiversity-focused interventions
mainly focus on nature conservation efforts (protection is applied in 135 scenarios).
Additionally, dietary shifts (n scenarios = 141) and enhancements in agricultural productivity
(104 scenarios assume yield improvements) appear frequently. However, many interventions
target similar challenges, share common goals, and function in comparable ways, for instance,
carbon taxes, carbon pricing, and greenhouse gas taxes.
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Figure 5: Wordcloud plot of all interventions found across 451 intervention scenarios. Size and colour
indicate the frequency of the intervention. Darker colours and larger fonts represent higher frequencies.



D3.1: Global Assessment of Biodiversity-Climate Pathways 27 | Page

To provide a clearer and more organized overview, we have grouped such closely related
interventions together from 101 different interventions into 32 intervention groups in Figure 6.
Annex table 1 gives a full overview of the grouping.

Figure 6a shows a heatmap of all 32 interventions, indicating the number of policy-screening
or target-seeking intervention scenarios (n scenarios = 451) in which they were applied. The
most frequent interventions were greenhouse gas emission markets (n scenarios = 276),
renewable energy (n scenarios = 166), energy technology and efficiency improvements (n
scenarios = 153), negative emission technologies (n scenarios = 151) primarily addressing
climate mitigation and nature protection interventions (n scenarios = 138) mainly addressing
biodiversity conservation. Additionally, interventions such as diet changes (n scenarios =
129), or agricultural technology and efficiency (summarizing yield improvements and
increasing fertilizer, livestock, and irrigation efficiency) (n scenarios = 113) have been used
often to address both rather than a single environmental issue.

The least common interventions across all scenarios were electrification subsidies (n
scenarios = 6), including subsidies that were introduced to stimulate the market for battery
electric vehicles (Soergel et al. 2021, Luderer et al. 2021), or subsidies for electrically
produced steel (Van Vuuren et al. 2018). This was followed by interventions such as slower
infrastructure expansion (n scenarios = 7), lower non-energy demand (n scenarios = 7),
energy trade policies (n scenarios = 7), or restrictions on CDR (n scenarios = 7), where CDR
was restricted based on limits on biomass production, CCS injection and afforestation, or
phasing out first-generation bioenergy (Kriegler et al. 2018, Luderer et al. 2021).

Figures 6b - 6d show the frequency of physical or policy instruments, intervention sectors and
intervention types. Most interventions were physical changes (n scenarios = 389) rather
than policy instruments (n scenarios = 359). While this indicates that the focus of global
scenarios remains on the direct drivers of change, the policy instruments that were
most frequently used to address the indirect drivers were economic instruments (n
scenarios = 300) and interventions in the mixed sector (n scenarios = 321), both of which were
dominated by greenhouse gas emission markets. The most diverse interventions were found
in the energy and mixed sectors, while the transport and industry sectors were the least used
for the implementation of interventions. The most diverse interventions affecting direct drivers
were introduced through land use management (n scenarios = 253). In contrast, social
instruments were hardly used at all (n scenarios = 21). These were dominated by target-based
interventions, such as improving access to food, water or basic sanitation (OECD 2012, Van
Vuuren et al. 2015, Visconti et al. 2016, Kok et al. 2018), or equal burden sharing (OECD
2012, Soergel et al. 2021, Van Soest et al. 2021), and one study implementing a simplified
form of development assistance (CBD and PBL 2007).

As the mixed sector is dominated by greenhouse gas emission markets, most scenarios
address climate change mitigation directly, followed by scenarios addressing nature (n
scenarios = 227), by applying nature protection (n scenarios = 138), restoration (n scenarios
= 39) or forestation (n scenarios = 90) measures for nature conservation and restoration. Thus,
the vast majority of scenarios focus primarily on climate change mitigation, either by directly
addressing climate change mitigation in the mixed sector, or indirectly by transforming sectors
such as energy (n scenarios = 187), building (n scenarios = 114) or transport (n scenarios =
45). The fewest interventions were in the industry sector (n scenarios = 23), with scenarios
implementing end-of-pipe measures (Van Vuuren et al. 2015, 2018, Visconti et al. 2016, Kok
et al. 2018, Gidden et al. 2019), Industry technology developments/improvements (Ou et al.
2021), reducing emissions from chemical production (Van Soest et al. 2021) or measures such
as the replacement of phosphor based detergents (OECD 2012).
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Overall, the results show that among the wide range of interventions, those aimed at directly
mitigating climate change and conserving or restoring biodiversity were the most prominent.
Only a few interventions also have a broader scope, offering important co-benefits for both
climate change mitigation and biodiversity conservation, as well as other SDGs.
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Figure 6: Panel (a) on the left presents a heatmap displaying the 32 intervention groups, showing how
frequently they appear across scenarios, organized by intervention type and if they were physical or
policy interventions along the x-axis and sector along the y-axis. The numbers represent the count of
scenarios for each specific combination. On the right, panels (b), (c), and (d) show the distribution of
interventions across sectors, intervention types, and by physical or policy intervention, respectively,
summarizing their occurrence across all scenarios and studies (Source: Neumann et al. (2025)).

2.3 Explicit and implicit impacts in global scenarios

Figure 7 shows the number of scenarios and studies that explicitly assessed impacts related
to climate change, biodiversity, or the SDGs. The legend indicates the specific focus of each
study, distinguishing whether it addressed only one domain, such as climate change, or a
combination, like climate change and biodiversity. In total, 485 scenarios and 50 studies
quantified climate change impacts, with 249 scenarios and 31 studies focusing exclusively
on climate change. Biodiversity impacts were quantified in 317 scenarios, most of which
(183) also considered climate change and other SDGs. Notably, 156 of these scenarios came
from a single study: Obersteiner et al. (2016). Fewer studies, only 23, examined biodiversity
impacts. Since our main focus was on climate change and biodiversity scenarios, the SDGs
received the least attention, with just 221 scenarios and 19 studies explicitly investigating their
impacts.
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Figure 7: Frequency of scenarios (left) and studies (right) that quantified explicitly an environmental
impact related to biodiversity, climate change, or the SDGs either individually or in combination (Source:
Neumann et al. (2025)).

Figure 8 shows where we derived also implicit impacts from the studies. Metrics most
commonly aligned with SDG13 — Climate Action, appearing in 81.2% of the studies. The most
frequently used metrics overall were total CO, emissions (67.2%), radiative forcing
(65.6%), and temperature change (65.6%). SDG3 — Good Health and Well-being was the
second most prevalent SDG, represented in 68.8% of the studies, primarily through air
pollution-related metrics such as sulphur dioxide emissions (62.5%) and black carbon
emissions (60.9%). The third most represented SDG was SDG2 — Zero Hunger (45.3%),
featuring metrics like nitrogen fertilizer use (25%) and hunger risk (15.6%).

Other SDGs, such as SDG11 — Sustainable Cities and Communities, SDG9 — Industry,
Innovation and Infrastructure, and SDG17 — Partnerships for the Goals, were rarely
addressed. Each of these was represented by only a single metric quantified in two separate
studies (3.1%). Only 42.2% of the studies assessed a metric related to SDG15 — Life on Land,
suggesting biodiversity impacts were less frequently evaluated. However, SDG15 featured the
greatest diversity of metrics, with 21 different measures to represent biodiversity. Notably,
16 of these were reported by just one study each (1.6%). The most common biodiversity
metrics were Mean Species Abundance (MSA, 15.6%) and the Biodiversity Intactness Index
(BIl, 9.4%). Yet, only 6.2% of studies that included the Bll presented it in their main results. In
two additional cases, Bll values were obtained from supplementary modelling outputs (Strefler
etal. 2021, Luderer et al. 2021). Although the focus was on terrestrial systems, a small number
of studies also quantified impacts related to SDG14 — Life Below Water, using metrics such
as aquatic mean species abundance (3.1%) and ocean acidification (4.7%).

As MSA and BIl appear to be the most commonly used indicators of biodiversity impact, it
seems beneficial to report impacts on both to ensure comparability between studies.
However, biodiversity can be described in multiple ways. Therefore, a variety of metrics
covering different aspects of biodiversity are needed (Butchart et al. 2010, Pereira et al.
2012, IPBES 2016). For example, to provide a representative and comparable set of metrics
that track progress of the Aichi 2020 targets (CBD 2010), the Essential Biodiversity Variables
(EBVs) have been developed (Pereira et al. 2013). EBVs should describe the different multi-
scale aspects of biodiversity (e.g.: genetic composition, species populations, species traits,
community composition, etc.), providing input for biodiversity indicators (Pereira et al. 2013,
Brummitt et al. 2017). Nevertheless, none of the Aichi targets was met in 2020, which was
partly explained by the lack of indicators to monitor progress of target achievement (Affinito et
al. 2024). As a consequence, headline indicators for the KMGBF have been developed (CBD
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2021, Affinito et al. 2024). However, these indicators typically rely on historical time series
data and are not really suitable for future projections of drivers impact on biodiversity using
quantitative modelling scenarios (Purvis 2025). Linking model-based indicators to targets (e.g.
those of the KMGBF) and increasing efforts for biodiversity monitoring to improve data
availability could help create a representative set of model-based indicators that can describe

multiple dimensions of biodiversity, enhancing comparability between studies (Gonzalez et al.
2023, Purvis 2025).

Lastly, it is important to note that this overview does not represent a comprehensive list of all
metrics calculated across the studies. Instead, it reflects the content captured within our
database, based on the metrics explicitly reported and available for comparison. Some studies
may have included additional metrics that were either not documented in sufficient detail or
not directly aligned with the SDG framework used here.
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Figure 8: Percentage of studies that explicitly or implicitly quantified a specific metric (outer circle), and
percentage of studies that measured a metric related to a specific SDG (inner circle). Explicit impacts
were collected directly from the main document of each source, while implicit impacts were collected
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based on supplementary material information (see methods). A description of the abbreviations for each
metric can be found in Annex table 2 (Source: Neumann et al. (2025)).



32 | Page D3.1: Global Assessment of Biodiversity-Climate Pathways

3 Global intervention scenarios — synergies and trade-offs

3.1 Modest-intervention is not enough to mitigate climate change, target-
seeking scenarios offer greatest potential

Figure 9 shows the impact in percentage change per decade on Bll, MSA, temperature change
and total CO. emissions for each scenario type (intervention, modest-intervention, non-
intervention). Not surprisingly, there is a large difference between the intervention and non-
intervention scenario types. This difference is most evident in the results for temperature
change and total CO. emissions. Modest-intervention scenarios appear to have similar
impacts on temperature change and CO- emissions and are thus less successful in mitigating
climate change than intervention scenarios.

This was observed regardless of whether they were reference or policy-screening scenarios,
which can be explained by the fact that some studies used reference scenarios that apply
NDCs, current policies or near-term policies, such as policy-screening modest-intervention
scenarios. In contrast, the range of impacts for intervention scenarios, while generally more
positive, is highly dependent on the type of scenario. Comparing the medians, target-seeking
scenarios have the greatest potential for positive impacts on biodiversity and climate (+0.0, -
1.1, +0.3, -17% decadal percentage change for Bll, MSA, temperature change and total CO,
emissions, respectively) compared to policy-screening scenarios (-0.3, -1.9, +0.4, -18.3%
decadal percentage change for Bll, MSA, temperature change and total CO, emissions,
respectively). An exception is the median for total CO, emissions, which is lower for the policy-
screening scenarios. However, only seven policy-screening intervention scenarios quantified
total CO- emissions, five of which were from the same study that applied a comprehensive
carbon tax while transforming the energy sector, which can be very efficient in reducing final
total CO2 emissions.

Exploratory intervention scenarios behave as expected, since most of them are based on
SSP1 without additional interventions, they have the least positive impacts on temperature
change and total CO, emissions. Only the exploratory non-intervention scenarios (Median: -
1.9% decadal percentage change) have a similar negative impact on the MSA as the policy-
screening intervention scenarios (Median: -1.9% decadal percentage change). This can be
attributed to the fact that 12 of the policy-screening scenarios often used only one intervention
such as plantation forestry, simple nature protection, or a liberalization of the agricultural
market, or simulated climate change mitigation interventions, such as the impact of bioenergy
on MSA (CBD and PBL 2007, Alkemade et al. 2009, OECD 2012). This may have a more
negative impact on MSA than exploratory non-intervention scenarios.

In summary, the results clearly indicate that target-seeking scenarios, those explicitly
designed to achieve specific goals related to climate, biodiversity, or sustainable development,
consistently outperform other types of intervention scenarios. In contrast, non-intervention
scenarios represent the least favourable outcomes across metrics. Moreover, limited
interventions that focus solely on mitigating climate change, without addressing other
environmental dimensions, may lead to trade-offs on biodiversity (in terms of MSA).



3.2

D3.1: Global Assessment of Biodiversity-Climate Pathways 33 | Page

Biodiversity intactness index | | Mean species abundance |
Non-intervertion —l T R Rz
Modest-intervention
n=1 n=12
Intervention {I] ED—
l:l:l n=23 I — n=20
-1.0 -0.5 0.0 0.5 1.0 -3 -2 -1 0 1
Temperature change | | Total CO2 emissions |
Non-intervention D:l- nz 28 l:l:l- ns gg
Modest-intervention . n=10 I n=10
D:l n=>5 l:l] n=5
—— n=189 ——— n =190
Intervention e n %o — - nz %2
—- n=11 —=a n=7
3 2 1 0 -1 20 0 -20

Impact [% change/decade relative to reference]

Scenario type {l} policy-screening {I} exploratory {l} reference {I} target—seeking

Figure 9: Boxplots show the decadal percentage change for the Bll, MSA, temperature change (since
the pre-industrial age, 1850-1900), and total CO_, emissions per scenario type. A positive change
indicates a positive impact on biodiversity metrics and a negative change a positive impact on climate
metrics. The boxplots show the distribution of each metric over the sample sizes, i.e. scenarios (n). The
non-intervention scenarios represent the control group. The colour indicates whether the scenario is a
policy-screening, target-seeking or reference scenario. Temperature change and CO: emissions are
expressed relative to the average global temperature and CO2 emissions for the reference period 1991-
2020. Scenario classes with fewer than three scenarios have been excluded.

Transformative scenarios are the most synergistic

While global sustainable development scenarios and regional sustainability scenarios seem
to have the most positive impacts on biodiversity metrics, scenarios that apply reformed
markets, have a slightly better impact on climate (Figure 10). Although, in terms of temperature
change, global sustainable development scenarios (Median: +0.3 decadal percentage
change) achieve a slightly lower temperature increase than reformed market scenarios
(Median: +0.4 decadal percentage change). The most severe impacts are clearly associated
with the economic optimism and BAU scenarios, which consistently perform worst across both
climate and biodiversity metrics.

Interestingly, while the analysis indicates that economic optimism and BAU scenarios tend to
rank lowest for biodiversity outcomes, existing literature suggests that regional
competition scenarios may lead to even more severe impacts on biodiversity (Ohashi
et al. 2019, Schipper et al. 2020). For example, regional geopolitical conflicts such as the war
between Russia and Ukraine can put a strain on global food systems (Alexander 2024). The
resulting increase in energy and fertilizer prices decreases land-use intensity while increasing
cropland expansion (Alexander et al. 2022). This, in turn, can have an impact on global
biodiversity through cropland expansion (Chai et al. 2024). Nevertheless, the dynamic nature
of these impacts still requires further understanding (Alexander 2024). However, due to the
limited number of regional competition scenarios in our database that quantified biodiversity
indicators such as the Bll or MSA, these scenarios were underrepresented in our comparative
assessment. Given their underlying socioeconomic characteristics, such as fragmented
governance, weak environmental regulation, and heightened resource competition, it is
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reasonable to expect that regional competition scenarios could result in even greater
biodiversity loss than economic optimism or BAU scenarios (Schipper et al. 2020).

Although policy-screening and target-seeking scenarios were grouped into exploratory
archetypes along with exploratory scenarios, the archetypes show broadly consistent and
expected patterns of impact. Global sustainable development and regional sustainability
scenarios perform very well in terms of both biodiversity and climate, while the reformed
markets scenarios tend to underperform in terms of biodiversity. Hence, scenarios falling
into either global sustainable development or regional sustainability offer greater
potential for transformative change and synergistic impacts.
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Figure 10: Boxplots show the decadal percentage change for the Bll, MSA, temperature change (since
the pre-industrial age, 1850-1900), and total CO, emissions per exploratory archetype. A positive
change indicates a positive impact on biodiversity metrics and a negative change a positive impact on
climate metrics. The boxplots show the distribution of each metric over the sample sizes, i.e. scenarios
(n). Temperature change and CO2 emissions are expressed relative to the average global temperature
and CO:2 emissions for the reference period 1991-2020. Archetypes with fewer than three scenarios
have been excluded.

This is further emphasized by Figure 11, which shows the impacts for the scenarios grouped
into the different SSP scenarios used as baseline. First and foremost, the different
socioeconomic baseline assumptions also behave as expected, with SSP3 having the worst
outcome for climate and SSP1 having a better impact on BIl. However, while the impacts on
climate metrics of scenarios using SSP1 as a baseline for projections are less positive than
those based on SSP2, the impacts on Bll are much more positive (median: +0.1%/decade for
SSP1-based scenarios compared to -0.2%/decade for SSP2-based scenarios). This suggests
that SSP1-based scenarios are not sufficient to address climate change and
biodiversity loss simultaneously, and that it depends on the interventions that are combined
with them. This is consistent with the scenarios that have a positive Bll here, as they implement
a comprehensive set of different combined interventions, aiming for sustainable development
that goes well beyond what is already included in a SSP1 scenario (Strefler et al. 2021,
Soergel et al. 2021). However, the number of scenarios also suggests that most studies use
SSP2 as a baseline to create an intervention scenario, which may help explain their slightly
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more positive impacts, as these outcomes could be partly influenced by the higher frequency
of SSP2-based scenarios in the dataset.

The large spread in the results for temperature change and total CO, emissions for scenarios
based on SSP3, SSP4 and SSP5 can be explained by the wide variety of RCP emission
scenarios that have been combined with these socioeconomic assumptions. For example,
Popp et al. (2017) or Doelman et al. (2018) have simulated SSP3-4.5, SSP4-2.6, SSP5-2.6,
while Rogelj et al. (2018) have even simulated a SSP5-1.9 scenario. Usually, they are
combined with much higher RCPs in their baseline assumptions, e.g.: SSP3-7.0 or SSP5-8.5
(O'Neill et al. 2016, Riahi et al. 2017). RCPs that reach concentrations below this usually imply
climate mitigation policies, so we have categorized them in Figure 10 according to our
guidelines described in Section 1.2.3 in the reformed markets archetype. As a result, we have
a smaller interquartile range, and hence spread of data, in Figure 10 compared to Figure 11.

In conclusion, the results in Figure 11 highlight that not only the choice of baseline, but also
the type, combination and number of interventions applied may play a crucial role for
achieving positive outcomes for both climate and biodiversity. If it is not further
complemented by effective interventions, a sustainable development paradigm is not sufficient
to cope with both crises simultaneously.
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Figure 11: Boxplots show the decadal percentage change for the Bll, MSA, temperature change (since
the pre-industrial age, 1850-1900), and total CO_, emissions per socioeconomic scenario (SSPs). A
positive change indicates a positive impact on biodiversity metrics and a negative change a positive
impact on climate metrics. The boxplots show the distribution of each metric over the sample sizes, i.e.
scenarios (n). Temperature change and CO2 emissions are expressed relative to the average global
temperature and CO2 emissions for the reference period 1991-2020. SSPs with fewer than three
scenarios have been excluded.

Consequently, the results suggest that the number of interventions included in a scenario
plays a clear role in achieving more positive impacts (Figure 12), as does their combination
across different sectors (Figure 13). Looking at the impact on biodiversity indicators, it is clear
that the more interventions were implemented in a scenario, the more positive the
impact on biodiversity was. This is less obvious for climate, where scenarios that apply only
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1-5 interventions simultaneously have a slightly more positive impact on total CO2 emissions
than scenarios that apply more than 10 interventions simultaneously (median: -17.2%
change/decade for 1-5 interventions compared to -16.9% change/decade for more than 10
interventions).

This difference between biodiversity and climate impacts is similar considering the number of
sectors in which an intervention was applied (Figure 13). With the exception of temperature
change, scenarios with interventions in more than six (three for the Bll) sectors perform
best for each of the other metrics. For temperature change, studies that applied
interventions in one to three different sectors performed better (Median: 0.3%/decade) than
scenarios that applied interventions in more than six sectors (Median: 0.9%/decade). This may
be related to the fact that most scenarios use GHG emission markets as a single intervention,
when in most cases this implies a much deeper decarbonization process, steering several
other instruments. This is related to the functioning of models that use very frequently carbon
pricing through marginal abatement cost curves as a tool to steer decarbonization and
implement climate policy, e.g. in the energy sector (Kriegler et al. 2015, Harmsen et al. 2021,
IPCC 2023c, Neumann et al. 2025).
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Figure 12: Boxplots illustrating the decadal percentage change for temperature change (since the pre-
industrial age, 1850-1900), total CO, emissions, the Bll and MSA according to the number of
interventions that were applied in a scenario. A positive change indicates a positive impact on
biodiversity metrics and a negative change a positive impact on climate metrics. The boxplots show the
distribution of each metric over the sample sizes, i.e. scenarios (n Temperature change and CO:
emissions are expressed relative to the average global temperature and CO2 emissions for the
reference period 1991-2020. Classes with fewer than three scenarios as well as exploratory scenarios
have been excluded.

Furthermore, the scenarios in Figure 13 suggest that the majority of scenarios incorporating
interventions across more than three sectors were capable of reversing the declining trends
in Bll, with five out of six scenarios achieving this outcome (Strefler et al. 2021, Soergel et al.
2021). In contrast, only one scenario resulted in a positive percentage change per decade in
the MSA with more than three sectors targeted by interventions (Kok et al. 2023). However, a
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comparison of the median of scenarios with interventions in more than six sectors (Median: -
1.1%/decade) with scenarios targeting three to six sectors (Median: -1.2%/decade) or one to
three sectors (Median: -1.8%/decade) indicates a smaller reduction in global biodiversity, thus
a higher effectiveness for cross-sectoral scenario approaches.

Finally, scenarios that reform markets, e.g. through greenhouse gas emissions markets, may
be very efficient in mitigating climate change but have negative impacts on biodiversity.
Conversely, scenarios that rely more on global or regional sustainable development may not
be the most effective in mitigating climate change, but may have fewer negative impacts on
biodiversity. Furthermore, the effectiveness of scenarios depends not only on their
socioeconomic baseline, but also on the number of interventions and their combination across
sectors. More transformative scenarios, going beyond current sustainability baselines
(SSP1) and using multiple interventions in combination across sectors, are the most
promising to avoid trade-offs and allow for synergistic impacts on biodiversity and
climate change at the same time.
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Figure 13: Boxplots illustrating the decadal percentage change for temperature change (since the pre-
industrial age, 1850-1900), total CO_, emissions, the Bll and MSA according to the number of sectors
in which an intervention was applied. A positive change indicates a positive impact on biodiversity
metrics and a negative change a positive impact on climate metrics. The boxplots show the distribution
of each metric over the sample sizes, i.e. scenarios (n Temperature change and CO2 emissions are
expressed relative to the average global temperature and CO2 emissions for the reference period 1991-
2020. Classes with fewer than three scenarios as well as exploratory scenarios have been excluded.

3.3 Basic pillars: Carbon pricing and nature conservation — but combination is
key

The results show that scenarios that follow a sustainability paradigm and apply multiple
interventions simultaneously across different sectors can have high potential for synergistic,
impacts on climate and biodiversity. Since it has been found that certain scenarios with fewer
interventions in fewer sectors can have high potential, at least in terms of climate impacts, the
question arises as to which interventions can demonstrate such effectiveness. Another
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question is which combination of interventions will achieve the best possible synergistic effects
with the fewest trade-offs for climate and biodiversity. However, the studies in the database
vary widely in their methods, including the models, indicators and socioeconomic assumptions
used. In particular, the fact that each scenario usually includes not just one but several
interventions make it very difficult to compare the effects of individual interventions in terms of
their effectiveness.

In an attempt to identify the interventions that could have the most positive impacts on climate
and biodiversity, we examined in detail all scenarios that meet the 1.5°C Paris target, as well
as all scenarios that reverse declining biodiversity trends, and the interventions implemented
in them (Figure 14). While we found 150 scenarios able to achieve the 1.5°C target, only
14 scenarios were able to reverse declining biodiversity trends, i.e. have a positive
decadal percentage change in at least one of 18 biodiversity metrics (see section 1.3.2 for the
methodological description of the grouping).

While we found a comparable number of different interventions (26 different interventions in
1.5°C scenarios, 26 different interventions in bend the curve scenarios) in both target
categories, the interventions applied differed. For example, 1.5°C scenarios applied lower
non-energy demand, CDR constraints, building technology and efficiency, recycling and
reduced waste, transport technology and efficiency, which were not included in the bending
the curve scenarios. In contrast, the bending the curve scenarios applied restoration, slower
infrastructure expansion, universal access to basic needs and services, sustainable forest
management, which were not included in the 1.5° scenarios.
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Scenarios meeting the Paris Agreement's 1.5°C target (n = 150)
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Scenarios reversing declining biodiversity trends (n = 14)
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Figure 14: Frequency of scenarios (left) or studies (right) in which a specific intervention is applied (y-
axis). Targets are based on either the Paris target of 1.5°C or the bending of the biodiversity loss curve.
The definition of 'bending the curve of biodiversity loss' was based on a positive decadal percentage
change in any of the biodiversity metrics (ESH, BIl, MSA, Extinction per million species years, Fraction
globally remaining species, Fraction regionally remaining species, Geometric mean abundance, Habitat
range size, INSIGHTS index, Living Planet Index, Suitable habitat loss, Mean species richness,
Potentially disappeared fraction of species, Pressure based natural capital index, Red List Index,
Reduction vascular plant species, Species affected by 50% range loss, Species range protection level).

Importantly, all 1.5°C scenarios included greenhouse gas emission markets, while
almost all bending the curve scenarios (13 out of 14) included nature protection
measures. In the 1.5°C scenarios the top five interventions were (in descending order):
Greenhouse gas emission markets, negative emission technologies, forestation, energy
technology and efficiency, renewable energy. In the bending the curve scenarios those were:
Nature protection, agricultural technology and efficiency, diet changes, reduced food waste,
and renewable energy.
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Consequently, greenhouse gas emission markets, as well as nature protection interventions
seem to be indispensable to achieve 1.5°C, or reverse declining biodiversity trends,
respectively. Additionally, the adoption of both interventions does not automatically rule out
the other target; bending the curve scenarios also use greenhouse gas emission markets, and
1.5°C scenarios, in turn, use nature protection interventions. However, although both
measures could serve as ‘main pillars’ for mitigating climate change or restoring biodiversity,
they are not sufficient on their own. For example, conservation policies are not sufficient to
mitigate biodiversity loss (Leclere et al. 2020, Kok et al. 2023), while biodiversity-focused
interventions alone are not sufficient to cope with climate change (Kok et al. 2023). More
integrative scenarios and combinations of multiple interventions are needed to trigger
transformative change (IPBES 2019, Diaz et al. 2019, Leclére et al. 2020). Consequently, the
effectiveness of nature conservation, or climate mitigation, depends significantly on the
measures with which they are combined, in order to achieve synergies not only between
biodiversity and climate goals, but also across a broader range of sustainability objectives.

This point is further illustrated in Figure 15, which shows that global carbon prices are
projected to rise substantially by the end of the century. The figure also suggests that
scenarios implementing a broader range of interventions, across multiple sectors, are
more likely to keep carbon prices lower and with greater confidence than scenarios
relying on a limited set of measures, such as greenhouse gas emission market mechanisms
applied in only one to three sectors.

In general, the effectiveness of carbon pricing has been questioned and appears to be lower
than originally anticipated (Green 2021). Nevertheless, it remains one of the most commonly
used instruments in integrated assessment models to simulate climate policy (Kriegler et al.
2015, Harmsen et al. 2021, IPCC 2023c). Several concerns have been raised regarding its
application in models, including limited incentives for innovation, potential trade-offs with other
sustainability goals, and the widespread use of uniform global carbon prices, where regional
carbon prices are assumed to be equal (Keppo et al. 2021). This uniformity fails to reflect the
unequal distribution of mitigation costs across regions, raising concerns about fairness and
equity. While some of these issues, such as uniform pricing, can be addressed technically
(e.g., by incorporating equity-based burden-sharing mechanisms), other criticisms, such as
the underrepresentation of innovation dynamics and socio-political feasibility, are more difficult
to resolve (Keppo et al. 2021). Consequently, the use of carbon pricing as a climate policy
instrument in global models comes with limitations, and results based on such assumptions
should be interpreted with caution.

In conclusion, carbon pricing alone is not sufficient to effectively mitigate climate change. It
should be strategically combined with other complementary measures to enhance its
effectiveness, maximize co-benefits, and minimize potential trade-offs with other sustainability
objectives (Bertram et al. 2018, Soergel et al. 2021, IPCC 2023a).
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Figure 15: This graph shows the carbon price (x-axis) and the temperature change in 2100
(v-axis) for different scenarios. The colour of the dots indicates the number of interventions
applied in a scenario, while the size of the dots indicates the number of sectors used to
implement these interventions. The red dashed lines highlight the 1.5°C target. Scenarios with

a carbon price greater than or equal to 10,000 US$2005/tCO; in 2100 were excluded from this
analysis (8 scenarios).
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Conclusion/Outlook

This deliverable comprehensively documents the compilation of a database containing
quantitative, model-based, global-scale scenarios for climate change mitigation and/or
biodiversity restoration. Based on this database, we have provided a literature synthesis of
intervention scenarios by presenting the interventions implemented in global models and the
impacts assessed. We provide an impact assessment for different scenario types, different
underlying socioeconomic assumptions and the extent to which interventions are integrated
into the scenarios. We provide insights into the interventions that have been shown to be
essential - from a global perspective - to achieve climate and biodiversity objectives, and we
have reiterated that it is the combination of interventions that matters to achieve transformative
change, not just the individual instruments.

In summary, climate change impacts are quantified much more frequently than other
environmental impacts. This is also reflected in the interventions implemented in the models:
climate change mitigation measures are the most common in global models. In contrast, the
quantification of biodiversity is characterized by a wide variety of metrics, models and
approaches, and most interventions that directly address biodiversity loss can be associated
with nature conservation measures. Although most global sustainability scenarios lack explicit
social instruments of intervention, they often imply social transformation within their narratives
(IPBES 2016, O’Neill et al. 2017). However, initiatives like the Nature Futures Framework are
now making these social dimensions more explicit, recognizing that deep, lasting sustainability
depends not only on technological and regulatory change, but also on cultural, relational, and
ethical shifts in how societies interact with nature (Pereira et al. 2020, Kim et al. 2023).

Furthermore, the results in this report indicate that modest-intervention is not sufficient to
mitigate climate change, while target-seeking intervention scenarios outperform the other
scenario types in terms of their effectiveness for biodiversity and climate. This is not surprising,
as target-seeking scenarios are, by definition, scenarios designed to achieve specific future
goals and should therefore have a high positive impact (IPBES 2016). However, implementing
modest interventions, such as the pledges in the NDCs, could help to reduce the future
investment required for climate change mitigation (McCollum et al. 2018). Therefore, modest
intervention could serve as a starting point for further, more in-depth intervention.

Scenarios with a high transformative capacity, such as those following a global sustainable
development paradigm or a regional sustainability paradigm, may have a lower positive impact
on climate than reformed markets, but this is outweighed by a much higher positive impact on
biodiversity.

Our results show that greenhouse gas emission markets and nature protection measures are
essential to mitigate climate change and restore biodiversity. However, relying on greenhouse
gas emission markets alone can be less efficient and increase the risk of trade-offs with other
sustainability objectives (Keppo et al. 2021). Moreover, nature conservation alone is not
sufficient to reverse declining biodiversity trends (Leclére et al. 2020, Kok et al. 2023). To
increase synergies between different sustainability goals, reduce trade-offs and maximize
positive impacts, a range of different measures should be implemented (Figure 12). These
should bring about cross-sectoral changes to enable a transformative shift towards a
sustainable society. For example, climate change mitigation combined with carefully planned
nature conservation, sustainable agricultural land use and reduced meat consumption can
help keep global temperature change below 2°C while conserving biodiversity (Kok et al.
2023).

Carbon pricing, combined with other interventions aiming for sustainable development (e.g.:
consumption changes, nature conservation, energy access) can further help minimizing
negative impacts on other sustainability goals such as increasing food and energy prices and
biodiversity (Bertram et al. 2018, Soergel et al. 2021).
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Finally, based on our results, we can summarize three key findings of this report:

(i) Interventions in global models are dominated by climate change mitigation measures
and conventional conservation measures to protect and restore terrestrial ecosystems.
Furthermore, impacts on climate change are quantified more frequently than impacts
on biodiversity or other sustainability objectives.

(i) Transformative pathways for biodiversity and climate generally belong to the group of
target-seeking scenarios. Scenarios that follow a sustainability paradigm, using
multiple interventions to transform different sectors simultaneously, have the highest
combined positive impacts on climate and biodiversity and offer the greatest potential
for transformative change. These scenarios often include measures beyond
conventional conservation and climate change mitigation measures such as the
sustainable intensification of agriculture, the reduction of food waste, and changes to
diets, e.g. reduced meat consumption.

(iii) The main pillars for global climate change mitigation and biodiversity restoration in
current global scenarios are well-known interventions such as carbon markets or
nature conservation measures (e.g. protected areas, sparing mechanisms, etc.).
However, these do not suffice alone and should be complemented by other measures
to create transformative pathways that minimize trade-offs (e.g. carbon pricing) and
maximize synergies for biodiversity, climate and society.

In conclusion, while global scenario modelling has improved continuously, there is still a need
for future research to develop new scenarios or accompanying narratives that more fully
integrate diverse social values, cultural dimensions and equity-focused interventions to reflect
the complex, multi-scale realities of sustainability transitions. Initiatives such as the Nature
Futures Framework can support the research community by providing guidance on more
integrated and value-inclusive scenario-building processes. In addition, future intervention
scenarios should move away from siloed approaches and simultaneously quantify cross-
sectoral interventions and their impacts on multiple sustainability goals. This will make it
possible to assess synergies and trade-offs, as well as the transformative potential of multi-
intervention packages.
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4 Annex

4.1 Interventions coding overview

Annex table 1: Overview of the interventions identified in the studies. Similar interventions were
grouped together for analysis. Based on this, they were classified by intervention type or sector, and a
decision was made as to whether an intervention was a physical change or a policy instrument.

ID Intervention Intervention group Intervention type Physical Intervention
change or sector
policy
instrument

1 Access to | Universal access to Social instruments | Policy Mixed

food basic needs and instruments
services

2 Afforestation | Forestation Land use | Physical Nature

management interventions

3 Agricultural Agricultural trade | Economic Policy AFOLU

subsidies cut | policies instruments instruments

4 Agricultural Agricultural trade | Economic Policy AFOLU

trade policies instruments instruments
liberalisation

5 Agro- Sustainable Land use | Physical AFOLU

ecological agricultural management interventions
intensificatio | intensification
n

6 Agroforestry | Sustainable forest | Land use | Physical AFOLU

management management interventions

7 BECCS Negative emission = Technologies Physical Mixed

technologies interventions

8 Best- Building technology = Technologies Physical Building

available and efficiency interventions
building
technologies
9 Best- Energy technology and | Technologies Physical Energy
available efficiency interventions
energy
technologies

10 | Bioenergy Renewable energy Technologies Physical Energy
interventions

1 Bioenergy Energy constraints Regulatory Policy Energy

constraints standards instruments

12 Bioenergy Traditional bioenergy =Regulatory Policy Energy

phase out phase out standards instruments

13 Bioenergy Energy taxes Economic Policy Energy

tax instruments instruments

14 | Biofuel tax Energy taxes Economic Policy Energy

instruments instruments

15 Building Building technology = Technologies Physical Building

efficiency and efficiency interventions

16 | Building Building technology = Technologies Physical Building

material and efficiency interventions
efficiency

17 | Building Recycling and reduced Waste Physical Mixed

material waste management interventions
recycling

18 | Carbon Greenhouse gas | Economic Policy Mixed

budget emission markets instruments instruments
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19 | Carbon price | Greenhouse gas Economic Policy Mixed
emission markets instruments instruments
20 | Carbon tax Greenhouse gas | Economic Policy Mixed
emission markets instruments instruments
21 | CCS Negative emission | Technologies Physical Mixed
technologies interventions
22 CDR Negative emission | Technologies Physical Mixed
technologies interventions
23 | CDR and | CDR constraints Regulatory Policy Energy
sequestration standards instruments
constraints
24 | Charging Energy technology and = Technologies Physical Energy
infrastructure | efficiency interventions
supply
25 | Clean energy Energy lifestyle @ Lifestyle Physical Energy
preferences changes interventions
26 | Coal phase Fossil fuel phase out Regulatory Policy Energy
out standards instruments
27  Conservation | Sustainable Land use | Physical AFOLU
agriculture agricultural management interventions
intensification
28 | Conventional @ Traditional bioenergy | Regulatory Policy Energy
biofuel phase | phase out standards instruments
out
29 | Cross-slope @ Sustainable Land use Physical AFOLU
barriers agricultural management interventions
intensification
30 | Direct Air | Negative emission | Technologies Physical Mixed
Carbon technologies interventions
Capture and
Storage
(DACCS)
31 Decarbonize | Transport technology Technologies Physical Transport
d transport | and efficiency interventions
vehicle
technologies
32 | Development | Universal access to | Social instruments | Policy Mixed
assistance basic needs and instruments
services
33 Diets Diet changes Lifestyle Physical Food
interventions
34 | Electrification | Energy technology and = Technologies Physical Energy
technology efficiency interventions
supply
35 Emission Greenhouse gas Economic Policy Mixed
price emission markets instruments instruments
36 | End-of-pipe Industry  technology ' Technologies Physical Industry
measures and efficiency interventions
37 | Energy Energy technology and | Technologies Physical Energy
efficiency efficiency interventions
improvement
S
38 Energy grid | Energy technology and | Technologies Physical Energy
infrastructure | efficiency interventions
39 | Energy Energy subsidies and @ Economic Policy Energy
subsidies incentives instruments instruments
40 Energy Renewable energy Technologies Physical Energy
supply-side interventions
transformatio

n and
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decarbonisati
on

41 Energy taxes | Energy taxes Economic Policy Energy
instruments instruments
42 | Energy Energy technology and = Technologies Physical Energy
technology efficiency interventions
development
43 Energy trade | Energy trade policies Economic Policy Energy
constraints instruments instruments
44 | Energy trade | Energy trade policies Economic Policy Energy
liberalisation instruments instruments
45 | Equal burden | Equal burden sharing Social instruments  Policy Mixed
sharing instruments
46 | Emissions Greenhouse gas Economic Policy Mixed
Trading emission markets instruments instruments
System
(ETS)
47 | Electric Electrification Economic Policy Energy
vehicles (EV) @ subsidies instruments instruments
subsidies
48 | Fertilizer Agricultural technology | Technologies Physical AFOLU
efficiency and efficiency interventions
49 Foresight Renewable energy Technologies Physical Energy
energy sector interventions
50 | Fossil fuel Fossil fuel phase out Regulatory Policy Energy
phase out standards instruments
51 | Fossil fuel Fossil fuel phase out Regulatory Policy Energy
subsidies standards instruments
phase out
52 | GHG tax Greenhouse gas | Economic Policy Mixed
emission markets instruments instruments
53 | Global grid Energy technology and = Technologies Physical Energy
interconnecti | efficiency interventions
on
54 | Hydrogen Renewable energy Technologies Physical Energy
interventions
55  Hydropower @ Renewable energy Technologies Physical Energy
interventions
56 | Import  tax | Agricultural trade | Economic Policy AFOLU
agricultural policies instruments instruments
products
57 | Improved Recycling and reduced = Waste Physical Mixed
wastewater waste management interventions
treatment
58 | Increasing Energy constraints Regulatory Policy Energy
bioenergy standards instruments
investment
costs
59 | Industry Industry technology = Technologies Physical Industry
technology and efficiency interventions
development
60 Industry Industry technology | Technologies Physical Industry
technology and efficiency interventions
improvement
61 Irrigation Agricultural technology | Technologies Physical AFOLU
efficiency and efficiency interventions
62 | Livestock Agricultural technology | Technologies Physical AFOLU
efficiency and efficiency interventions
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63  Lower Lower non-energy Lifestyle Physical Mixed
agricultural demand interventions
demand
64 | Lowerenergy | Energy lifestyle | Lifestyle Physical Energy
consumption | changes interventions
65 Lower energy | Energy lifestyle | Lifestyle Physical Energy
consumption | changes interventions
residential
sector
66 Lower energy | Energy lifestyle | Lifestyle Physical Energy
demand changes interventions
67 | Manure Recycling and reduced | Waste Physical Mixed
recycling waste management interventions
68 | Microcredit Energy subsidies and | Economic Policy Energy
improved incentives instruments instruments
stoves
69 | Modern fuel | Energy subsidies and | Economic Policy Energy
subsidies incentives instruments instruments
70 | Multifunction | Sustainable Land use | Physical AFOLU
al agricultural | agricultural management interventions
landscapes intensification
7 Nuclear Nuclear energy Technologies Physical Energy
interventions
72 | Nuclear Energy constraints Regulatory Policy Energy
energy standards instruments
regulatory
standards
73 Phase out Energy technology and Technologies Physical Energy
energy efficiency interventions
intensive
technology
74 | Preference Transport lifestyle | Lifestyle Physical Transport
public changes interventions
transport
75 | Protection Nature protection Land use | Physical Nature
management interventions
76 Public Transport technology | Technologies Physical Transport
transport and efficiency interventions
efficiency
77 | REDD Nature protection Land use | Physical Nature
management interventions
78 | Reduce Industry  technology | Technologies Physical Industry
emissions and efficiency interventions
chemical
production
79 | Reduced Lower non-energy Lifestyle Physical Mixed
building and | demand interventions
industry
material
demand
80 | Reduced Lower non-energy @ Lifestyle Physical Mixed
building demand interventions
material
demand
81 Reduced Lower non-energy Lifestyle Physical Mixed
demand non-  demand interventions
energy
products
82 | Reduced Reduced food waste Waste Physical Food
food waste management interventions
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83 | Reforestation | Forestation Land use | Physical Nature
management interventions
84 | Regionalised | Agricultural trade | Economic Policy AFOLU
agricultural policies instruments instruments
markets
85 Renewables = Renewable energy Technologies Physical Energy
interventions
86 | Renewables | Energy lifestyle | Lifestyle Physical Energy
demand shift | changes interventions
87 | Replace Industry technology = Technologies Physical Industry
phosphor- and efficiency interventions
based
detergents
88 | Restoration Restoration Land use | Physical Nature
management interventions
89 | Sharing Sustainable Land use Physical AFOLU
agricultural management interventions
intensification
90 | Slower Slower infrastructure ' Land use Physical Building
infrastructure | expansion management interventions
expansion
91 Small-scale Energy technology and | Technologies Physical Energy
energy efficiency interventions
technologies
92 | Sparing Nature protection Land use | Physical Nature
management interventions
93 | Subsidies on Electrification Economic Policy Energy
electric subsidies instruments instruments
produced
steel
94 | Sustainable @ Sustainable Land use Physical AFOLU
agricultural agricultural management interventions
intensificatio | intensification
n
95 | Sustainable = Sustainable forest Land use Physical AFOLU
forest management management interventions
management
96 | Sustainable @ Sustainable Land use Physical AFOLU
grazing agricultural management interventions
management | intensification
97 | Sustainable | Transport technology | Technologies Physical Transport
transport and efficiency interventions
98 | Transport Transport technology | Technologies Physical Transport
efficiency and efficiency interventions
99 | Waste Recycling and reduced | Waste Physical Mixed
recycling waste management interventions
100 Water and | Universal access to | Social instruments | Policy Mixed
basic basic needs and instruments
sanitation services
supply
101 | Yield Agricultural technology ' Technologies Physical AFOLU
improvement | and efficiency interventions

S
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4.2 Metric coding overview

Annex table 2: Overview of metrics collected in the database. Percentage of metrics shows the
percentage of studies that quantified the corresponding metrics, while percentage of SDGs shows the
percentage of studies that quantified the corresponding SDG using one or more of the metrics (Source:

Neumann et al. (2025)).

ID Metric Metric SDG Percentage  Percentage
abbreviation metrics SDGs
1 Extreme poverty Extreme poverty (Mio. people) SDG1 3.1 4.7
2 | Population<1$ Population less than 1 dollar | SDG1 1.6 4.7
(%)
3 | Hunger risk Hunger risk (Mio. people) SDG2 15.6 453
4 | Undernourishment | Prevalence of  SDG2 1.6 453
undernourishment (Mio.
people)
5 | Hunger incidence | Hunger incidence (% SDG2 1.6 45.3
population)
6 | Malnourished Malnourished children (Mio. | SDG2 1.6 45.3
children children)
7 FPI 2005 Food price index (FPI) (2005) | SDG2 12.5 45.3
8 FPI 2010 Food price index (2010) SDG2 12.5 453
9 FPI 2015 Food price index (2015) SDG2 1.6 45.3
10  Change food | Change average food prices | SDG2 3.1 45.3
prices (US$)
11 | Fertilizer use Fertilizer use (Input 10%tons/y) SDG2 4.7 45.3
12 | Nitrogen use Fertilizer use nitrogen (Tg | SDG2 25 45.3
N/yr)
13 NO:2 emissions Nitrogen dioxide emissions = SDG3 53.1 68.8
(Mt NO2/yr)
14 | NOx emissions Nitrogen oxide emissions (Mt | SDG3 10.9 68.8
NOx/yr)
15 SO2 emissions Sulphur dioxide emissions (Mt | SDG3 62.5 68.8
SO2/yr)
16 | SOx emissions Sulphur oxide emissions (Mt | SDG3 6.2 68.8
SOa/yr)
17  BC emissions Black carbon emissions (Mt | SDG3 60.9 68.8
BClyr)
18 | PM2.5 emissions | PM2.5 emissions (Mt | SDG3 1.6 68.8
PM2.5/yr)
19 MYS Mean years of schooling SDG4 9.4 14.1
(MYS)
20  Adults no | Adults no education (%) SDG4 3.1 14.1
education
21 | Female education | Female education (%) SDG4 9.4 14.1
22 | Primary education | Primary education (%) SDG4 1.6 141
23 | Gender rat. prim. | Gender ratio primary | SDG5 4.7 4.7
edu. education
24 | Gender rat. sec. Gender ratio secondary | SDG5 1.6 4.7
edu. education
25 | Access improved @ Additional access to improved | SDG6 1.6 32.8
water water source (Mio. people)
26 | Access basic | Additional access to basic | SDG6 1.6 32.8
sanitation sanitation  facilites  (Mio.
people)
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27 | Lack improved | Lacking access to improved = SDG6 1.6 32.8
water water source (Mio. people)
28 | Water stress river | Severe water stress river | SDG6 3.1 32.8
bas. basins (Mio. people)
29 | Water stress Water stress (Mio. people) SDG6 3.1 32.8
30 | Agr. irrigation Agricultural irrigation (km®y) | SDG6 29.7 32.8
31 | Share renewables = Share renewables (%) SDG7 10.9 12.5
32 | UE build. tr. p.cap. | UE buildings transport per | SDG7 3.1 12.5
capita (GJ/cap/yr)
33  Income Global income convergence | SDG8 3.1 6.2
convergence (%)
34 Unemployment Unemployment (Mio. people) | SDG8 1.6 6.2
35 Unemployment Unemployment rate (%) SDG8 3.1 6.2
rate
36  Ind. hydrogen | Industry hydrogen electricity | SDG9 3.1 3.1
electr. share energy share (%)
37  International International inequity SDG10 1.6 9.4
inequity
38 National equity National equity SDG10 1.6 94
39 International International equity SDG10 3.1 9.4
equity
40 | Rel. poverty Relative poverty (%) SDG10 3.1 94
41 | Rat. GDP/cap Ratio GDP per capita SDG10 1.6 9.4
42 | 10% richest/10% | Richest 10 % to poorest 10 % | SDG10 3.1 9.4
poorest rat. ratio
43 | GINI coefficient Gini coefficient (GINI) SDG10 1.6 9.4
44 | Urban PM2.5 Urban PM2.5 concentration | SDG11 3.1 3.1
(ug/m®)
45 | Food waste | Food waste (kcal/cap/day) SDG12 3.1 6.2
(kcal/cap/day)
46 | Food waste (Mt/yr) | Food waste (Mt/yr) SDG12 3.1 6.2
47 | GHG emissions Total GHG emissions (Mt SDG13 60.9 81.2
COZeq/yr)
48 | CO2 emissions Total CO2 emissions (Mt SDG13 67.2 81.2
COzlyr)
49  AFOLU CO2 AFOLU CO: emissions (Mt SDG13 40.6 81.2
emissions COzlyr)
50 AFOLU GHG AFOLU emissions (Mt SDG13 6.2 81.2
emissions CO2eqlyr)
51 Forcing Forcing (W/m?) SDG13 65.6 81.2
52 CO:2 concentration = COz2 concentration (ppm) SDG13 28.1 81.2
53 | Temperature Temperature change (Since SDG13 65.6 81.2
change pre-industrial age)
54 | Carbon price Carbon price (US$/t COz) SDG13 40.6 81.2
55 River discharge N | River discharges nitrogen (t | SDG14 1.6 9.4
N/yr)
56 River discharge P | River discharges phosphorus | SDG14 1.6 9.4
(t Plyear)
57 MTI Mean tropic index (MIT) SDG14 1.6 9.4
58 MSA aquatic Mean species abundance SDG14 3.1 9.4
aquatic (MSA aquatic)
59 Ocean Ocean acidification aragonite SDG14 4.7 9.4
acidification saturation state
60 | Habitat range size = Habitat range size (%) SDG15 1.6 42.2
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61 Species 50% | Species affected by 50% SDG15 1.6 42.2
range loss range loss (%)
62 GMA Geometric mean abundance | SDG15 1.6 42.2
(GMA)
63 INSIGHTS Index INSIGHTS index SDG15 1.6 42.2
64 Habitat loss Loss suitable habitat (%) SDG15 1.6 42.2
65 Biodiv. hotspot | Biodiversity hotspot loss (%) SDG15 1.6 42.2
loss
66 Red. vasc. plant | Reduction vascular plant | SDG15 1.6 42.2
sp. species (%)
67 | Extinction MSY Extinction per million species | SDG15 1.6 42.2
years
68 | AOH/ESH Area of habitat (ESH/AOH) SDG15 4.7 42.2
69 Species range Species range protection level | SDG15 1.6 42.2
protection Ivl. (%)
70  Ecoregions Ecoregions protection level | SDG15 1.6 42.2
protection Ivl. (%)
71 | Deforestation Deforestation SDG15 4.7 42.2
72 NCl-pb Pressure-based natural | SDG15 1.6 42.2
capital index (NCI-pb)
73  LPI Living planet index (LPI) SDG15 3.1 42.2
74 | RLI Red list index (RLI) SDG15 3.1 42.2
75 MSA terrestrial Mean species abundance SDG15 15.6 42.2
terrestrial (MSA)
76 Bl Biodiversity intactness index = SDG15 94 42.2
(BIN)
77 | FRRS Fraction regionally remaining A SDG15 1.6 42.2
species (FRRS)
78 | FGRS CB17BDM | Fraction globally remaining | SDG15 1.6 42.2
species (cCSAR CB17BDM)
79 FGRS US16BDM | Fraction globally remaining | SDG15 1.6 42.2
species (cSAR US16BDM)
80 PDF Potentially disappeared | SDG15 1.6 42.2
fraction of species (PDF)
81 | Nitrogen fixation Nitrogen fixation (Mt N/yr) SDG15 4.7 42.2
82 | Mean sp. richness | Mean species richness | SDG15 1.6 42.2
(Species p. grid cell)
83 | Peace probability | Peace probability below 2005 SDG16 3.1 3.1
deaths
84 Equality Equality before law and | SDG16 3.1 3.1
individual liberty (%)
85 | Int. climate finance | International climate finance SDG17 3.1 3.1

(US$)
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4.3 R session info

setting value

version R version 4.5.0 (2025-04-11)
os macOS Sequoia 15.5
system aarch64, darwin20
ui RStudio

language (EN)

collate en US.UTF-8
ctype en US.UTF-8
tz Europe/Berlin
date 2025-06-23
rstudio 2025.05.1+513 Mariposa Orchid (desktop)
pandoc 3.4 @

/Applications/RStudio.app/Contents/Resources/app/quarto/bin/tools/aarch

64/ (via rmarkdown)

quarto 1.6.42 @
/Applications/RStudio.app/Contents/Resources/app/quarto/bin/quarto
Packages

package * version date (UTC) 1lib source

abind 1.4-8 2024-09-12 [1] CRAN (R 4.5.0)
backports 1.5.0 2024-05-23 [1] CRAN (R 4.5.0)
broom 1.0.8 2025-03-28 [1] CRAN (R 4.5.0)
cachem 1.1.0 2024-05-16 [1] CRAN (R 4.5.0)
car 3.1-3 2024-09-27 [1] CRAN (R 4.5.0)
carData 3.0-5 2022-01-06 [1] CRAN (R 4.5.0)
cellranger 1.1.0 2016-07-27 [1] CRAN (R 4.5.0)
checkmate 2.3.2 2024-07-29 [1] CRAN (R 4.5.0)
cli 3.6.5 2025-04-23 [1] CRAN (R 4.5.0)
colorBlindness 0.1.9 2021-04-17 [1] CRAN (R 4.5.0)
colorspace 2.1-1 2024-07-26 [1] CRAN (R 4.5.0)
cowplot 1.1.3 2024-01-22 [1] CRAN (R 4.5.0)
crayon 1.5.3 2024-06-20 [1] CRAN (R 4.5.0)
devtools 2.4.5 2022-10-11 [1] CRAN (R 4.5.0)
digest 0.6.37 2024-08-19 [1] CRAN (R 4.5.0)
dplyr * 1.1.4 2023-11-17 [1] CRAN (R 4.5.0)
ellipsis 0.3.2 2021-04-29 [1] CRAN (R 4.5.0)
evaluate 1.0.3 2025-01-10 [1] CRAN (R 4.5.0)
farver 2.1.2 2024-05-13 [1] CRAN (R 4.5.0)
fastmap 1.2.0 2024-05-15 [1] CRAN (R 4.5.0)
forcats * 1.0.0 2023-01-29 [1] CRAN (R 4.5.0)
Formula 1.2-5 2023-02-24 [1] CRAN (R 4.5.0)
fs 1.6.6 2025-04-12 [1] CRAN (R 4.5.0)
generics 0.1.3 2022-07-05 [1] CRAN (R 4.5.0)
gghdx 0.3.0 2024-12-15 [1] CRAN (R 4.5.0)
ggplot?2 3.5.2 2025-04-09 [1] CRAN (R 4.5.0)
ggpubr 0.6.0 2023-02-10 [1] CRAN (R 4.5.0)
ggsignif 0.6.4 2022-10-13 [1] CRAN (R 4.5.0)
glue 1.8.0 2024-09-30 [1] CRAN (R 4.5.0)
gridGraphics 0.5-1 2020-12-13 [1] CRAN (R 4.5.0)
gtable 0.3.6 2024-10-25 [1] CRAN (R 4.5.0)
hms 1.1.3 2023-03-21 [1] CRAN (R 4.5.0)
htmlTable 2.4.3 2024-07-21 [1] CRAN (R 4.5.0)
htmltools 0.5.8.1 2024-04-04 [1] CRAN (R 4.5.0)
htmlwidgets 1.6.4 2023-12-06 [1] CRAN (R 4.5.0)
httpuv 1.6.16 2025-04-16 [1] CRAN (R 4.5.0)
knitr 1.50 2025-03-16 [1] CRAN (R 4.5.0)
labeling 0.4.3 2023-08-29 [1] CRAN (R 4.5.0)
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later 1.4.2 2025-04-08 [1] CRAN (R 4.5.0)
lattice 0.22-7 2025-04-02 [1] CRAN (R 4.5.0)
lifecycle 1.0.4 2023-11-07 [1] CRAN (R 4.5.0)
lubridate 1.9.4 2024-12-08 [1] CRAN (R 4.5.0)
magrittr 2.0.3 2022-03-30 [1] CRAN (R 4.5.0)
memoise 2.0.1 2021-11-26 [1] CRAN (R 4.5.0)
mime 0.13 2025-03-17 [1] CRAN (R 4.5.0)
miniUI 0.1.2 2025-04-17 [1] CRAN (R 4.5.0)
mnormt 2.1.1 2022-09-26 [1] CRAN (R 4.5.0)
nlme 3.1-168 2025-03-31 [1] CRAN (R 4.5.0)
NLP 0.3-2 2024-11-20 [1] CRAN (R 4.5.0)
patchwork 1.3.0 2024-09-16 [1] CRAN (R 4.5.0)
pillar 1.10.2 2025-04-05 [1] CRAN (R 4.5.0)
pkgbuild 1.4.7 2025-03-24 [1] CRAN (R 4.5.0)
pkgconfig 2.0.3 2019-09-22 [1] CRAN (R 4.5.0)
pkgload 1.4.0 2024-06-28 [1] CRAN (R 4.5.0)
profvis 0.4.0 2024-09-20 [1] CRAN (R 4.5.0)
promises 1.3.2 2024-11-28 [1] CRAN (R 4.5.0)
psych 2.5.3 2025-03-21 [1] CRAN (R 4.5.0)
purrr * 1.0.4 2025-02-05 [1] CRAN (R 4.5.0)
R6 2.6.1 2025-02-15 [1] CRAN (R 4.5.0)
RColorBrewer * 1.1-3 2022-04-03 [1] CRAN (R 4.5.0)
Rcpp 1.0.14 2025-01-12 [1] CRAN (R 4.5.0)
readr 2.1.5 2024-01-10 [1] CRAN (R 4.5.0)
readxl 1.4.5 2025-03-07 [1] CRAN (R 4.5.0)
remotes 2.5.0 2024-03-17 [1] CRAN (R 4.5.0)
rJava 1.0-11 2024-01-26 [1] CRAN (R 4.5.0)
rlang 1.1.6 2025-04-11 [1] CRAN (R 4.5.0)
rmarkdown 2.29 2024-11-04 [1] CRAN (R 4.5.0)
rstatix 0.7.2 2023-02-01 [1] CRAN (R 4.5.0)
rstudioapi 0.17.1 2024-10-22 [1] CRAN (R 4.5.0)
scales * 1.4.0 2025-04-24 [1] CRAN (R 4.5.0)
sessioninfo 1.2.3 2025-02-05 [1] CRAN (R 4.5.0)
shiny 1.10.0 2024-12-14 [1] CRAN (R 4.5.0)
slam 0.1-55 2024-11-13 [1] CRAN (R 4.5.0)
stringi 1.8.7 2025-03-27 [1] CRAN (R 4.5.0)
stringr 1.5.1 2023-11-14 [1] CRAN (R 4.5.0)
tibble 3.2.1 2023-03-20 [1] CRAN (R 4.5.0)
tidyr 1.3.1 2024-01-24 [1] CRAN (R 4.5.0)
tidyselect 1.2.1 2024-03-11 [1] CRAN (R 4.5.0)
tidyverse * 2.0.0 2023-02-22 [1] CRAN (R 4.5.0)
timechange 0.3.0 2024-01-18 [1] CRAN (R 4.5.0)
tm * 0.7-16 2025-02-19 [1] CRAN (R 4.5.0)
tzdb 0.5.0 2025-03-15 [1] CRAN (R 4.5.0)
urlchecker 1.0.1 2021-11-30 [1] CRAN (R 4.5.0)
usethis 3.1.0 2024-11-26 [1] CRAN (R 4.5.0)
vctrs 0.6.5 2023-12-01 [1] CRAN (R 4.5.0)
withr 3.0.2 2024-10-28 [1] CRAN (R 4.5.0)
wordcloud * 2.6 2018-08-24 [1] CRAN (R 4.5.0)
xfun 0.52 2025-04-02 [1] CRAN (R 4.5.0)
x1sx 0.6.5 2020-11-10 [1] CRAN (R 4.5.0)
x1lsxjars 0.6.1 2014-08-22 [1] CRAN (R 4.5.0)
xml?2 1.3.8 2025-03-14 [1] CRAN (R 4.5.0)
xtable 1.8-4 2019-04-21 [1] CRAN (R 4.5.0)
yaml 2.3.10 2024-07-26 [2] CRAN (R 4.5.0)
[11] /Library/Frameworks/R.framework/Versions/4.5-

arm64/Resources/library
* Packages attached to the search path.
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4.4 Publications

The content of this deliverable is based on research performed and prepared in the following
publication:

Neumann, C., Alkemade, R., Van Vuuren, D., Burian, A., Aschi, F. and Seppelt, R. 2025.
Trade-offs and synergies between climate change mitigation and biodiversity
restoration: A meta-analysis of global intervention scenarios [Manuscript in
preparation].



