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Informing and engaging all actors in the land sector, including land-owners and managers, researchers,
policy-makers and citizens, on the most effective sustainable land-based solutions and behavioural
changes is a key strategy for achieving climate change adaptation and mitigation targets at the global
as well as at EU and local level. One requisite to support actors in the land sector is to provide them
publicly available, reliable and ready-to-use information related to the implementation of Land-based
Adaptation and Mitigation Solutions (LAMS). Here we introduce a LAMS catalogue, a collection of
meaningful quantitative and qualitative information on 60 solutions characterised according to a set
of specifications (e.g., mitigation and adaptation potential, cost of implementation, suitability factors,
synergies and trade-offs, drivers and barriers to the implementation). The catalogue offers a reliable,
science-based tool useful for different users’ needs, including valuable references for deriving context-
specific quantitative inputs to simulate and evaluate the performance of solutions over time using
modelling tools, such as Integrated Assessment Models at any scale.

Background & Summary

The land use sector plays a crucial role to reach the ambitious targets towards climate resilience and climate
neutrality in the European Union (EU) by 2050, as set under the European Climate Law in the framework of the
EU Green Deal strategy">. Annually, CO, emissions from land use change per capita amount to approximately
0.7 t for the global case and around 0.3-0.2 for Europe in the last decade. Land, with its various uses including
cropland, grassland, wetlands, forests, and settlements, can serve as a carbon sink when absorbing more carbon

1CMCC Foundation - Euro-Mediterranean Center on Climate Change, Lecce, Italy. 2RINA Consulting S.p.A., 16129,
Genova, Italy. 3CARTIF Technology Centre. Boecillo Technology Park, P205, 47151, Valladolid, Spain. “Research
Group on Energy, Economy and System Dynamics (GEEDS), Escuela de Ingenierias Industriales, University of
Valladolid, Paseo Prado de la Magdalena 3-5, 47011, Valladolid, Spain. >*CE3C - Center for Ecology, Evolution and
Environmental Change & CHANGE - Global Change and Sustainability Institute, Faculdade de Ciéncias, Universidade
de Lisboa, 1749-016, Lisboa, Portugal. ®University of Warwick, CV4 7AL, Coventry, UK. “Elsa Research Group for
Environmental Lifecycle & Sustainability Assessment, French National Research Institute for Agriculture, Food and
Environment (INRAE), Montpellier, France. 8Geonardo Environmental Technologies, H-1031, Budapest, Hungary.
°IVL, Swedish Environmental Research Institute Ltd, P.O. 5302, SE-40014, Gothenburg, Sweden. XInstitute for
Astronomy, Astrophysics, Space Applications and Remote Sensing, National Observatory of Athens, GR-15236,
Athens, Greece. 'School of Chemical Engineering, National Technical University of Athens, GR-15772, Athens,
Greece. 2United Nations University Institute for Environment and Human Security (UNU-EHS), 53113, Bonn,
Germany. 3GMV Aerospace and Defence S.A.U., Remote Sensing and Geospatial Analytics Division. Isaac Newton
11 (PTM), E-28760, Tres Cantos, Spain. *ITAP, Univ Montpellier, INRAE, Institut Agro, Montpellier, France. ®e-mail:
mariavincenza.chiriaco@cmcc.it; claudia.damatirca@cmcc.it; chiara.denotaris@cmcc.it

SCIENTIFIC DATA| (2025) 12:166 | https://doi.org/10.1038/s41597-025-04484-0 1


https://doi.org/10.1038/s41597-025-04484-0
http://orcid.org/0000-0003-1778-668X
http://orcid.org/0000-0002-8796-5993
mailto:mariavincenza.chiriaco@cmcc.it
mailto:claudia.damatirca@cmcc.it
mailto:chiara.denotaris@cmcc.it
http://crossmark.crossref.org/dialog/?doi=10.1038/s41597-025-04484-0&domain=pdf

www.nature.com/scientificdata/

from the atmosphere than it emits, or a carbon source when releasing carbon into the atmosphere?, for instance
through deforestation or soil disturbance. Currently, the EU land sector absorbs more greenhouse gases (GHG)
than it emits, making it a net carbon removal**. Nevertheless, carbon removals have significantly decreased in
recent years, and the land sink function is in decline*®. Reaching climate neutrality means achieving net zero
GHG emissions for EU countries. This will need to be achieved mainly by cutting emissions. However, since not
all emissions from all sectors can be zeroed, enhancing the carbon sink of the EU land sector is a needed strategy®.

In this line, the recently revised (2023) LULUCF (Land Use, Land Use Change and Forestry) Regulation”
sets a land-based net carbon removals EU-wide target of —310 million tonnes of CO, equivalent by 2030. This
represents a reverse of the declining trend in net removals seen in recent years and an increase of about 15% in
the EU’s net removals compared to current levels, achievable through an appropriate land use and land manage-
ment?®. To foster this objective, a recent EU Regulation’ establishing a certification scheme for carbon removals
has been approved with the aim to boost carbon sequestration in biomass and soils promoting sustainable agri-
cultural and forest land management as well as the use of durable harvested wood products. As such, implement-
ing sustainable land use and land management solutions as well as virtuous behavioural and lifestyle changes,
positively affecting the role of land as a carbon sink, is key to achieve climate change mitigation targets'®-.
Furthermore, these solutions often foster resilience and adaptation capacity allowing the land system to face
current and expected climate change impacts'*!'. Planning appropriate solutions for sustainable land use and
land management can help in preventing climate change impacts due to flooding, drought, water scarcity and
heat stress, as well as reducing the exposure of valuable assets to risks related to such hazards'>'¢.

Therefore, it is vital for the range of actors in the land sector, including land-owners and managers, research-
ers, policy-makers and citizens, to have access to a robust knowledge base on the most effective sustaina-
ble land -based solutions and behavioural changes to implement at the EU level as well as at the local level,
and to simulate their performance over time with the help of modelling tools such as Integrated Assessment
Models®!”18,

To meet this goal, we created a catalogue of Land-based Adaptation and Mitigation Solutions (LAMS),
based on an extensive literature review, characterised according to a set of specifications (e.g., mitigation and
adaptation potential, cost of implementation, suitability factors, synergies and tradeofls, drivers and barriers
to the implementations) useful for the different users’ needs. The catalogue, developed in the framework of the
RethinkAction Horizon 2020 project, is built upon specific methodologies set up to assign meaningful quantita-
tive and qualitative values and information for each LAMS, suitable for multiple users and purposes.

The primary aim of the LAMS catalogue is to identify and characterise land-based solutions applicable across
different sectors and to provide valuable references for deriving context-specific quantitative inputs for solutions
to be simulated and evaluated in modelling activities, including global Integrated Assessment Models such as
WILIAM (“Within Limits Integrated Assessment Model”)", improved and adapted to simulate solutions having
direct or indirect effects on land, and local system dynamics models®. This allows to simulate and evaluate the
effects and effectiveness of solutions in relation to local, EU, and global long-term climate objectives, as set by
the EU Green Deal in the framework of the Paris Agreement and by the Sustainable Development Goals (SDGs)
Agenda'®!". Simulating practical solutions and their expected and achievable effects is paramount to guide the
decision-making process, providing possible scenarios for the achievement of climate targets. In the framework
of the RethinkAction project, results from model simulations will be used as a basis for policy recommendations
aimed at fostering the role of the land sector for carbon neutrality, in line with EU adaptation and mitigation
goals. At the same time, the LAMS catalogue has the dual purpose of also representing a self-standing reposi-
tory that can be consulted by any interested users (e.g., researchers, land-owners and managers, policy-makers,
citizens) to delve deeper into and retrieve quantitative and qualitative information for sustainable land manage-
ment. As such, it provides a flexible science-based tool for land managers, policy-makers, researchers, citizens,
and any other relevant actor playing a role in the climate action in the land sector.

A reference set of global response options based on land management, as well as on value chain and
risk management, is already reported in the Special Report on Climate Change and Land (SRCCL) of the
Intergovernmental Panel on Climate Change (IPCC)?'. The IPCC response options are categorised according to
their potential to tackle climate mitigation and adaptation, addressing at the same time desertification and land
degradation, and possible impacts on food security, with qualitative insights on costs of implementation. The
LAMS catalogue we present leveraged this initial set of IPCC global options to build a comprehensive collec-
tion of solutions from all relevant sectors affecting land, enriched with qualitative and quantitative information
needed for their simulation and modelling at global, the EU and local level.

The catalogue contains 60 LAMS identified through an extensive analysis of policy documents at EU/global
and local/national level, combined with stakeholder and expert consultations, and is organised in different
sheets, each collecting for each LAMS relevant science-based qualitative and/or quantitative information (Fig. 1)
suitable for different users and purposes.

Methods

The LAMS included in the catalogue were identified starting from the response options reported in the SRCCL?',
followed by an extensive review of policy documents at the EU and local level in six case studies representative
of the EU territory, combined with a participatory process with relevant stakeholders and experts from the case
studies. In the next step, the identified solutions were qualified and characterised according to a set of specifica-
tions relevant for modelling and for different users’ needs.

Identification of LAMS. Review of policy documents at EU level.  Using the SRCCL?! as a starting point
for the identification of LAMS, EU policy documents related to climate change were identified and analysed, in
order to extract land-based solutions already in place or planned to be implemented in the EU countries over the
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Fig. 1 General process implemented for the identification of the 60 LAMS and outline of the different
categories of qualitative and quantitative information collected for each LAMS, including adaptation and
mitigation potential, cost of implementation, suitability factors, drivers and barriers, synergies and trade-off.

coming decades. The relevant EU policy documents were identified through desk research, by exploring the main
existing platforms for EU policies to the best of the authors’ knowledge (e.g., https://eur-lex.europa.eu; https://
ec.europa.eu), and included preparatory documents and legal acts, such as working documents of the European
Commission, communications, reports, regulations and directives, strategies and action plans, addressing climate
change challenges across different sectors directly or indirectly affecting land. In total, the desk research resulted
in the identification of 24 policy documents, all of which were reviewed. From these, 16 were found suitable for
extracting land-based solutions. All the EU documents identified constitute a large source of information useful
to understand not only the current land use practices in Europe, but also the long-term (up to 2050) high-level
vision of the role of the land sector within the wider climate action?.

The full list of the documents identified and reviewed at the EU level and of the subset used as source for
LAMS identification is reported in the catalogue in the “List of all policy documents” and “Source documents of
LAMS” sheets, respectively.

Review of policy documents at case study level.  The initial set of LAMS derived from the review of the SRCCL?!
and EU policy documents was further expanded based on policy documents from six case studies across
Europe. The case studies were selected in the framework of the RethinkAction Horizon 2020 project to be rep-
resentative of the EU territory and climate, and considering a range of climate-related challenges. Case studies
included hot-spot areas such as Mediterranean and Alpine regions, Boreal area, small islands and outermost or
underutilised territories. This approach allowed a multiscale analysis of cross-sectoral policies, useful to identify
land-based solutions with broad replicability across Europe. The case studies were: the Gotland Region (Sweden)
in the Boreal region, the Tarn-et-Garonne department (France) in the Atlantic region, the Southern Great Plain
(Hungary) in Eastern EU, the Valle D’Aosta region (Italy) in the Alpine region, the Almeria province (Spain) in
the Mediterranean region and the Azores archipelago (Portugal) as small islands (Fig. 2).

For each case study, we identified and reviewed relevant policy documents (at national or sub-national
level) addressing climate change challenges across different sectors directly or indirectly affecting land. In the
Gotland region, we analysed 28 policy documents and relevant land-based solutions were extracted from 14
of them, mainly dealing with land use and natural resources. In the Tarn-et-Garonne department, LAMS were
derived from 8 out of 14 policy documents analysed, mainly focusing on climate change adaptation and miti-
gation, water management, energy, agriculture, agroecology and food. For the Southern Great Plain case study,
land-based solutions were detected in 9 out of the 11 documents identified and analysed, including national
as well as local-level climate, water, energy, forestry and tourism strategies and plans. For Valle D’Aosta, all 5
policy documents reviewed were suitable for extracting LAMS, while we referred to 8 out of 20 for Almeria
and 22 out of 37 for Azores, mainly related to climate, energy, forest and agriculture. As at the European level,
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Fig. 2 Map of the six case studies selected as representative of the EU territory for the identification of land-
based adaptation and mitigation solutions (LAMS).

the identification of policy documents at case study level did not stem from a systematic search but rather from
exploring the main existing local platforms, to the best of the authors’ knowledge.

The full list of the documents identified and reviewed at the case study level and of the subset used as source
for LAMS identification is reported in the catalogue in the “List of all policy documents” and “Source documents
of LAMS” sheets, respectively.

Consultations with stakeholders and case study leaders. ~ As a further step, a participatory process was estab-
lished, involving case study leaders and different local stakeholders, acting directly or indirectly in the land
sectors and considered as the actors who can affect or can be affected by the implementation of the LAMS?. The
aim was to confirm and refine the LAMS identified from policy documents and, eventually, to co-create new
land-based solutions not identified in the previous steps. This process was preceded by an initial categorisation
of the identified LAMS based on the type of solution (Spatial planning, Land management, Lifestyle/Behavioural
change) and policy sectors (see section 2.1). Through several consultations, LAMS were revised, ensuring that
each type of LAMS and sector were duly represented. In particular, new solutions suggested by local experts and
stakeholders regarding tourism, urban areas, energy and water management were included at this stage.

Consolidation of solutions. ~ As the LAMS catalogue aims at providing a set of land-based solutions to be simu-
lated in modelling activities and a self-standing repository with quantitative and qualitative information, the last
step in the development of the list of LAMS was to consider data and information availability for each solution.
Taking into account modelling requirements, the level of detail at which reliable information can be found
(e.g., quantification of key parameters) and the similarity of the solutions that were merged when analogous,
LAMS were consolidated into a final list of 60. The 60 LAMS cover all relevant policy sectors (section 2.1), i.e.,
agriculture (15), biodiversity and ecosystems (2), buildings (3), energy (15), forestry (7), industry (1), society
(5), tourism (1), transport (2), urban (3), and water management (6), and were characterised according to the
specifications described in the following section.

LAMS catalogue specifications. To frame the contribution of LAMS into the global discourse on climate
change adaptation and mitigation, and to define their role in tackling the challenges related to climate change,
LAMS were analysed and characterised according to a set of relevant specifications.

First, a specific definition of each LAMS reported in the “LAMS list” sheet was derived from documents
of recognised institutions, such as the IPCC and Food and Agriculture Organization (FAO) of the United
Nations or peer-reviewed articles. When available, relevant details regarding achievable benefits from the imple-
mentation of solutions were included, to encourage consultation of the catalogue by a wide range of users.
Subsequently, a first level of characterisation of the identified LAMS, included in the “General specifications”
sheet of the catalogue, was based on three main general specifications: (i) type of solution (i.e., Spatial planning,
Land management, Lifestyle/Behavioural change), (ii) primary and secondary policy sectors, and (iii) area of
application (i.e., Supply and/or Demand side).
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The attribution of each LAMS to a specific type of solution was performed according to the SRCCL of IPCC*!
as follows: Spatial planning, referred to solutions that affect the spatial use of land in terms of its attribution
to a given land use, possibly involving a change with respect to the previous land use (e.g., establishment of
photovoltaic plants, creation of protected areas); Land management, associated to the solutions entailing the
implementation of practices aimed at a change in the management in a given land without a change in land use
(e.g, improved cropland, grazing and forest management); Lifestyle/Behavioural change, assigned to solutions
requiring changes in the existing socio-economic production and consumption patterns (e.g., dietary change,
reduced food waste, reduced energy use).

Policy sectors relevant for climate change adaptation and mitigation from a land use perspective were iden-
tified based on the reviewed policy documents and consultations with stakeholders and case study leaders, in
alignment with ClimateADAPT platform?. In particular, ClimateADAPT policy sectors were adapted to reflect
the ones identified through the process of LAMS elaboration (agriculture, biodiversity and ecosystems, build-
ings, energy, forestry, industry, society - health, wellbeing, education, tourism, transport, urban, water manage-
ment). Policy sectors were assigned to each LAMS indicating as “primary” the policy sector where the solution
is directly applied/implemented, and as “secondary” the policy sector(s) further affected.

The area of application of the measure (i.e., Supply and/or Demand side) was assigned based on IPCC* defi-
nitions, that consider as demand-side the solutions implemented for influencing the demand for goods and/or
services (e.g., reducing the demand for electricity and other forms of energy required to deliver energy services),
while as supply-side the solutions implemented for influencing how a certain demand for goods and/or services
is met (e.g., reducing the amount of greenhouse gas emissions emitted per unit of energy produced). When
applicable, the attribution of the area of application to each LAMS followed the IPCC*! report categorisation,
and when not, expert judgement was used.

The LAMS were further analysed based on their adaptation and mitigation potential, suitability factors for
their successful implementation, synergies and trade-offs between each other, drivers and barriers, and other
relevant and useful specifications, as outlined below.

Adaptation and mitigation potential. 'The adaptation and mitigation potential of each LAMS was identified
to determine the extent of their contribution to meet the desired adaptation and/or mitigation climate objec-
tives. The LAMS scope (i.e., adaptation and/or mitigation) was determined based on IPCC definitions, with
adaptation being defined as “the process of adjustment to actual or expected climate and its effects, in order to
moderate harm or exploit beneficial opportunities”, while mitigation as “a human intervention to reduce emis-
sions or enhance the sinks of greenhouse gases™?. The classification of LAMS in terms of their adaptation and/
or mitigation potential followed the qualitative categorisation (large, moderate, small, and small-negative only
in the case of adaptation) adopted by the SRCCL IPCC?!. Similarly, the mitigation potential was attributed based
on the information reported by the SRCC IPCC?' which defines as “small” a potential to either reduce GHG
emissions or increase carbon sink up 0.3 Gt CO,eq yr™, as “moderate” a potential ranging between 0.3 and 3 Gt
CO,-eqyr!, and as “large” a potential exceeding 3 Gt CO,eq yr.

When LAMS were not explicitly mentioned in the SRCCL but were attributable to broader categories
reported in the SRCCL (e.g., the LAMS “Cover crop” can be referred to the broader SRCCL category “Improved
cropland management”), the categorisation of their potential for adaptation and/or mitigation was obtained
from the attributes of the corresponding category in the SRCCL?!. The IPCC sixth Assessment Reports (AR6)
were also used to extract information on adaptation and mitigation potential for LAMS from policy sectors not
covered in the SRCCL?!, such as Buildings and Transport. The mitigation potential was mainly extracted from
the IPCC (WGIII) AR6® as quantitative values (expressed in Gt CO,eq yr ') that were assigned to the ranges
adopted in the SRCCL?! to identify the three qualitative categories (large, moderate, small). Since the quanti-
tative mitigation ranges were derived from IPCC reports, and that the SRCCL*' does not provide quantitative
estimates of the associated uncertainty, the robustness of the assessment was described reporting the confidence
level expressed qualitatively (high, medium, low) following guidelines by Mastrandrea et al.?. In this context,
confidence was defined as “the robustness of a finding based on the type, amount, quality and consistency of evi-
dence (e.g., mechanistic understanding, theory, data, models, expert judgement) and on the degree of agreement
across multiple lines of evidence™!.

Additional information on adaptation potential was mainly derived from IPCC (WGII) AR6* and was fur-
ther integrated by an additional literature review, with the aim of identifying the main risks addressed by each
LAMS and the possible opportunities provided by their implementation (e.g., increased biodiversity, increased
soil fertility, carbon storage, etc.). “No global estimates” was reported when no IPCC values were available, while
n/a (i.e., not available) and n/o (i.e., not occurring) were reported when information was not available or were
not pertinent.

Furthemore, the cost of implementation is assessed for each LAMS, retrieved from IPCC reports
when available, following the same approach as applied for the mitigation potential (section 2.2.1). In particu-
lar, implementation cost was expressed as USD/t CO,eq, identifying three ranges: less than 10 USD/t CO,eq,
10-100 USD/t CO,eq and more than 100 USD/t CO,eq. This type of information is based on “aggregation of
information from studies with a wide variety of assumptions about how response options are implemented and
the contexts in which they occur™, so it should be considered as generalisations. “No global estimates” was
reported when no IPCC values were available.

Results on LAMS mitigation and adaptation potential and on their cost of implementation are presented in
the “Adaptation and mitigation, Cost” sheet of the catalogue.

3,21,27
>

Suitability factors. When planning the deployment of a specific LAMS, several factors must be taken into
account that characterise the suitability of the area for implementation. In general, the suitability of a given land
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Impact Value | Legend
LAMS implementation would have a strong positive impact on the ecosystem and society | 2 ++
LAMS implementation would have a slightly positive impact on the ecosystem and society | 1 +

No impact or not enough data to clarify the impact 0

LAMS implementation would have a slightly negative impact on the ecosystem and society | —1 -
LAMS implementation would have a strong negative impact on the ecosystem and society | —2 --

Table 1. Qualitative approach to assess the LAMS based on the list of criteria of the environmental, social,
economic and financial impacts.

for the deployment of a specific intervention can be determined by (i) “restricting” or “constraining” elements,
which define whether a land is suitable or unsuitable for the implementation of a given solution, or (ii) “condi-
tional” elements, which define the degree of suitability of a land to host a given intervention, thus influencing the
probability for a solution to be deployed®. Then, different types of suitability criteria can define the potential and
the probability for a specific solution to be deployed® which can be classified into: geographical factors, which
include features related to topography or local land characteristics (e.g., land use, altitude/elevation, slope, soil
texture, and climate conditions); regulatory factors, including existing normatives or prescriptions such as local,
regional, and national regulations, permits, and standards that can constrain the implementation of a specific
intervention (e.g, protected land status such as natural protected areas, areas of special protection for birds); sus-
tainability factors, referring to environmental (e.g., distance from protected areas, distance from settlements and
urban areas, distance from industrial and transport infrastructures) and socio-economic aspects (e.g., distance
from touristic zones); technical-economic factors, encompassing both technical and economic criteria that can
influence the implementation (construction, operation, maintenance) of a solution or requirements necessary to
deploy the solution, as for example necessary infrastructures (water and electricity networks, road infrastructure).

Out of the 60 LAMS listed in the catalogue, suitability factors were identified for only 36 which require a
direct use of land with certain characteristics (e.g., “Establishment of perennial cropping systems” requires a
certain range of temperature and precipitation, a specific soil type and is feasible only on some previous land
uses). Therefore, LAMS like “Shift in people diet”, “Reduced food loss and waste”, “Tourist awareness campaigns
for land protection, waste reduction and energy consumption”, “Reusing and recycling of materials”, that do not
need a specific intervention on land for their implementation and whose potential effects on land are indirect,
were excluded from this analysis. The identification of suitability factors and the respective thresholds were
based on relevant scientific papers identified in Google Scholar by using different combinations of the keywords
associated to each LAMS and “suitability factors”. The most relevant scientific papers were reviewed for each
LAMS based on the following approach: (i) comprehensive review studies were prioritized, when available.
Alternatively, studies related to specific case studies in Europe were considered when more general papers were
not available. (ii) The year of publication of the sources must be more recent than 2015, when possible. Results
are presented in the “Suitability factors” sheet of the catalogue.

Synergies and trade-offs. Understanding the main potential synergies and trade-offs among solutions is an
important step toward the definition of a comprehensive approach to the sustainable use of land. Identifying
synergies and trade-offs among LAMS can help group solutions that may present co-benefits or could cause
maladaptation. Following the FAO framework®, synergy was defined as a positive relationship between two
measurable objectives, i.e., when a positive impact on a given objective coincides with a positive impact on
another objective, not necessarily involving a reinforcement effect, while trade-off was defined as a negative
relationship between two measurable objectives i.e., when a positive impact on a given objective coincides with
a detrimental effect on another objective.

To detect these interactions, each LAMS was assessed qualitatively, based on expert judgement performed
by the authors, leveraging on their expertise, with an iterative approach in which each LAMS was assessed by at
least two experts, according to 29 criteria defined from available literature®*-*2 The 29 criteria covering the three
pillars of sustainable development were divided in two different categories: i) environmental, social, economic
and financial impacts of the LAMS once implemented (15 criteria, i.e., Greenhouse gases emissions, Carbon
storage, Water quantity and quality, Air quality, Soil quality, Biodiversity, Landscape aesthetic, Noises, lights,
dusts and smells, Health, Well-being, Recreational activities, Income, Cost avoiding, Jobs creation, Circular
economy contribution), and ii) natural, social, economic and financial resources needed for the implementation
of the LAMS (14 criteria, i.e., Animals-based products (e.g., manure), Plants-based products (e.g., residues),
Water, Land, Minerals and metals, Energy, Length of time to implement the solutions, Labour, Skills, Public
engagement, Level of organisation, Public funds, Private investment, Public and Private Partnerships). Experts
were asked to adopt a European perspective in the assessment of impacts and resources, thus providing a general
overview that does not take into account context-specific aspects related to the implementation of the LAMS.

Each LAMS was assigned to a value ranging from —2 to 42 (negative to positive impact) to evaluate the
criteria identified under environmental, social, economic and financial impacts (Table 1), and to a value ranging
from 0 to 3 (not needed to significant need) to evaluate the resources needed for its implementation (Table 2).
Results are presented in the “Synergies and trade-offs” sheet of the catalogue.

Drivers and barriers. Understanding enabling factors and possible challenges on LAMS implementation can
ultimately inform and benefit decision-making at all levels. In this regard, an analysis of drivers and barriers for
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Resources Value | Legend
Need for a significant amount of resources to implement the LAMS | 3 +++
Need for a moderate amount of resources to implement the LAMS | 2 ++

A small amount of resources is needed to implement the LAMS 1 +

This resource is not needed at all to implement the LAMS 0

Table 2. Qualitative approach to assess the LAMS based on the list of criteria of natural, social, economic and
financial resources.

each LAMS was carried out, aiming at providing a systemic approach to detect possible successful elements and
hint backs in the whole climate action journey®’. Many studies have provided an analysis of drivers and barriers
around climate change responses?"?*3-%>, These adopt a range of partially overlapping conceptual framings and
different definitions of the terms “drivers” and “barriers”, which may be termed “feasibility”, “readiness” or “ena-
blers™®4L, For example, the latest IPCC AR6>? does not provide a clear definition for “drivers” or “barriers”, but
refers to “enabling conditions” as “conditions that enhance the feasibility of adaptation and mitigation options”
Furthemore, the concept of “barriers” was thoroughly detailed by Moser et al.** who differentiated it from the
notion of limits, since barriers can be overcome with concerted effort, creative management, change of thinking,
prioritisation, or shifts in resources, while it is not the case of the limits that are instead linked to the physical
and ecological systems.

For the purpose of this analysis, drivers and barriers were considered to be external factors as well as charac-
teristics of the LAMS themselves, positively or negatively influencing the implementation of land-based climate
change mitigation and adaptation measures. Drivers are considered as enabling conditions that motivate and
support the implementation of a measure*!, while barriers are defined as obstacles that hinder the implementa-
tion of measures, e.g., make adaptation or mitigation less efficient, less effective or may require changes that lead
to missed opportunities or higher costs*. A well-defined framework of drivers and barriers for LAMS imple-
mentation allows the leveraging of enabling factors to proactively address potential obstacles, reducing the risk
of failure and ensuring a smoother implementation process.

Drivers and barriers were grouped into six categories (Table 3), utilising classifications commonly found in
the existing literature337-394143,

Starting from this framework, drivers and barriers for each LAMS were identified based on available litera-
ture, by deriving information from relevant scientific papers dealing with drivers and barriers in implementing
climate change solutions affecting the land sector. Available scientific papers were retrieved from Google Scholar
by using different combinations of the keywords “drivers and barriers” combined with specific keywords for each
LAMS. A minimum of 4 relevant scientific papers were reviewed for each LAMS, when literature was available.
As the factors influencing feasibility are context dependent, temporally dynamic and may vary between different
groups and actors?’, the following approach was implemented (i) the geographical scope of the selected scientific
papers must focus on Europe or western countries; (ii) the year of publication of the sources must be more recent
than 2015, when possible; (iii) all drivers and barriers must be mentioned even if they correspond to the point
of view of different actors.

The full list of identified drivers and barriers, and the related reference, for each LAMS is presented in the
“Drivers and Barriers” sheet of the catalogue.

Other specifications.  Other relevant specifications included in the “General specification” sheet of the LAMS
catalogue are the contribution to specific SDGs, the actors involved and institutional support needed.

The impact of the LAMS on the United Nations 17 SDGs*® was determined based on the IPCC SRCCL?!
and IPCC AR6*>?. For the LAMS directly mentioned in the IPCC reports, the contribution to each SDG was
directly retrieved. Otherwise, when the LAMS were not explicitly mentioned in the IPCC reports, they were
assigned to broader similar categories that might include them (as we did for mitigation potential and cost of
implementation, see section 2.2.1). This is specified in the column “IPCC category” in the “General specifica-
tion” sheet. The impact of some LAMS was not explicitly described in the IPCC reports (e.g., increased share of
renewable energy used in buildings, reduced energy consumption in buildings). Therefore, their contribution to
the achievement of the SDG was determined based on the available literature, mentioning all references in the
“Reference SDG” column.

Lastly, the identification of actors involved and institutional support was based on the Factors Influencing
Consumption and Lifestyles Model (FICLM)*. According to FICLM, needs and desires for change are explained
by motivations and drivers. Motivations represent the immediate reasons and justifications for action (e.g., per-
sonal philosophies). Drivers are the contexts which support or suppress motivations (e.g., norms and market-
ing). Whether these needs and desires translate into actions depends on determinants, i.e., the factors which
condition the possibility of lifestyle change. These factors can be divided into three types: attitudes, facilitators
and infrastructure. For the purposes of the LAMS catalogue, attitudes and facilitator factors were combined into
“actors” (i.e., individuals or institutions with direct involvement with deciding upon, and implementing a given
LAMS), while infrastructure factors were defined as providing “institutional support” (i.e., necessary (in)direct
support for the success of LAMS implementation). The different categories of entities (e.g., farmers, landowners,
scientists, policymakers) were identified based on case study inputs and classified as “actors” or “institutional
support” by the authors who used their expert judgement to deem their influence to be direct or indirect. In
some cases a given entity as a person or group can be termed both “actor” and “infrastructure”. For example,
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Categories

Definition

Institutional and legal
factors

Any factor relating to the functioning of the relevant institutions, political instruments and the legal framework
of the countries and have an impact on the feasibility of LAMS. Drivers generally correspond to political support
through improvements that take place in regulations, legal requirements, standards, and subsidies, as well as an
effective political strategy with favourable objectives and interventions. Conversely, barriers are related to a lack
of or insufficient political commitment with blockages, or interfering regulations, inadequate and non-calibrated
measures or a too rigid and inflexible legal or institutional structure.

Financial and
investment factors

These factors refer to public and private financial mechanisms and investments that support or hinder the
implementation of a LAMS. Financial support and incentives act as drivers, while lack of or insufficient funding
and investment act as barriers.

Economic and market
factors

Factors related to economic models, market conditions and based on prices and incomes that support or hinder the
implementation of LAMS. Drivers can relate to the profitability of LAMS, while barriers to higher costs.

Implementation of LAMS could be related to social structures, health and psychosocial answers to climate
change. The main drivers of this category are related to a favourable perception of the necessity and effectiveness
of LAMS in a social environment, which can be influenced by education and raising awareness. Conversely, lack
of knowledge about the climate issue, low perception of urgency or cultural habits, social norms and beliefs, and
personal strategies showing inflexibility can act as barriers to the commitment or acceptance of solutions. These
factors are considered at all scales, whether at the individual, group or population level. Health is considered from
abroad perspective that includes human health and well-being with factors of comfort and pleasure, including
animal welfare.

Socio-cultural factors

Organisational schemes and governance choices can influence LAMS implementation. Drivers and barriers depend
on the network membership that allows peer-to-peer sharing, participatory approaches and the existence or lack of
collaboration and cooperation.

Organisational and
governance factors

The existence, availability and deployment of knowledge, capacities, and technologies and their complexity have
an impact in LAMS implementation. This includes a wide range of solutions such as tools, systems, and processes,
as well as data collection, availability and sharing. The presence or lack of research, advisory services and access to
technologies can represent drivers or barriers to LAMS.

Technical factors

Table 3. Categories of drivers and barriers, with respective definitions.

scientists might directly implement LAMS if they have a more hands-on role, but equally they might have a more
indirect influence through contributing to research driving the development of the LAMS.

Potential applications of the database. The LAMS catalogue was created based on the need to identify
adaptation and mitigation cross-sectoral solutions that focus on land use and management, in the framework of
the RethinkAction Horizon 2020 project, which aims to engage citizens and decision-makers to participate in the
transition to climate neutrality and actively support and drive climate adaptation and mitigation.

The LAMS catalogue represents a key step in the identification of solutions whose performance over time
can be simulated in modelling activities. These include simulations in terms of climate, environmental, and
socio-economic performance, in future projections compared to a baseline scenario, through Integrated
Assessment Models, such as WILIAM", and local system dynamics models®.

In addition, the catalogue represents a cross-sectoral self-standing repository delivering clear and valuable
information on land-based solutions, with the final aim to increase awareness and attractiveness of mitigation
and adaptation solutions centred on land use as a key driver to reach climate change objectives.

Data Records

The LAMS catalogue is recorded in an Excel workbook called “LAMS_catalogue”, uploaded on Figshare*. It
is composed of an introductory sheet to guide the users through the document plus nine further sheets. The
content of the nine sheets is presented in an easy to read form for expert and non-expert users and comprises
the following information.

LAMS list: reports the list of the 60 LAMS, accompanied by the LAMS sources (i.e., the reference to the pol-
icy documents where each LAMS was identified), the LAMS definition, the overall benefits and other impacts of
each LAMS, and the sources used for the definitions and the relevant information.

Source documents of LAMS: includes the acronyms and the complete name of the policy documents at both
EU/Global and local/national scales from which LAMS were identified, together with the year of publication,
planned year of achievement, type of document (e.g., strategy, action plan, directive, etc.) and document link.

General specifications: reports for each LAMS the characterisation and systematisation by type of solution
(i.e., land management, spatial planning, lifestyle/behavioural change); primary policy sector (e.g., agriculture,
biodiversity and ecosystems, energy, forestry, transport, and more) and where applicable the secondary policy
sector(s); and area of application (i.e., supply and/or demand). Furthermore, it includes information on the
actors involved (e.g., policy-makers, expert advisors, landowners, and more) and institutional support (e.g.,
National and EU energy policymakers, NGOs, and more) needed for LAMS implementation, as well as on the
SDG to which the LAMS is expected to contribute.

Adaptation and mitigation, Cost: reports for each LAMS the scope (i.e., adaptation and/or mitigation),
mitigation potential (i.e., large, moderate, small) and the respective intervals of confidence (i.e., low, medium,
high), potential global mitigation range expressed in Gt CO,eq year™!, adaptation potential (i.e., large, moderate,
small, small-negative) and the respective intervals of confidence (i.e., low, medium, high), and the IPCC source
from which the data was collected. When the exact land-based solution was not found in the IPCC sources,
the most similar IPCC solution was selected and reported in the “Corresponding IPCC option” column. Main
risks addressed and possible opportunities were also identified for each LAMS and reported in this sheet, with
their respective sources. “No global estimates” was reported when no IPCC values were available, while n/a (i.e.,
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not available) and n/o (i.e., not occurring) were reported when information was not available or not pertinent.
Furthermore, it includes the cost of LAMS implementation (where possible), derived from the IPCC estimates,
as for adaptation and mitigation potential.

Suitability factors: covers the geographical (e.g., land use, elevation, slope, soil texture, climate conditions),
regulatory (e.g., natural protected areas, areas of special protection for birds), sustainability (e.g., distance
to protected habitats, distance to settlements and urban areas, industrial, and transport infrastructure) and
techno-economic (e.g., proximity to ignition sources) applicability conditions of the LAMS.

Drivers and barriers: reports the identified drivers and barriers to the LAMS implementation, organised
into six different categories: institutional, financial, economic, socio-cultural, organisational, technical.

Synergies and trade-offs: reports the synergies and trade-offs identified between the different LAMS. For the
Impacts criteria: “4+ refers to a significant positive impact of the LAMS, “+” to slightly positive impact, “-”
to slightly negative impact, “--” to a significant negative impact. For the Resources criteria: “+” refers to a small
amount of resources needed for the LAMS implementation, “++” to a moderate need of resource and “+++"
to a high need of resource, highlighting a high competition for resources between different LAMS. Empty cells
refer to a neutral LAMS impact or negligible need of resources.

List of all policy documents: includes the complete list of the policy documents consulted at both EU/
Global and local/national scale, together with the year of publication and document link.

List of all references: includes the complete list of studies utilised to extract information to characterise each
aspect of the LAMS.

Technical Validation

Given the high number of inputs that feed the catalogue, to ensure the quality of information provided, a large
group of experts, including the 29 authors of this paper, with different scientific backgrounds (modellers, econ-
omists and financial experts, social scientists, ecologists, climate experts, agronomists, foresters, biologists,
energy, transport and tourism experts) was involved in the LAMS identification and characterisation. Each step
of the LAMS analysis, aimed at their characterisation according to the diverse specifications, was undertaken
and verified by at least two researchers with relevant expertise in the specific topic. When LAMS characteri-
sation was based on available studies, the literature review followed the recommendations for collecting and
synthesising relevant evidence as outlined in PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) statement*.

To further support and enhance the quality of information provided in the catalogue, a participatory process
with 30 relevant stakeholders was established. This entailed a workshop in which policy-makers, land-owners,
farmers, investors, and representatives from consultancies and renewable energy companies were actively
involved in a guided discussion to validate the LAMS included in the catalogue and all their relevant aspects,
including climate and land related issues and risks, challenges and general areas of concern.

Usage Notes
A wide range of users, including policy-makers, researchers, consultants, farmers, land-owners and managers,
and citizens could use any level of the database to extract information and implement the LAMS following the
indications provided in this paper.

In addition, experts of data analysis and modelling can directly use the data contained in the catalogue for
modelling purposes, to simulate and assess the potential adaptation and/or mitigation effects of LAMS achieva-
ble in different scenarios of implementation.

Code availability

No custom code has been used for generation or processing of the data or generation of figures.
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