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1. Introduction

One of the primary processes jeopardizing soil health at a global scale is Land
Degradation (LD). More precisely, according to the United Nations (UN), Land
Degradation means "reduction or loss of biological or economic productivity and
complexity of rainfed cropland, irrigated cropland, or range, pasture, forest, and
woodlands resulting from land uses or a process or combination of processes, including
processes arising from human activities and habitation patterns, such as: (i) soil erosion
caused by wind and/or water; (ii) deterioration of the physical, chemical and biological or
economic properties of soil; and, (iii) long-term loss of natural vegetation. Land
degradation, therefore, includes processes that lead to surface salt accumulation and
waterlogging associated with salt-affected areas." (United Nations 2007).

Notably, in the realm of soil conservation, there is often confusion between the terms soil
degradation and land degradation, with soil erosion mistakenly considered synonymous
with both. Furthermore, soil degradation encompasses more than just erosion, Soil
degradation can involve: water erosion (includes sheet, rill and gully erosion); wind
erosion; salinity (includes dryland, irrigation and urban salinity); loss of organic matter;
fertility decline; soil acidity or alkalinity; structure decline (includes soil compaction and
surface sealing); mass movement; and soil contamination (NSW Department of Planning,
Industry and Environment, 2019). However, land degradation covers a broader scope
beyond soil alone. Referring to its usage in land evaluation (FAO 1976), the term "land"
contains all natural resources contributing to agricultural production, including forestry
and livestock production. This definition includes landforms, climate, water resources,
soils, and vegetation (both forests and grasslands) (FAO 1999). Several interconnected
components of land degradation exist, all of which may lead to a decrease in agricultural
production (Douglas 1994), as cited by the Food and Agriculture Organization (FAO)
(FAO 1999). Land degradation generally also includes processes other than soil
degradation, such as alterations of superficial and groundwater resources, reduction of
quantity and quality of plant production, biodiversity degradation (e.g. species extinction),
or climate deterioration (FAO 1999).

In the context of the Soils for Europe (SOLO) project, and also in this document, which
aligns with the Soil Mission Implementation Plan of the EU, the term "Land Degradation"
primarily refers to “Soil Degradation”. This stems from the fact that according to the Soil
Mission, the objective (Specific Objective 1) “Reduce Land degradation relating to
desertification”, is linked solely to soil health indicators, such as soil organic carbon stock,
presence of soil pollutants and excess of salts (European Commission 2019a).

The imperative to combat Land degradation on both European and global scales arises
from the close association of Land Degradation with critical losses of biodiversity and key
ecosystem services (Keesstra et al. 2018, Panagos and Katsoyiannis 2019).
Furthermore, a substantial consensus within reports and assessments indicates that a
significant segment of the Earth's land surface faces degradation, estimated at between
20% and 40% of the total global land area (UN Convention to Combat Desertification
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2019a, UN Economic and Social Council 2019, United Nations Convention to Combat
Desertification 2022). In this light, according to Wischnewski 2015, 169 out of 194
countries, participating in the United Nations Convention to Combat Desertification
(UNCCD), are affected by Land Degradation. Thenceforth, the degree of global land
degradation today is considered to be negatively affecting 3.2 billion people worldwide
(Brooks et al. 2006, Cardinale etal. 2012, Haddad et al. 2015, UNDP 2019, Panagos and
Katsoyiannis 2019, Li etal. 2021).

As for the evolution of Land Degradation, it is essential to highlight that the Global Land
Outlook report (United Nations Convention to Combat Desertification 2022) warns that
without immediate actions, the problem of land degradation will persist and escalate. By
the year 2050, if the current rates continue, an expanse equivalent in size to South
America is projected to experience degradation (United Nations Convention to Combat
Desertification 2022). Moreover, according to the Global Risk Report of the World
Economic Forum 2025, natural resource shortages, including soil, represents the 4th
most important long-term financial risk. This emphasizes the pressing need to address
land degradation urgently in order to avert further environmental, economic and societal
deterioration.

Specific concerns related to land degradation are also prominent within the European
Union (EU). More precisely, data drawn from all EU Member States, as outlined in the
Soil Mission Implementation Plan (European Commission 2019a), highlight several
alarming issues. Notably, it reveals that 83% of agricultural soils within the EU contain
residual pesticides. In addition, a substantial number of potentially contaminated sites,
amounting to 2.8 million, exist, with a mere 65,000 having undergone remediation efforts
by 2018 (European Commission 2019a). Within the EU, issues related to soil erosion by
water, compaction, soil sealing and excavation also persist. Approximately 24% of EU
land is marked by unsustainable water erosion rates, 23% experiences compaction, soil
sealing affected about 2.7 % of EU land, and a staggering 520 million tonnes of soil are
excavated and treated as waste, despite the majority of it not being contaminated
(European Commission 2019a). Relevant findings are also addressed in the recently
published State of Soils for Europe report and the EUSO Soil Degradation Dashboard
(European Comission and European Environment Agency 2024).

In addition, the aforementioned Soil Mission Implementation Plan (European
Commission 2019a) underscores the pressing imperative to address land degradation
and desertification*'. This urgency is reflected in the inclusion of the 'Reduction of land
degradation relating to desertification' within the Specific Objectives (more precisely,
SO1) of the Soil Mission. In particular, the SO1 is intricately linked to the Mission’s Target
1.1, which aims to 'Halt desertification to help achieve land degradation neutrality and
initiate restoration—a commitment aligned with Sustainable Development Goal (SDG)
target 15.3 (Combat desertification, restore degraded land and soil, including land
affected by desertification, drought and floods, and strive to achieve a land degradation
neutral world). The SO1 works as a catalyst for the attainment of other SDGs (European
Commission 2006b, IPCC (Inter-Governmental Panel on Climate Change) 2001, United
Nations Convention to Combat Desertification 2022), as well as key initiatives such as
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the EU Soil Strategy, the Green Deal, the Soil Monitoring Law, the 2030 Biodiversity
Strategy, the Zero Pollution Action Plan, the Farm to Fork Strategy, the Circular Economy
Action Plan, the Nature Restoration Law, and the EU Climate Law.

Mitigating land degradation necessitates a comprehensive approach encompassing
sustainable land management practices, support to the farmers and land managers,
multiple stakeholders working together, soil conservation, reforestation efforts, and
initiatives to curb e.g., soil pollution and contamination. Moreover, despite the EU focus of
the SOLO project, international collaboration, as exemplified by the UNCCD, also holds
significant importance in tackling this challenge and safeguarding the integrity of our land
resources for the benefit of future generations. The upcoming decades will be decisive in
shaping and implementing a fresh and transformative EU and global land management
and conservation strategy.

To support these efforts, the Land Degradation Think Tank forges a vibrant and
transdisciplinary cluster through the active collaboration and engagement of key
stakeholders and a diverse network of partners from various fields of knowledge, brought
together by their commitment to soil health. This collaborative effort, along with an
extensive literature review, aims to intricately weave together a roadmap that transcends
traditional boundaries, seeking to pinpoint and address critical knowledge gaps, navigate
through bottlenecks, and uncover cutting-edge technological innovations (Fig. 1). The
ultimate goal is to craft a comprehensive strategy that effectively propels the mission to
enhance soil health.
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Land Degradation Think Tank methodology.
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The Land Degradation Think Tank's main objectives are to:

. Identify and enumerate key knowledge gaps related to land degradation in the
EU, through a transdisciplinary approach.

. Identify and delineate drivers and obstacles (Bottlenecks) that hinder soil health in
the EU.

. Identify the needs and priorities of the EU to achieve Land Degradation Neutrality
by 2050.

. Identify and describe pioneering actions and activities that are crucial to

overcoming the barriers that affect land health.

. Co-develop a research and innovation roadmap for the EU Soil Mission in
relation to land degradation and integrate it into an overarching roadmap tackling
the specific mission objective. Integral to this roadmap is the establishment of
science-based guidelines for defining threshold values for soil health, which will
serve as critical benchmarks for monitoring progress, guiding restoration efforts,
and fostering sustainable land management practices across the EU.

Given the above, the Land Degradation Think Tank adds value by uniting experts across
disciplines to identify knowledge gaps, overcome obstacles, and co-develop a science/
stakeholders-based roadmap that guides EU efforts toward achieving land degradation
neutrality by 2050 and improving soil health.

2. State-of-the-Art
2.1. Current state of the knowledge on Land Degradation

In the field of soil quality monitoring, the EU has adopted the definition of the FAO for
Sustainable Soil Management (SSM) (FAO - ITPS 2020). According to the FAO, SSM
includes the prevention, minimization, or combating of soil quality deteriorations which, in
their extreme expression, might potentially lead to land degradation and desertification.
At the same time, the United Nations Convention to Combat Desertification (UNCCD) has
set a specific goal to achieve Land Degradation Neutrality (LDN) by 2030 (United
Nations Convention to Combat Desertification 2017). In particular, the UNCCD’s target is
to stop the ongoing loss of healthy soils due to degradation, and promotes for the first
time a two-pronged approach, with measures to prevent or reduce land degradation
combined with other compensational measures for land degradation of the past.
Implementing such effective measures requires a better understanding of Land
Degradation drivers (e.g. aridity, unsustainable agricultural practices, forest fires,
urbanization, mining and quarrying, drought), and processes (e.g. erosion, flooding, soil
structure deterioration, pollution, soil sealing, compaction, loss of biodiversity).

Considering the above, Land Degradation represents an essential "wicked problem" - a
multifaced challenge - characterized by interconnected environmental, societal,
economic and policy dimensions (Fig. 2).
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Land Degradation: A transdisciplinary challenge

Land Degradation poses significant challenges. Therefore, in recent decades, several
methods, approaches and datasets have been developed and used to assess the status
of the complex and dynamic processes of Land Degradation in Europe at different scales.
More precisely, examples of datasets that provide information about Land Degradation
components are the Soil Organic Carbon Dataset*? and the Salt Affected Soils Dataset*3
of the FAO. The FAO also provides a plethora of relevant complementary datasets, such
as the Map of Agreement on Global Cropland** and networks. An example network refers
to the Global Soil Laboratory Network (GLOSOLAN), established in 2017, and aims to
enhance the capabilities of soil laboratories worldwide by standardizing analytical
methods and data. This harmonization is essential to: i) Provide consistent and
comparable information across countries and projects, ii) Facilitate the creation of unified
soil datasets, and iii) support informed decision-making for sustainable soil management.

Moreover, in 2023, the Joint Research Center's soil team (JRC D3), developed the EU
Soil Observatory (EUSO) dashboard that integrates several soil related datasets. In
particular, the EUSO Dashboard offers insights into potential locations (spatial resolution
of 500 meters) of unhealthy soils within the EU, with plans for regular updates based on
emerging scientific findings. As for the datasets that synthesize the EUSO Dashboard,
they refer to but are not limited to erosion related datasets, such as the Soil Erosion by
Water Dataset*® (based on the RUSLE model) and the Soil Erosion by Wind Dataset*®
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(based on the RWEQ model), soil pollution relevant datasets, e.g. the Copper Excess
Dataset*’” and the Mercury Excess Dataset*®, and soil nutrient datasets, such as the
Phosphorous Deficiency and the Phosphorous Excess Dataset*°. Additional datasets of
the EUSO Dashboard refer to the Potential Threats to Soil Biodiversity Dataset*'?, the
Soil Compaction Dataset*"" and the Soil Sealing Dataset*'2.

Furthermore, over the recent decades, various concepts and methodologies have
emerged to establish schemes for monitoring and assessing Land Degradation. More
precisely, Gianoli et al. 2023, evaluated Land Degradation status at the EU level by
applying the Convergence of Evidence (CoE) conceptual framework, originally
developed for the World Atlas of Desertification (WAD), and incorporating additional
indicators of land status and trends. CoE entails the idea that evidence from disparate
and independent sources can converge to form robust conclusions (Gianoli et al. 2023).
This conceptual framework has been employed in environmental science, particularly in
conjunction with satellite remote sensing data (Cherlet et al. 2018, Ivits et al. 2013,
Martinez-Valderrama et al. 2022). In the study by Gianoli et al. 2023 the additional
indicators encompassed data such as population density and change, groundwater table
decline, acidification, and eutrophication. These were complemented by variables
aligned with those used in the WAD, such as soil erosion by water and wind, land cover,
land productivity dynamics, baseline water stress, and biodiversity loss.

Similarly, another continental (EU-scale) study by Schillaci et al. 2022 evaluated the
United Nations Sustainable Development Goal 15.3.1 indicator of Land Degradation
across Europe. This study applied the UNCCD methodology and utilized the
Trends.Earth*'3 software, while also assessing the influence of alternative datasets, such
as NDVI time series at varying spatial resolutions, alongside policy-relevant data sources
for land cover (e.g., CORINE) and soil organic carbon (SOC) stocks (e.g., LUCAS
dataset).

At the country scale, examples of applications employing the UNCCD approach,
supplemented by Earth Observation (EO) and soil monitoring data, include the work of
Wunder and Bodle 2019, who developed a land use change-based indicator for
Germany. However, this approach may be affected by declines in land productivity (LP)
due to decoupling strategies within the Common Agricultural Policy, such as reduced
agricultural intensity (Schillaci et al. 2022). Another example is a high-resolution (20 m)
assessment conducted for ltaly, which incorporated additional variables, such as loss of
habitat quality, burnt areas (2008-2018), and the density of artificial land cover
(Assennato et al. 2020).

Despite these advancements, the baseline assessment procedure, as outlined in the
UNCCD Good Practice Guidance (UNCCD 2021), faces challenges in some parts of the
EU. These challenges include limited data availability due to small land-use parcel sizes,
land suitability issues, resilience constraints, and socio-cultural and economic factors. As
a result, monitoring land degradation using the three UNCCD land-based global
indicators may lead to false positive classifications or an underestimation of the extent of
degraded land (Schillaci et al. 2022).
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In this light, assessing the indicator 15.3.1, which measures the proportion of degraded
land over the total land area, necessitates ongoing data collection by countries to monitor
changes spatially and temporally. Earth Observation can significantly contribute to both
generating this indicator in countries lacking data and enhancing existing national data
sources (Dubovyk 2017). To address this challenge, Giuliani et al. 2020 introduced an
innovative, adaptable, and scalable approach for monitoring land degradation across
different scales (national, regional, and global) by utilizing various components of the
Global Earth Observation System of Systems (GEOSS) platform to harness Earth
Observation resources for informing SDG 15.3.1. The proposed approach adheres to the
Data-Information-Knowledge pattern, leveraging the Trends.Earth model (http://
trends.earth) along with diverse data sources to compute the indicator (Giuliani et al.
2020).

Other essential examples of these concepts and approaches are the usage of the
MEDALUS method, where the Climate Quality Index (CQl), the Soil Quality Index (SQl),
the Vegetation Quality Index (VQI), the Management Quality Index (MQI) and the Social
Quality Index (SoQl) were integrated under several climate change scenarios (Perovic et
al. 2021, Pravalie et al. 2020). Besides, other components that describe Land
Degradation in the literature refer to

. Biophysical components (e.g. plant cover and agricultural productivity trends, net
primary productivity, soil erosion etc.) (European Commission 2006aAyalew et al.
2020, Dubovyk 2017, European Commission 2006b, Panagos et al. 2020Giuliani
etal. 2020, Jucker Riva etal. 2017),

. Environmental ClientEarth 2022, Gholizadeh et al. 2018, Giuliani et al. 2020, Gorji
etal. 2019, Pravalie etal. 2017, Taghadosi et al. 2019, Zizala et al. 2018) and/or

. Socio-economic factors (e.g. poverty, migration and population density) (Reed
and Stringer 2016Akhtar-Schuster et al. 2017, Barbier and Hochard 2018,
Keesstra et al. 2018European Commission 2020c, European Commission 2020b,
Ustaoglu and Collier 2018Blaikie and Brookfield 2015, Istanbuly et al. 2022,
Panagos et al. 2024, Sartori etal. 2019) as well as the

. Utilization of long-term satellite observations (e.g. Sentinel-2 optical satellite
constellation) (ClientEarth 2022, European Commission 2020c, United Nations
2023) which provide a practical way of generating a monitoring system that can
derive cost effective and widely applicable indicators of Land Degradation.

In addition, Land Degradation is also assessed by fine-scale field-based and modeling
techniques, Geographic Information Systems (GIS), informatics (Machine-Learning and
Artificial Intelligence models), time-series and residual trends (European Commission
2020c, Zizala et al. 2018, European Commission 2020b, United Nations 2023, European
Commission 2019b, European Commission 2021b, Dahal et al. 2024, European
Commission 2021a, Gholizadeh et al. 2018, Perpifia Castillo et al. 2021, Xie et al. 2020,
Petropoulou et al. 2023). However, throughout the lifespan of the Soils for Europe project,
itis important to first clarify what information should be used to assess Land Degradation,
rather than focusing on how this information is processed. By identifying the key data
sources and indicators—such as soil health metrics, land cover changes, or productivity
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trends—a clear and consistent framework for soil degradation assessments can be
established. Once the essential information is defined, then the most effective methods
(e.g., GIS, Al, or modeling techniques) to process and analyze this data can be explored.
This approach could ensure a streamlined and actionable take-home message from the
Land Degradation Think Tank to the relevant stakeholders, emphasizing the critical
indicators to include in soil degradation assessments before delving into the
technicalities of data processing.

Considering the above, it can be concluded that there have been significant
advancements in scientific research, datasets, policies, and strategies aimed at
addressing land degradation. Nevertheless, critical knowledge (application) gaps persist,
hindering comprehensive solutions and effective knowledge transfer regarding this
multifaceted issue. Land degradation is a complex, transitional problem with multiple
drivers, scales, and perspectives, requiring integrated monitoring and assessment
schemes (UN Convention to Combat Desertification 2019b, Reynolds et al. 2007, Vogt et
al. 2011, Hessel et al. 2014, European Commission 2015, European Environment
Agency 2019). While efforts have been made, challenges remain in understanding the
full scope of land degradation, its drivers, and its socio-economic and ecological impacts.

For instance, while restorative practices like biochar and integrated nutrient management
show promise, there is insufficient research on trade-offs, cost-effectiveness, and
scalability across diverse land uses and pedo-climatic zones (MarouSek and Trakal 2022
Lal 2015, Keesstra et al. 2024). Additionally, gaps and limitations in data availability,
quality and monitoring, along with the integration of cultural and socio-economic values
into land management decisions further complicate efforts to achieve Land Degradation
Neutrality (LDN) and understand LD effects and drivers (Dubovyk 2017, Jucker Riva et al.
2017, Zizala et al. 2018, Gholizadeh et al. 2018, Taghadosi et al. 2019, Giuliani et al.
2020, Ayalew et al. 2020Bardgett et al. 2021, Jones et al. 2021, Silva et al. 2023). The
lack of comprehensive, standardized data and the underrepresentation of certain
ecosystems, such as grasslands, mountainous regions, and urban soils, highlight the
need for more inclusive and context-specific research (Lobmann et al. 2022, Chowdhury
etal. 2024).

As such, while participatory approaches and stakeholder engagement are vital for
sustainable land management, empirical evidence on their effectiveness and knowledge
transfer remains controversial (Knierim et al. 2015, Lébmann et al. 2022). Economic
assessments of land degradation and restoration efforts also face challenges, including
inconsistent methodologies and the exclusion of non-monetary considerations, which
hinder the development of robust, site-specific solutions (Panagos et al. 2018, Tepes et
al.2021).

In a nutshell, while progress has been made in understanding LD, the trajectory of future
research must embrace a diverse array of topics, spanning from the exploration of the
processes, mechanisms, and impacts of land degradation to the nuanced examination of
the environmental, climatic, political, social, cultural and financial aspects of Land
Degradation as driving forces behind its persistence (European Commission 2021c).
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Embracing cutting-edge technologies and monitoring methodologies, advancing
theoretical frameworks, and refining ecological restoration approaches are imperative for
fostering sustainable land management practices (European Commission 2021c).
Moreover, interdisciplinary collaboration is essential for unraveling the complex
dynamics inherent in land degradation phenomena and the formulation of robust policy
frameworks is crucial to guide sustainable land management initiatives (European
Commission 2021c).

2.2 Prioritization of knowledge gaps

The approach of the Land Degradation Think Tank (refer to Fig. 1) is designed to identify
Knowledge Gaps, Actions, and Bottlenecks (see Section 3) throughout the SOLO project.
Once a set of Knowledge Gaps was identified, the next step involved prioritizing these
Knowledge Gaps to determine the most critical areas requiring research and funding
within the EU.

The resulting prioritized (Top 10) Knowledge Gaps for the Land Degradation Think Tank
can be found in Table 1 (Suppl. material 4) and are addressed in detail in Section 3.1. ltis
noteworthy that a complete list (and a short description) of all identified knowledge gaps
is given in section 3.3.

Table 1. Top 10 Knowledge Gaps

Suppl. material 4

3. Roadmap for the Land Degradation Think Tank

Despite the recent surge in scientific publications, policies, and strategies dedicated to
addressing land degradation, it is widely recognized that significant knowledge gaps
persist. Furthermore, even with maximum utilization of these various policies and
strategies, it remains challenging to comprehensively address all aspects of land and its
associated threats (European Commission 2022, Xie et al. 2020)

In this regard, the complex issue of Land Degradation needs a combination of the above-
mentioned monitoring and assessment schemes (UN Convention to Combat
Desertification 2019b) as Land Degradation is considered a complex issue with multiple
dimensions, scales and perspectives, itis transitional and has multiple drivers and actors.
This conclusion is also supported by other scientists such as Reynolds et al. 2007, Vogt
et al. 2011, Hessel et al. 2014, European Commission 2015, and the European
Environment Agency 2019.

Considering the above, it can be concluded that there are various knowledge gaps, and
therefore, activities but also associated bottlenecks that should be considered regarding
Land Degradation and the achievement of the aim of a LDN Europe in the upcoming
years. These gaps highlight critical areas where research, innovation, and policy
interventions are urgently needed.
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The identified Knowledge Gaps are detailed in the following subsections:

. Section 3.1 focuses on the Key Knowledge Gaps, which represent the top three
priorities (Top 3 KGs) as outlined in Table 1.

. Section 3.2 covers the remaining prioritized Knowledge Gaps, ranked from the
Top 4 to the Top 10.

. Section 3.3 provides an overview of all identified Knowledge Gaps, Actions, and
Bottlenecks, which collectively form the foundational elements of the Roadmap.

By organizing these elements into a structured framework, the Roadmap aims to provide
a clear and actionable pathway for addressing Land Degradation and advancing toward
LDN in Europe.

3.1 Key Knowledge Gaps

The Key Knowledge Gaps, representing the top three priorities as determined by
stakeholder voting, are outlined below:

Knowledge Gap 1

Identification of the most efficient and cost-effective Land Degradation prevention
and restoration measures, incorporating an assessment of trade-offs between
different land uses and pedo-climatic zones.

As the EU grapples with soil degradation, scientists and practitioners have identified
various land use and restoration measures to prevent and reverse degradation. These
efforts span from traditional to modern knowledge and try to address the specific needs of
different regions and land types. Among the promising restorative and sustainable
practices are biochar (Marousek and Trakal 2022, Kalu et al. 2022, FiSarova et al. 2024),
organic matter, and nutrient-integrated management (Lal 2015, Keesstra et al. 2024).
These measures are designed to minimize losses and maximize the efficiency of soil,
water, and nutrient use, which is the guiding principle of achieving "more from less" in
land management (Lal 2015). However, much of the EU research funding and literature
on sustainable land management (SLM) practices has predominantly focused on
agricultural soils, with insufficient attention given to other land uses, such as urban soils
or industrial and post-mining soils (e.g., Farrell et al. 2020, Table 1 of Lobmann et al.
2022, Psarraki et al. 2023, Figure 7 to 10 of Chowdhury et al. 2024, Zoka et al. 2024).
Despite the growing work in land degradation prevention and restoration, challenges
persist (European Commision 2020). Limited studies on trade-offs between different land
uses and pedo-climatic zones, cost-benefit analyses, and the applicability of restoration
techniques across various scales and socio-ecological contexts hinder the widespread
adoption of effective solutions. As such, there is an urgent need for more comprehensive
research that integrates diverse land uses, such as grasslands, urban areas, forested
lands, and agricultural spaces, alongside other areas with various activities (industrial,
mining, etc.). Some example studies that display such limitations can be found below:
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Addressing Trade-offs in Restoration: Insights from Grassland Studies

A notable contribution to understanding these challenges is the study by Bardgett et al.
2021, which examined limited awareness and research on grassland degradation, at a
global, and European scale. Their study emphasized the importance of grasslands in
ecosystem functioning and biodiversity maintenance but pointed out that restoration
efforts for these ecosystems remain underfunded and fragmented. Bardgett et al. 2021
applied a multi-criteria decision analysis (MCDA) model to identify sufficient solutions,
addressing complex trade-offs among conservation practices (e.g. conventional and
organic) and incorporating socio-economic factors, such as access rights and power
dynamics between stakeholder groups (Martin-Lépez et al. 2019). However, to achieve
better outcomes from decision-making tools like MCDA, it is crucial to focus on the
optimal allocation and prioritization of limited resources, especially since funding for
grassland restoration is often scarce (Bardgett et al. 2021). In addition, they highlighted
the necessity for new approaches that allow for the standardized assessment of
grassland conditions, considering various environmental and climatic contexts. These
approaches should evaluate the extent of grassland degradation, its impacts on
biodiversity and ecosystem services, and the effectiveness of restoration initiatives.
Moreover, the fragmentation of restoration efforts across regions and organizations
further complicates these challenges, as data often remains incompatible or inaccessible,
hindering knowledge sharing (Bardgett et al. 2021). Thus, the scaling up of restoration
initiatives, particularly in grassland and other sensitive ecosystems, demands
significantly more resources and concerted effort to maximize benefits and minimize
trade-offs (IPBES 2018, Roe etal. 2021).

Cost-Effectiveness in Large-Scale Restoration: A Participatory Approach

Another example of innovative restoration planning is found in the study by Silva et al.
2023, who developed a participatory cost-effectiveness model to identify high-priority
areas for landscape restoration. Their work, conducted in Southeastern Spain, a semi-
arid region severely impacted by human activity, highlights the importance of considering
both the financial costs and the potential improvements in ecosystem service delivery.
The model they created not only accounts for the costs of restoration but also integrates
stakeholder perspectives, offering a more holistic view of the restoration process. In their
study, Silva et al. 2023 found that while restoration costs are generally lower than the
costs of degradation, securing sufficient funding for restoration efforts in the short term
remains a significant barrier. This underlines the importance of cost-optimization
strategies and effective prioritization to make the most of available resources (Molin et al.
2018). The study also emphasized the need to improve the representativeness of
stakeholder groups by including underrepresented sectors such as youth, women, and
those with lower education levels (Silva et al. 2023). Such inclusiveness can help
address imbalances in power dynamics and ensure that all perspectives are considered
in decision-making processes. Furthermore, Silva et al. 2023 suggested that future
restoration projects should focus on enhancing long-term stakeholder engagement
through improved communication, clear modeling approaches, and real-time modeling
tools that help stakeholders visualize restoration outcomes (Green et al. 2019, Hooftman



Outlook on the knowledge gaps to reduce land degradation in Europe 13

et al. 2022). These measures would foster greater involvement in decision-making and
ensure that restoration plans align with the needs of diverse communities.

In conclusion, achieving effective and cost-efficient land degradation prevention and
restoration requires a multifaceted approach. While the application of restorative
practices such as biochar and crop rotation show promise, scaling these efforts across
diverse land types and regions presents considerable challenges. The integration of
socio-economic factors, stakeholder engagement, and cost-effectiveness analysis tools,
such as MCDA and participatory models, can help address these challenges.
Additionally, there is a need for standardized, European, national and local approaches
to assess land degradation and guide restoration efforts, particularly in regions, where
restoration is often underfunded. As research and case studies continue to evolve, it will
be crucial to refine these strategies, improve stakeholder participation, and better
understand the trade-offs of soil management practices between land uses and pedo-
climatic zones.

Knowledge Gap 2

Lack of thorough understanding of the interactions between Land Degradation and
Ecosystem Services. Land degradation continues to be a significant concern, with
profound implications for ecosystems and the services (ES) they provide (Guerra et al.
2022). However, there are considerable knowledge gaps and limitations in
understanding the interactions between land degradation and the delivery of ES. These
gaps hinder effective policymaking and the development of sustainable management
strategies. Some limitations that can be found in the literature are discussed below:

To begin with, accurate and reliable data on land degradation and ES is crucial for
understanding their interactions. Empirical evidence obtained through field and
landscape indicators is vital for assessing soil health and the services provided by
ecosystems (Petrosillo et al. 2023). However, the scarcity of region-specific
measurements remains a significant barrier to advancing research in this field (Petrosillo
et al. 2023). The lack of comprehensive and standardized data across different
landscapes, combined with fragmented knowledge, often limits the ability to draw broad
conclusions (Petrosillo et al. 2023). To effectively assess and monitor land degradation,
there is a growing need for innovative tools and technologies. One of the most promising
approaches is the use of remote sensing data, which can provide valuable insights into
the type, extent, and severity of land degradation. By leveraging satellite imagery and
aerial data, remote sensing allows for large-scale, precise monitoring of land conditions
over time, enabling more accurate identification of degradation patterns. This technology
plays a crucial role in understanding how land is changing and can guide targeted
interventions to mitigate and reverse degradation (Prokop 2020, de Oliveira et al. 2022).
However, challenges remain in integrating this data with on-the-ground field
assessments (Prokop 2020, de Oliveira et al. 2022, Tziolas et al. 2024). Furthermore,
despite the progress in using remote sensing for monitoring, the complexity of soil and
ecosystem dynamics, including the role of soil biodiversity and its contribution to ES,
remains insufficiently understood. More precisely, according to the study of Ferreira et al.
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2022, associated with soil degradation in the Mediterranean region, local research has
mapped soil heterogeneity and degradation through monitoring sites and long-term
experiments at relatively small scales (e.g., Barao et al. 2019). However, this information
is seldom collected or inventoried (FAO 2019). While all EU countries are required to
produce state-of-the-environment reports, most Mediterranean countries do not regularly
assess their soil resources (Solomun et al. 2020).

Moreover, one significant limitation in ES research is the difficulty in understanding,
quantifying and integrating cultural ecosystem services (CES) into land management
decisions. In particular, cultural services, including aesthetic, spiritual, and recreational
values, are vital to human well-being but are often difficult to define and measure (Jones
et al. 2021). This is primarily due to the challenge of understanding what motivates
individuals to engage with nature and how these motivations relate to various cultural,
social, economic, and psychological factors (Jones et al. 2021). In this light, several
studies on soil degradation tend to focus predominantly on the natural dimensions,
leaving insufficient attention to the cultural and social factors; however, a similar
investment could lead to a similar degree of understanding.

To address these limitations, the study of Jones et al. 2021 proposed a framework that
integrates cultural, social, and human capital, offering a promising approach to
understanding the role of these factors in CES. While their trans-disciplinary study
demonstrated that cultural capital, measured through EcoCentrism, was a strong
predictor of environmental engagement, it also revealed that a significant portion of the
variation in people's perceptions of natural spaces, such as urban meadows, remained
unexplained. This points to a need for new metrics and frameworks that can capture the
full range of motivations and values associated with cultural interactions with the
environment. The incorporation of variables like intergenerational knowledge and
indigenous relationships with land could further enrich this framework and provide a
more nuanced understanding of CES (Jones etal. 2021).

Another study that investigated the research gap between soil biodiversity and the the
delivery of soil ecosystem services, from Oberreich et al. 2024, with a focus on Germany,
highlighted that soil and soil biodiversity are often overlooked in ecosystem assessments.
Additionally, the social awareness of the term "ecosystem services" remains limited
(Oberreich et al. 2024). Moreover, the findings suggest that the studies in the reviewed
papers primarily focused on smaller spatial scales, emphasizing local and regional
contexts. This is especially relevant for soil biodiversity, which, as the literature reviewed,
varies due to several locally specific factors (e.g., Kéhler et al. 2020).

Furthermore, land degradation and its impact on ES must be understood within broader
socio-economic and policy contexts. While the role of soil-related ES in supporting
human well-being is widely recognized, the interactions between ES and land use
policies, particularly in terms of mitigating land degradation, need further exploration (Wei
et al. 2018, Mengist et al. 2020). The principle of "Avoid > Reduce > Reverse" land
degradation, which emphasizes avoiding further degradation as the most cost-effective
strategy, is gaining traction in the context of land degradation neutrality (UNCCD 2017,
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Petrosillo et al. 2023). However, examples that depict a lack of policy integration in land
degradation and ES research remain a major limitation. A notable example refers to the
mountainous regions, where just a few studies link ecosystem service outcomes to
actionable policy recommendations (Wei et al. 2018, Mengist et al. 2020). This gap in
literature points to the need for more research on the role of policy in managing trade-offs
and synergies between ES, land degradation, and human activities. In addition, there is a
gap in research related to soil governance, particularly regarding the interactions
between different governance mechanisms and their effects on soil management (Mason
et al. 2023). This suggests a need for further exploration into institutions, policy support,
and training in soil governance (Helming etal. 2018, Mason et al. 2023).

One other significant aspect is the valorization of ES which remains a significant barrier to
understand the interactions between ecosystem services and land degradation. While
valuable progress has been made in estimating the economic value of ES, particularly in
the context of sustainable land management (SLM), the lack of reliable, comprehensive
datasets hinders the full assessment of ecosystem service costs and benefits (Kieslich
and Salles 2021, Mirici 2022). For instance, in landscape restoration projects, where
benefits such as water regulation, drought resistance, and soil erosion control are critical,
the incomplete data on these services, limits their effective inclusion in restoration
planning (Almagro et al. 2013, de Groot et al. 2022). This data scarcity is a widespread
issue in ecosystem and landscape restoration. However, two key initiatives— the TEER-
initiative (The Economics of Ecosystem Restoration, led by FAO, CIFOR, and WRI) and
the Ecosystem Services Valuation Database—may help address this issue (de Groot et
al. 2022). Nevertheless, there still remains a pressing need for more accessible and
reliable data to inform land management decisions.

Further research is needed to develop innovative methodologies, improve data collection
and valuation practices, and strengthen the integration of policy recommendations into
ES research. Addressing these gaps is essential for advancing sustainable land
management practices and ensuring the effective delivery of ecosystem services in the
face of land degradation.

Knowledge Gap 3

What are the historical, current, and future social and economic interactions with
Land Degradation?

Land degradation presents significant challenges across multiple domains, including
social and economic spheres. Understanding the intricate connections between land
degradation, social vulnerability and structure, along with financial implications is critical
to addressing its causes and impacts effectively. Although substantial research has been
conducted on these topics, several knowledge gaps persist, particularly regarding the
historical, current, and future socio-economic interactions with land degradation within
the European Union (EU) (The Economics of Land Degradation 2015). Below, we
separate the social and economic components of land degradation to highlight their
respective limitations.
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Social Impacts of Land Degradation

Land degradation directly affects communities, particularly in regions with intensive
agricultural practices or vulnerable ecosystems. The social aspects of land degradation
have been studied extensively, but several critical knowledge gaps remain. First, there is
a need to understand the long-term societal consequences of land degradation (Johnson
et al. 2024). Research has examined the immediate effects on agricultural productivity
and rural livelihoods, but the total social cost, including health, migration, unemployment,
inequality and displacement, is still poorly understood (Johnson et al. 2024). A key aspect
is that land degradation can lead to social vulnerability by eroding community resilience
and forcing vulnerable populations to migrate. Yet, the impacts of this environmental
migration remain underexplored, with most studies focusing on climate change migration
(IPBES 2018).

Second, there is a gap in understanding the role of indigenous and local knowledge in
coping with land degradation. The integration of these traditional insights into modern
land management practices could provide valuable solutions for more sustainable land
recovery. Indigenous practices often emphasize ecosystem health and holistic land
exploitation, offering an important counterpoint to contemporary methods of land
degradation mitigation (Johnson et al. 2024). Yet, the validation and systematic
integration of such knowledge remain insufficient and often overlooked in favor of purely
scientific or technological solutions (Teuber et al. 2022).

Moreover, the socio-economic benefits of suitable land management practices have not
been fully explored (examples were also discussed in the Knowledge Gap 1). Effective
land restoration practices can yield long-term socio-economic returns, including
improved food security, rural employment, and ecosystem services (Lobmann et al. 2022
). However, a comprehensive understanding of how these practices contribute to
community well-being, particularly in the context of varying socio-economic conditions
across the EU, remains challenging (Visser et al. 2019, Amin et al. 2020, Lé6bmann et al.
2022). There is a need for integrated research to assess these benefits within diverse
socio-economic contexts to facilitate the design of context-specific solutions.

Finally, the importance of participatory approaches in addressing land degradation has
been recognized, particularly in the framework of the Agricultural Knowledge and
Innovation System (AKIS), which fosters joint learning and co-creation (Knierim et al.
2015, Lébmann et al. 2022). Participatory approaches to data gathering and research,
which engage farmers, amateur soil scientists, community members, or school students,
have gained attention for both advancing scientific progress and achieving social and
educational outcomes (Lébmann et al. 2022). As defined by von Korff et al. 2012,
"participatory” refers to the involvement of not only trained professionals but also a
broader range of interested parties, including non-experts and local community
members. However, there is a lack of empirical evidence on the effectiveness of these
participatory approaches, which limits their potential to generate actionable insights
(Hallinger and Nguyen 2020). Future research should explore the value of participatory
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methods in creating more inclusive, adaptive, and sustainable land management
practices.

Economic Impacts of Land Degradation

According to the study by Panagos et al. 2018, 12 million hectares of agricultural land in
the EU that are affected by severe soil erosion by water annually lose around 0.43% of
their crop productivity, which translates to a cost of approximately €1.25 billion. The
agricultural sector incurs a direct cost of €300 million, while the GDP loss amounts to
€155 million. ltaly is identified as the country with the highest economic impact, while
most Northern and Central European countries experience only marginal losses
Panagos et al. 2018. More recent and relevant financial information can be found in the
State of Soils in Europe Report (European Comission and European Environment
Agency 2024).

As seen from an economic perspective, the costs of land degradation and the financial
viability of soil protection measures are critical areas where some knowledge gaps and
limitations still exist. More precisely, land degradation has significant economic
consequences, as in agriculture, which is often one of the most directly affected sectors.
Despite this, there remains a lack of comprehensive economic assessments of soil
protection practices, especially at the farm level (Tepes et al. 2021). For example, many
existing studies on the cost-effectiveness of soil protection measures rely on secondary
data and assume that the benefits of these practices consistently exceed their costs.
However, this assumption is frequently challenged by evidence that indicates such
benefits do not always outweigh the costs, especially in heterogeneous areas (Tim
Chamen etal. 2015, Tepes etal. 2021).

Another major limitation in economic research on land degradation is the lack of
consistent and comparable data. Much of the existing literature focuses on specific
regions, using varied methodologies, and often excludes non-monetary considerations,
which leads to gaps in understanding the full economic value of soil health (Kenter et al.
2016, Lébmann et al. 2022). For instance, many studies omit the broader economic
implications of off-site impacts, such as soil erosion, which can have far-reaching effects
on local economies, beyond just the immediate agricultural sector. These impacts are
difficult to quantify and remain underexplored in many studies (Kubiszewski et al. 2013,
Romanazzi et al. 2024).

Furthermore, economic models that assess the costs and benefits of land degradation
and remediation often rely on overly simplified assumptions, such as the uniform
distribution of soil degradation across different agricultural systems. These assumptions
can lead to inaccurate estimations of the actual costs of land degradation. For example,
studies conducted in regions like the UK and Germany suggest that economic outcomes
can vary significantly depending on local agro-economic conditions, meaning that cost
analyses should be conducted at more localized scales (Intergovernmental Panel on
Climate Change 2019).
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While progress has been made in understanding the social and economic dimensions of
land degradation, significant gaps remain in both areas. From a social perspective, more
research is needed on the long-term impacts of land degradation on communities,
including migration, vulnerability, and the role of indigenous knowledge. A more
integrated and participatory approach to land management is necessary to address the
complex and context-specific nature of land degradation.

Economically, there is a need for more robust, site-specific studies on the costs and
benefits of soil protection and remediation measures. Economic assessments should
move beyond generalized assumptions and account for the diverse agro-economic
conditions that influence land management decisions, while also accounting for off-site
effects. Additionally, future research should explore innovative policy instruments that
integrate both financial and social aspects of land degradation.

Ultimately, addressing these knowledge gaps will contribute to a more comprehensive
understanding of land degradation, enabling the development of more effective policies
and interventions. As the EU works toward its land degradation neutrality targets, these
insights will be crucial in ensuring that both social and economic factors are accounted
for in the sustainable management of land resources.

3.2 Prioritized Knowledge Gaps

As far as the remaining Prioritized Knowledge Gaps are concerned, they can be found
below:

Knowledge Gap 4

Lack of comprehensive understanding of Land Degradation (effects and drivers)

There is a lack of comprehensive and detailed understanding of the causes, processes,
and impacts of Land Degradation across different regions and soil types (Reynolds et al.
2007, Saljnikov et al. 2022, Daliakopoulos et al. 2016, FAO 2015, Ravi et al. 2010, Xie et
al. 2020). Some relative examples refer to the difficulties that arise due to the diversity of
perspectives on land degradation, limited studies regarding soil compaction, and
complexities in revealing the intricate nature of interactions between Soil Organic Matter
(SOM) fractions (Gianoli et al. 2023). More precisely, despite the existence of numerous
case studies at a European and global level, applying such findings on a continental
scale remains a challenge, as understanding the precise dynamics of driver interactions
and their plausible impacts on specific sites requires detailed case-specific examination
(Gianoli etal. 2023). Moreover, while there are some studies offering estimates of the
areas affected by compaction, there are only a handful of field studies that actively
monitor the impacts of soil compaction and the subsequent alterations in the soil structure
and functions after a compaction event (Keller et al. 2017, Saljnikov et al. 2022). As for
the gaps in understanding SOM fractions interactions, challenges can be found in
understanding the relationships between aboveground and belowground biota (Orgiazzi
and Panagos 2018), and the impact of drivers on the accumulation/decomposition of
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SOM (Jia et al. 2019). Consequently, more research is needed to fill these knowledge
gaps and develop a better understanding of the complexities involved and the
interlinkages between various drivers and processes concerning Land Degradation.

Knowledge Gap 5

How can we enhance regional planning regarding reducing Land Degradation?

One of the key challenges in enhancing regional planning to reduce land degradation is
the fragmented nature of policies and the lack of coordination among various
stakeholders (Saik et al. 2024). Research indicates that a unified political environment is
essential for integrating LDN objectives across governance levels—from local to national
authorities (Kust et al. 2017, Saik et al. 2024). Another limitation is the insufficient data on
land resources and soil, which impedes accurate assessments of land degradation risks
and restoration potential (Oliveira et al. 2018). To address these gaps, there is a need for
improved data collection and monitoring mechanisms. Current research suggests that
spatial planning tools and models, which assess land degradation risks and track
restoration progress, could help align LDN efforts with broader climate resilience and
economic development goals (Briassoulis 2019, UNCCD/Science-Policy Interface 2023).
These tools are essential for developing integrated strategies that promote sustainable
land management. Additionally, the integration of ecosystem services into land-use
planning remains a significant challenge (Oliveira et al. 2018). While studies highlight the
importance of incorporating ecosystem services into land management (Zhang et al.
2022), methods for assessing and quantifying these services in the context of LDN are
still underdeveloped. Ecosystem services, such as soil fertility, water regulation, and
carbon sequestration, must be accounted for in regional planning to ensure the
sustainability of land-use decisions. As noted by Cowie et al. 2018, achieving LDN
requires careful consideration of the balance between land degradation and restoration,
which depends on reliable indicators for monitoring changes in land condition.
Furthermore, a central knowledge gap in the current discourse is the lack of attention
given to land degradation in strategic spatial planning (Oliveira et al. 2018). Although
environmental issues are often acknowledged in land-use planning, few studies address
how strategic spatial planning can effectively contribute to the reduction of land
degradation, particularly in urban regions (Gomiero 2016, Albrechts 2016). As
highlighted by recent reviews, strategic spatial planning has been increasingly
recognized as an important way for managing land transformation, yet its potential to
mitigate land degradation has not been fully explored (Briassoulis 2019, Cowie et al.
2019). In this context, there is a need to expand the role of strategic spatial planning in
addressing land degradation. For regional planning to effectively contribute to land
degradation reduction, it must move beyond the general recognition of environmental
concerns and implement concrete strategies to protect and restore land (Oliveira et al.
2018). This requires the inclusion of all sectors of society, from land managers to local
communities, in the planning process. Furthermore, it is essential that spatial plans are
developed with clear objectives for sustainable land use and LDN implementation.
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Knowledge Gap 6

Lack of Land Degradation data and limited monitoring at different scales

Comprehensive data on land degradation (LD) is essential for understanding its causes,
extent, and impacts, yet significant gaps exist across various spatial and temporal scales.
Without accurate, high-resolution data on land and soil health, the development of
targeted solutions and the implementation of effective policies remain a challenge (
European Commission 2019a, European Commission 2020a, Saljnikov et al. 2022,
United Nations to Combat Desertification 2016, Lunik 2022, Ontel et al. 2023). One
notable example is highlighted by Panagos et al. 2020, where the uncertainty in soil
erosion estimates arises from the lack of georeferenced data, specifically data on crop
types and soil management practices implemented annually. This data gap makes it
difficult to accurately assess the spatial distribution of land degradation and complicates
the monitoring of restoration efforts.

Another example study that provides a flexible and valid starting point for assessing land
degradation is not without its challenges (Manna et al. 2024). In particular, the study of
Manna et al. 2024 highlighted that one of the significant issues is the difficulty of
obtaining up-to-date databases for land cover and soil organic carbon (SOC) data. The
lack of timely data can resultin the underestimation of critical land degradation indicators,
particularly in areas with irregular spatial distributions. These variations can often only be
detected through in situ sampling or the use of very high-resolution multispectral images.

In addition to the technical limitations in data collection and analysis, there are
conceptual challenges related to the measurement and classification of land
degradation. A recurring issue in land degradation studies is the lack of clear
differentiation between processes and drivers, cause and effect, as well as hazard and
vulnerability (von Keyserlingk et al. 2023). This ambiguity complicates the development
of quantitative risk projections and impedes the connection between research findings
and decision-making processes (Akbari et al. 2016 Martinez-Valderrama et al. 2020b,
Martinez-Valderrama et al. 2020a).

In many studies, land degradation is either treated as a permanent condition or as a
discrete hazard, with limited consideration of its temporal dynamics. While some studies
(Masoudi and Jokar 2018, Martinez-Valderrama et al. 2020) include probabilistic
elements of risk, such as scenario analyses based on state and transition models, such
approaches are not universally adopted (von Keyserlingk et al. 2023). The absence of a
consistent framework for integrating temporal dynamics into land degradation
assessments further limits the ability to predict future degradation trends and develop
adaptive management strategies. Incorporating a more nuanced understanding of the
processes, drivers, and risks associated with land degradation is essential to inform more
effective policymaking and land management practices.

In conclusion, accurate data plays a pivotal role in several key processes related to land
degradation, including monitoring and assessing land health, designing evidence-based
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policies, securing funding, and fostering collaboration among stakeholders. These
processes rely on the availability of high-quality, comprehensive datasets. Therefore, it is
crucial to prioritize data collection, the digital transformation of data systems, and
dedicated research efforts aimed at addressing land degradation through enhanced
research and innovation (R&l) initiatives.

Knowledge Gap 7

How do we support the farmers to make the turning point towards sustainable land
and soil management soil practices?

Farmers often use management practices like ploughing, believing they will increase
crop production. However, these practices can degrade soil and reduce yields in the long
run (Quinton et al. 2022). Although several farmers recognize the challenges they face,
they often lack the knowledge, means and/or motivation to adopt and implement
sustainable practices and make the turning point towards sustainable soil practices.
Tillage, common in crop production across 15.5 million km? of soil at a global scale, has
been shown to cause soil thinning, reduce yields, and increase erosion, especially on
sloping land (Quinton et al. 2022). Over time, mechanized farming accelerates this
erosion, further diminishing productivity. To counteract these effects, adopting non-tillage
practices is essential.

In addition, volatile agricultural markets can make it difficult for farmers to plan for the
future. Access to accurate market data can help farmers make better decisions and
improve profitability.

To support the transition to sustainable practices, farmers need better knowledge,
training, funding and access to tools, such as reliable business models, that demonstrate
the benefits of non-tillage, appropriate fertilization practices, and other sustainable
farming methods. Consumers, on the other hand, need information (such as those
recently developed for certified biodiversity-friendly practices: https:/www.oliva
resvivos.com/en/certification/) in order to compensate farmers and produce a better
market value to support such practices. By addressing both the knowledge gaps and
economic challenges, farmers can be empowered to adopt sustainable land
management, benefiting soil health in the long term.

Utilizing the Voluntary Carbon Market to Enhance Liquidity in the Agri-Food Value Chain

One compelling approach to enhancing liquidity in the agri-food value chain is through
the voluntary carbon market, which offers a financial incentive for farmers who adopt
regenerative farming practices and provide ecosystem services to society. By
sequestering carbon in soil and adopting nature-based solutions (NbS), farmers can
generate high-quality carbon credits that can be sold in the market (Stofferis et al. 2025).
As described in the Taskforce on Nature Markets (https://www.naturemarkets.net/), in
addition to carbon credits, other types of credits are emerging, such as biodiversity credits
and resilience credits. While carbon and resilience credits aim to bolster systems' ability
to cope with climate impacts, biodiversity credits are specifically designed to protect and
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enhance biodiversity. These credits can complement each other within broader
environmental and sustainability strategies. Resilience credits, in particular, monetize the
benefits of risk reduction. They present a promising solution by providing a financial
mechanism for investing in practices that enhance ecosystem resilience. The integration
of resilience credits with insurance models could significantly boost global investments in
NbS, offering a synergistic approach that combines financial risk management with
ecological sustainability (https:/www.nature.org/). Both resilience and nature-based
carbon credits can play a crucial role in supporting adaptive management strategies in
agriculture, helping farmers transition to sustainable practices while maintaining financial
stability (Stofferis et al. 2025). Biodiversity credits, on the other hand, focus on conserving
and restoring natural habitats, ensuring long-term ecological health. At this point in time,
the voluntary market for carbon credits remains the most liquid. This liquidity provides
farmers with an immediate financial return for their efforts in carbon sequestration,
making it an attractive option. However, as markets for resilience and biodiversity credits
develop, they too could offer substantial opportunities for farmers to gain financial
rewards for their contributions to environmental health (Stofferis et al. 2025). Overall,
leveraging these various credit systems can create a more sustainable and economically
viable agricultural sector. By aligning financial incentives with environmental
stewardship, we can ensure that farmers are rewarded for their role in enhancing
ecosystem services, contributing to greater resilience and biodiversity, and ultimately
supporting global sustainability goals.

Knowledge Gap 8

Limited mitigation Land Degradation strategies

There is a need for further research to optimize soil management practices, strategies
and techniques that can help mitigate and prevent Land Degradation (Vanino et al. 2023
). More emphasis should be placed on developing innovative and sustainable soil
management practices that are suitable for different regions, scales and cases (European
Commission 2020a, FAO 2015). In particular, there is a pressing demand for the
establishment of systematic and validated methodologies to select/develop practices that
will enhance our comprehension and facilitate the advancement and adoption of
appropriate Sustainable Land Management (SLM) practices to diverse conditions (Giger
etal. 2018, Gonzalez-Roglich et al. 2019, Liniger et al. 2019, Haregeweyn et al. 2023). In
this regard, Liniger et al. 2019), highlighted the "insufficient attention to monitoring" at the
field level and identified the "involvement of land users" in SLM and monitoring tasks as
ongoing challenges. Demonstrating both on- and off-site impacts, as well as assessing
both monetary and non-monetary "costs and benefits of SLM" are essential to provide
evidence for informed decision-making (Giger et al. 2018, Schwilch et al. 2014).
Moreover, dissemination and training activities for the farmers are essential to support the
application of sustainable soil management practices. More relevant studies are also
discussed in Section 3.1 (Knowledge Gap 1).


https://www.nature.org/en-us/what-we-do/our-insights/perspectives/insuring-nature-to-ensure-a-resilient-future/?utm_source=chatgpt.com
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Knowledge Gap 9

How do we educate and inform the population more effectively about the value of
natural resources, including soil?

Effective education and engagement of the public on the value of natural resources, such
as soil, is essential for achieving sustainable land management and environmental
conservation. A key aspect of fostering this awareness is promoting meaningful dialogue
between science, policy, and society. A notable example is the recent developments
within the European Union (EU) that have highlighted the growing momentum involving
citizens in biodiversity policy development. Initiatives like citizen science have been
leveraged to encourage public participation, allowing citizens to contribute to knowledge
production. At the EU level, online mechanisms have been employed to spread
information and promote public deliberation, although participation remains inconsistent
(Varumo et al. 2020). To strengthen this engagement, tools such as online science cafés
have been explored in the study of Varumo et al. 2020 , to facilitate dialogue between
scientific communities, policymakers, and the public. These platforms are particularly
valuable when addressing complex, multi-scalar challenges like soil degradation and
natural resource management. Findings from research on such dialogues stress the
importance of iterative communication processes that allow for continuous feedback and
engagement (Varumo et al. 2020) . This approach ensures that discussions are inclusive
and that a diverse range of voices is heard, ultimately helping to inform and influence

policy.

Moreover, to effectively address the environmental crisis, it is evident that neither
traditional methods of education nor business-as-usual approaches are sufficient (Wals
and Benavot 2017). Education for sustainability must be expansive and collaborative,
involving multiple sectors, actors, and levels of governance. Schools and educational
institutions must be integrated into their communities to influence not just students, but
also decision-makers in government and business. This broader approach is critical for
ensuring that long-term environmental concerns, such as soil health and natural resource
preservation, are incorporated into decisions at all levels (Wals and Benavot 2017).

In summary, educating and informing the population about the value of natural resources
like soil requires a shift toward more inclusive, participatory models of engagement. By
incorporating iterative dialogues, fostering collaboration across sectors, and ensuring
that sustainability education is embedded within communities, we can cultivate a more
informed and proactive society that supports policies for the protection and sustainable
use of natural resources.

Knowledge Gap 10

Is the concept of Land Degradation Neutrality enough to ensure healthy land and
soils in the future?

Land degradation remains a significant EU and global challenge, with far-reaching
implications for agricultural productivity, ecosystem services, biodiversity, and human
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well-being. As soil health continues to decline, effective strategies are essential to
address this pressing issue. One such strategy that has gained increasing attention is the
concept of Land Degradation Neutrality (LDN), which has gradually materialized into
concrete guidelines, thanks to the advice of the Science-Policy Interface of the UNCCD (
United Nations Convention to Combat Desertification 2017, Cowie et al. 2018, Chasek et
al. 2019). LDN promotes a balanced approach to land management, focusing on
maintaining or restoring land productivity by integrating both degradation prevention and
restoration efforts (Feng et al. 2022). By incorporating ecosystem services into land-use
planning, LDN aims to safeguard natural capital and ensure long-term sustainability
(Mikhailova et al. 2024). However, there is still a long way to go before LDN becomes an
effective instrument. The proposal involves developing a plan that integrates the various
sectoral plans already in place within each country, taking into account the National
Irrigation Plans, the Forestry Plans, the Water Management Plans, the Strategic Plan for
the Common Agricultural Policy, and several sectoral plans currently implemented at
different administrative levels. Moreover, it is crucial to evaluate whether the concept of
LDN alone is sufficient to ensure the health of land and soils in the future (Mikhailova et
al. 2024).

For example, LDN analysis should not only be accomplished in an overall approach but
also disaggregated by administrative units and LD type (e.g., agriculture) (Mikhailova et
al. 2024). An overall LDN at the country or region scale can falsely imply overall LDN
when there are ongoing LD increases in different types of LD (Mikhailova et al. 2024).

In addition, substantial challenges remain in translating LDN concepts into actionable
strategies that effectively reduce land degradation at local and regional scales. One key
challenge is the incorporation of LDN into land-use practices, particularly in regions with
fragmented land ownership and insecure land tenure systems (Feng etal. 2022).

In Eastern Europe and Central Asia, for example, land reforms in the 1990s aimed at
transitioning from centrally planned economies to market-driven systems (Sutton et al.
2016, FAO 2021). These reforms involved land restitution and distribution, resulting in a
shift from large collective farms to individual family farms. While many of these countries
have formalized land rights in registries, land fragmentation remains an issue in several
European countries, often hindering agricultural productivity and contributing to
unsustainable land management practices (Hartvigsen and Gorgan 2020). This
fragmentation and insecure land tenure, particularly for women and girls, further
exacerbate challenges related to land degradation (FAO 2021).

Furthermore, LDN must be integrated into broader land-use policies that consider both
environmental and socio-economic factors to effectively ensure healthy land and soil for
the future (Mikhailova et al. 2024). This integration could include estimates of the social
costs of GHG emissions based on the concept of avoided vs. realized social costs
(Mikhailova et al. 2024)

In conclusion, while the concept of Land Degradation Neutrality offers a promising
framework for addressing land degradation, it is not sufficient by itself to guarantee
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healthy land and soil. Achieving sustainable land management requires a multi-faceted
approach that includes addressing land tenure insecurity, land fragmentation, and
incorporating social and financial dimensions into land-use planning. Moreover,
continued research, data collection, systematic monitoring, and policy development are
necessary to close the knowledge gaps and improve the effectiveness of LDN in
combating land degradation globally.

3.3 Overview

The subsection 3.3 displays three tables and one list of Knowledge Gaps. More precisely,
Table 2 represents an overview of all identified Knowledge Gaps, Table 3 the Actions,
and Table 4 the Bottlenecks, which collectively form the foundational elements of the
Roadmap.

Table 2
Suppl. material 1
Table 3
Suppl. material 2
Table 4
Suppl. material 3

Lastly, a slightly more extensive description of the Knowledge Gaps, starting from
number 11 onwards, is provided in the following paragraphs. These gaps, while not
ranked among the top priorities, represent additional critical areas that require attention
and further exploration to address Land Degradation effectively.

. Current and future climate change interactions with Land Degradation in the
EU: Land Degradation and climate change are interconnected processes.
However, there is still limited understanding of the exact interactions and
feedback mechanisms between Land Degradation and climate change
(European Commission 2015, IPCC (Inter-Governmental Panel on Climate
Change) 2001Intergovernmental Panel on Climate Change 2019, Odebiri et al.
2023). An example of some related knowledge gaps can be found in the following
questions (Reed and Stringer 2016): Which variables play a crucial role in
monitoring the interactions and feedback loops between climate change and land
degradation? What role do climatic factors play in either mitigating or accelerating
land degradation, and how can emerging opportunities be harnessed to achieve
Land Degradation Neutrality (LDN) within the framework of a changing climate?
What is the impact of Land Degradation on Climate? Furthermore, there is a
strong focus on climate change on climate change impacts almost solely on
agricultural crops and food production, overlooking livestock, forest farming and
pests, as well as disregarding components of the food system and security
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(Farooq et al. 2022). As such, research is needed to assess the impacts of climate
change on LD, as well as the potential of degraded land to contribute to climate
change.

Current and future biodiversity loss interactions with Land Degradation in the
EU: Land Degradation and biodiversity loss are interlinked processes. Despite
this fact, there are several limitations in understanding the causal relationships
and feedback loops between biodiversity loss and land degradation. Examples of
relevant knowledge gaps can be found in the effects of climate adaptation options
on soil's role as a habitat and genetic reservoir. More precisely, according to the
study of Hamidov et al. 2018, among the 20 EU case studies that they examined
regarding the impacts of climate change adaption options on soil functions, solely
a few consider the impacts on soil biodiversity. The evident neglect of soil
biodiversity issues in the majority of case studies contradicts the growing
recognition of the crucial functional role of soil organisms in soil processes
(Cluzeau etal. 2012). This represents a significant knowledge gap that requires
attention in future research endeavors (Hamidov et al. 2018). Additionally, there is
a need for standardized, comprehensive approaches for measuring the
compaction, diversity, and function of soil biota (Saljnikov et al. 2022, Thiele-
Bruhn etal. 2020).

Absence of well-established and interlinked policies and legislations
concerning Land Degradation and its components: Lack of well-established
and/or Land Degradation-related policy frameworks leads to unclear guidelines
for soil management, resulting in a lack of standardisation in R&l methodologies (
European Environment Agency 2019, Guerra et al. 2016). While this can be
mainly seen as a bottleneck, it can also be characterised as a lack of knowledge
when interlinkages between drivers affect the process of establishing clear
policies. A relevant example refers to the study of Paleari 2017, where it was
noted that despite the existence of several policies to address and regulate some
soil threats, others, such as salinization, receive only limited consideration and
lack a comprehensive framework for soil protection.

Knowledge gaps on the quantification of off-site Land Degradation effects and
costs: The contemporary understanding of land degradation is marked by a
significant gap in knowledge, particularly concerning the quantification of off-site
effects and costs associated with Land Degradation (Boardman et al. 2019,
Saljnikov et al. 2022). This refers to the impacts that extend beyond the immediate
area of degradation and affect surrounding regions or ecosystems. The existing
knowledge deficit in this specific aspect underscores the need for up-to-date
research efforts to address and quantify these off-site effects and costs
comprehensively.

Insufficient knowledge for accessing funds related to Land Degradation and
soil projects and initiatives: Insufficient knowledge to navigate the administrative
procedures for accessing funds related to Land Degradation and soils (European
Commission 2021c, EU Soil Observatory 2019). Are Land Degradation related
funds and efforts sufficient to stop it?
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Land Degradation models’ limitations, uncertainties and capabilities: Despite
the existence of several models and methodologies to assess the Land
Degradation status or components, there is a limitation in understanding their
capabilities and uncertainties due to the lack of validation data and long-term
measurements (Hessel et al. 2014Saljnikov et al. 2022, Aouragh et al. 2023,
European Commission 2020a, Li etal. 2021, Pravalie et al. 2021, Xu et al. 2023).

Lack of sufficient understanding of urban soils in relation to Land Degradation:
As indicated in the Soil Mission Implementation Plan (European Commission
2019a), the scope of land/soil degradation knowledge predominantly revolves
around agricultural soils, with limited attention given to other land uses. It is
necessary to bridge this gap and enhance our capabilities for supporting and
rejuvenating land and soil health, both in urban and rural areas.

Difficulties in understanding the drivers of individual and collective decisions
associated with Land Degradation: Understanding the drivers behind individual
and collective decisions is crucial for addressing land degradation effectively.
Individual or collective decisions made by land users, such as farmers or
landowners, play a significant role in shaping land management practices
(Boardman and Evans 2019, European Commission 2019a, EU Soil Observatory
2019). Despite advancements in research, there are still difficulties in
understanding individuals' decisions as decision-making is dynamic (it evolves
over time in response to changing conditions), is represented by an inherent
diversity (decision-making heterogeneity) and there is a lack of data to capture the
behavioural factors (EJP Soil 2018).

Lack of understanding of subsurface processes related to Land Degradation:
The insufficient comprehension of subsurface processes associated with land//
soil degradation underscores a notable gap in current research and data
acquisition efforts. In comparison to topsoil, subsurface processes have not
received a proportionate level of scrutiny. This incompatibility is further
exacerbated by the fact that a predominant portion of existing Land Degradation
and soil datasets (e.g. Soil Organic Carbon), as well as research projects and
initiatives, predominantly concentrates on the topsoil layer (European
Commission 2019a).

How can we sufficiently control water resources to avoid provoking issues in
soils? How could the water directive be adjusted?

Water and land degradation are interconnected, with one often exacerbating the
other. For example, deforestation can lead to increased soil erosion, which in turn
reduces water infiltration and increases runoff, further accelerating land
degradation (Borrelli et al. 2020). Water plays a significant role in land
degradation, both as a cause and a consequence, as highlighted by the following
key insights:

Water as a cause of land degradation:

Erosion: Water erosion is a major contributor to land degradation, particularly in
areas with heavy rainfall, steep slopes, or poor vegetation cover. The force of
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moving water dislodges and carries away soil particles, leading to the loss of
fertile topsoil and the formation of gullies and ravines (Garcia-Ruiz et al. 2015).

Salinization: In arid and semi-arid regions, excessive irrigation can lead to the
buildup of salts in the soil, making it unsuitable for plant growth. This process,
known as salinization, is exacerbated by poor drainage and the use of saline
water for irrigation (Mohanavelu etal. 2021).

Waterlogging: Over-irrigation or poor drainage can lead to waterlogging, where
the soil becomes saturated with water, depriving plant roots of oxygen and
causing their death (Ritzema et al. 2008).

Flooding: Floods can cause significant land degradation by eroding soil,
depositing sediments, and damaging infrastructure (IPCC 2021).

Water as a consequence of land degradation:

Reduced water availability: Land degradation reduces the soil's ability to absorb
and retain water, leading to decreased water availability for plants and humans
(Lal 2015).

Increased runoff: Degraded land is less able to absorb rainfall, leading to
increased runoff and a higher risk of floods (Montanarella et al. 2016).

Contamination of water resources: Land degradation can contaminate water
resources with sediments, nutrients, and pesticides, harming aquatic ecosystems
and human health (United Nations Convention to Combat Desertification 2022).

Despite the evident interlinkages between the two natural resources, current
regulatory frameworks and policies often fail to address this nexus to bridge soil
and water resources management, perpetuating fragmented governance. An
example is how disjointed policies fail to address feedback loops like salinization
from poor irrigation practices.

How to ensure land restoration is an integral part of social structures and
actions at all scales? Engaging local communities and tapping into their
traditional knowledge and innovations plays a vital role in achieving effective
conservation endeavors (Economics of Land Degradation 2016). This princliple
aligns with the Aichi Biodiversity Target 8, which underscores the importance of
respecting and leveraging traditional knowledge, innovations, and practices of
indigeneous people while involving local communities in conservation efforts
(Convention of Biological Diversity (CBD) 2014). Their active participation not
only ensures that they benefit from and are rewarded for their conservation efforts
but also contributes to addressing land degradation. However, the limited
capacity of local communities to address technical aspects of natural resource
management poses a significant constraint that undermines SLM (Economics of
Land Degradation 2016). More specifically, a challenge arises when attempting to
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integrate land restoration into social structures that drive social actions,
particularly in the context of indigenous knowledge (Santini and Miquelajauregui
2022). In this light, despite the existence of studies exploring the benefits of
indigenous knowledge in enhancing land restoration, involving local communities
in restoration activities does not consistently result in successful ecosystem
restoration or benefits for those communities (Tellez et al. 2019). Moreover, the
social aspects related to land restoration are not thoroughly explored and there is
not sufficient participation from local rural communities (Reyes-Garcia et al. 2018,
Van Noordwijk et al. 2020, Wehi and Lord 2017). There is still much work to be
done in identifying the factors that contribute to successful restoration efforts that
also bring advantages to local communities.

How to build commons-based land governance systems? Contemplating land-
based commons allows us to delve into the intricate dynamics of how individuals,
communities, and humanity navigate interconnected natural and social
environments (Giraud et al. 2016). From there, we can assess which
organizational levels hold the greatest significance in understanding the
interaction among customary, informal, and formal rules and practices. By
incorporating these insights, we can craft adaptive approaches to natural
resources management and delve into how territorial development strategies and
organizational structures might impact the future of highly coveted land, such as
arable and irrigable areas, as well as vulnerable territories like grazing and
wildlife zones, forests, mountain tops, sacred sites, lakes and rivers - areas often
targeted for land grabbing (International Land Coalition 2016). However, there
are still existing challenges in establishing transparent and effective land
governance systems (Giraud etal. 2016).

How do we shift from the current trend of intensification of agricultural
production and overexploitation to land conservation? More precisely, during
the last decades, the EU has placed increasing demands on essential resources
like food and fiber, necessitating a substantial boost in agricultural production.
Modern agricultural technologies, such as machinery, fertilizers, and advanced
irrigation, are crucial to meet this demand. However, large-scale construction and
environmental challenges like climate change also stress European resources,
particularly agricultural land (F.A.O. 2015). Soil, a non-renewable resource
formed over millennia, is central to food, energy, and water security, as it supports
over 95% of global food production (Saljnikov et al. 2022). Yet, the pursuit of
higher agricultural output through technology can accelerate soil degradation to a
critical point where further advancements can't compensate for inherent soil
limitations (Saljnikov et al. 2022).

How can we support a land workers-led research on Land Degradation and
how can we integrate the outputs of such endeavors? Citizen science is an
untapped resource for European soil and land research. In this light, the recent
years the EU has been investing in a cornucopia of actions and projects to
engage citizens in soil science and support them to preserve soil health (Panagos
et al. 2024). Such actions and projects refer to but are not limited to the Soil
funDamentals project, the UKSO Soil Observatory, the Grow observatory, the
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ECHO project, the Soil Plastics monitoring application, and the Heavy Metal City
Zen project. Despite the significance and achievements of these efforts, there is a
need to better communicate soil science to the plausible citizen scientists and a
need to integrate the outputs of these projects (Wadoux and McBratney 2023).
How can we overcome the challenges in the land regulatory framework
introduced by land ownerships? As land is not a common good.

Lack of an early warning system related to soil degradation dynamics, e.g. in
case of a landslide (Dang et al. 2025, Yarahmadi et al. 2024).

Lack of knowledge on how to address the EU's competitiveness challenges in
the global market. These challenges include, but are not limited to, knowledge
gaps in closing the European innovation gap—particularly in advancing the
technology sector—and bridging the EU’s financial shortfalls, as described in the
Draghi report (European Commission 2024).

Lack of understanding Nature Based Solutions: Not well studied yet (Dunlop et
al. 2024).

Is it possible to identify sets of adaptation options that complement each
other, mitigating trade-offs and fostering mutually beneficial outcomes for
both climate change and land degradation (Reed and Stringer 2016)?

At what spatial scale do Land Degradation vulnerability maps offer the most
valuable insights to decision-makers while maintaining a rich level of
information and detail (Reed and Stringer 2016)?

What resources are required for studying Land Degradation , and how do the
monitoring (action) costs compare with the costs of not monitoring (inaction)
across short, medium, and long time frames (Reed and Stringer 2016)?

How do we pinpoint the thresholds, both in terms of time and space, at which
Land Degradation adaptive practices and technologies may turn
counterproductive, warranting discouragement of their widespread adoption
(Reed and Stringer 2016)?

What is the optimal resolution and frequency of monitoring to provide
decision-makers with crucial information on key variables associated with
climate change and land degradation (Reed and Stringer 2016)?

How can we harmonize findings from monitoring both slow and fast Land
Degradation-related variables (Reed and Stringer 2016)?

Acknowledgements

The Think Tank leaders would like to thank Jodo Madeira, Saskia Keesstra, Guusje
Koorneef, Robin Simpson, David S. Powlson, and Gondi Ferenc for sharing their
valuable insights on land degradation, based on the initial version of our Scoping
Document, during the SOLO project's physical meeting in Barcelona, Spain, from
December 5-7, 2023. We would also like to express our gratitude to all the stakeholders
who contributed their perspectives during various dissemination activities, as well as to
all participants who helped shape the document during the second SOLO physical
meeting in Sofia, Bulgaria, in November 2024.



Outlook on the knowledge gaps to reduce land degradation in Europe 31

References

. Akbari M, Ownegh M, Asgari HR, Sadoddin A, Khosravi H (2016) Desertification risk
assessment and management program. Global J. Environ. Sci. Manage. https://doi.org/
10.22034/gjesm.2016.02.04.006

. Akhtar-Schuster M, Stringer L, Erlewein A, Metternicht G, Minelli S, Safriel U, Sommer S
(2017) Unpacking the concept of land degradation neutrality and addressing its operation
through the Rio Conventions. Journal of Environmental Management 195: 4-15. https://
doi.org/10.1016/j.jenvman.2016.09.044

. Albrechts L, et al. (2016) Strategic Planning as Governance of Long-Lasting
Transformative Practices. Human Smart Cities3-20. https://doi.org/
10.1007/978-3-319-33024-2_1

. Almagro M, de Vente J, Boix-Fayos C, Garcia-Franco N, Melgares de Aguilar J,
Gonzaélez D, Solé-Benet A, Martinez-Mena M (2013) Sustainable land management
practices as providers of several ecosystem services under rainfed Mediterranean
agroecosystems. Mitigation and Adaptation Strategies for Global Change https://doi.org/
10.1007/s11027-013-9535-2

. Amin MN, Hossain MS, Lobry de Bruyn L, Wilson B (2020) A systematic review of soil
carbon management in Australia and the need for a social-ecological systems framework.
Science of The Total Environment 719 https://doi.org/10.1016/j.scitotenv.2019.135182

. Aouragh MH, ljlil S, Essahlaoui N, Essahlaoui A, El Hmaidi A, El Ouali A, Mridekh A
(2023) Remote sensing and GIS-based machine learning models for spatial gully erosion
prediction: A case study of Rdat watershed in Sebou basin, Morocco. Remote Sensing
Applications: Society and Environment 30 https://doi.org/10.1016/j.rsase.2023.100939

. Assennato F, Di Leginio M, D'Antona M, Marinosci |, Congedo L, Riitano N, Luise A,
Munafo M (2020) Land degradation assessment for sustainable soil management. Italian
Journal of Agronomy 15 (4): 299-305. https://doi.org/10.4081/ija.2020.1770

. Ayalew D, Deumlich D, Sarapatka B, Doktor D (2020) Quantifying the Sensitivity of
NDVI-Based C Factor Estimation and Potential Soil Erosion Prediction using
Spaceborne Earth Observation Data. Remote Sensing 12 (7). https://doi.org/10.3390/
rs12071136

. Bardo L, Alaoui A, Ferreira C, Basch G, Schwilch G, Geissen V, Sukkel W, Lemesle J,
Garcia-Orenes F, Morugan-Coronado A, Mataix-Solera J, Kosmas C, Glavan M, Pintar M,
Toth B, Hermann T, Vizitiu OP, Lipiec J, Reintam E, Xu M, Di J, Fan H, Wang F (2019)
Assessment of promising agricultural management practices. Science of The Total
Environment 649: 610-619. https://doi.org/10.1016/j.scitotenv.2018.08.257

. Barbier E, Hochard J (2018) Land degradation and poverty. Nature Sustainability 1 (11):
623-631. https://doi.org/10.1038/s41893-018-0155-4

. Bardgett R, Bullock J, Lavorel S, Manning P, Schaffner U, Ostle N, Chomel M, Durigan G,
L. Fry E, Johnson D, Lavallee J, Le Provost G, Luo S, Png K, Sankaran M, Hou X, Zhou
H, Ma L, RenW, Li X, Ding Y, Li Y, Shi H (2021) Combatting global grassland degradation.
Nature Reviews Earth & Environment 2 (10): 720-735. https://doi.org/10.1038/
s43017-021-00207-2

. Blaikie P, Brookfield H (2015) Land Degradation and Society. Routledge https://doi.org/
10.4324/9781315685366



https://doi.org/10.22034/gjesm.2016.02.04.006
https://doi.org/10.22034/gjesm.2016.02.04.006
https://doi.org/10.1016/j.jenvman.2016.09.044
https://doi.org/10.1016/j.jenvman.2016.09.044
https://doi.org/10.1007/978-3-319-33024-2_1
https://doi.org/10.1007/978-3-319-33024-2_1
https://doi.org/10.1007/s11027-013-9535-2
https://doi.org/10.1007/s11027-013-9535-2
https://doi.org/10.1016/j.scitotenv.2019.135182
https://doi.org/10.1016/j.rsase.2023.100939
https://doi.org/10.4081/ija.2020.1770
https://doi.org/10.3390/rs12071136
https://doi.org/10.3390/rs12071136
https://doi.org/10.1016/j.scitotenv.2018.08.257
https://doi.org/10.1038/s41893-018-0155-4
https://doi.org/10.1038/s43017-021-00207-2
https://doi.org/10.1038/s43017-021-00207-2
https://doi.org/10.4324/9781315685366
https://doi.org/10.4324/9781315685366

32

Zoka M et al

Boardman J, Evans R (2019) The measurement, estimation and monitoring of soil erosion
by runoff at the field scale: Challenges and possibilities with particular reference to
Britain. Progress in Physical Geography: Earth and Environment 44 (1): 31-49. https:/
doi.org/10.1177/0309133319861833

Boardman J, Vandaele K, Evans R, Foster ID (2019) Off-site impacts of soil erosion and
runoff: why connectivity is more important than erosion rates. Soil Use Manage 35 (2).
Borrelli P, Robinson D, Panagos P, Lugato E, Yang J, Alewell C, Wuepper D,
Montanarella L, Ballabio C (2020) Land use and climate change impacts on global soil
erosion by water (2015-2070). Proceedings of the National Academy of Sciences 117
(36): 21994-22001. https://doi.org/10.1073/pnas.2001403117

Briassoulis H (2019) Combating Land Degradation and Desertification: The Land-Use
Planning Quandary. Land 8 (2). https://doi.org/10.3390/1and8020027

Brooks TM, Mittermeier RA, da Fonseca GAB, Gerlach J, Hoffmann M, Lamoreux JF,
Mittermeier CG, Pilgrim JD, Rodrigues ASL (2006) Global Biodiversity Conservation
Priorities. Science 313 (5783): 58-61. https://doi.org/10.1126/science.1127609

Cardinale B, Duffy JE, Gonzalez A, Hooper D, Perrings C, Venail P, Narwani A, Mace G,
Tilman D, Wardle D, Kinzig A, Daily G, Loreau M, Grace J, Larigauderie A, Srivastava D,
Naeem S (2012) Biodiversity loss and its impact on humanity. Nature 486 (7401): 59-67.
https://doi.org/10.1038/nature 11148

Chasek P, Akhtar-Schuster M, Orr BJ, Luise A, Rakoto Ratsimba H, Safriel U (2019) Land
degradation neutrality: The science-policy interface from the UNCCD to national
implementation. Environmental Science & Policy 92: 182-190. https://doi.org/10.1016/
j.envsci.2018.11.017

Cherlet M, Hutchinson C, Reynols J, Hill J, Sommer S, Von Maltitz G (2018) World Atlas
of desertification: Rethinking land degradation and sustainable land management.
Publications Office https://doi.org/10.2760/9205

Chowdhury S, von Post M, Vallejo RR, Mora KN, Hultman J, Pennanen T, Lindroos A,
Helming K (2024) Drivers of soil health across European Union — Data from the literature
review. Data in Brief 57 https://doi.org/10.1016/j.dib.2024.111064

ClientEarth (2022) EU Soil Law. URL: https://www.clientearth.org/media/uoenhrtn/eu-soil-
health-law_legal-principles underpinning-the-framework.pdf

Cluzeau D, Guernion M, Chaussod R, Martin-Laurent F, Villenave C, Cortet J, Ruiz-
Camacho N, Pernin C, Mateille T, Philippot L, Bellido A, Rougé L, Arrouays D, Bispo A,
Pérés G (2012) Integration of biodiversity in soil quality monitoring: Baselines for
microbial and soil fauna parameters for different land-use types. European Journal of Soil
Biology 49: 63-72. https://doi.org/10.1016/j.ejsobi.2011.11.003

Convention of Biological Diversity (CBD) (2014) Global biodiversity outlook 4. Montréal
Cowie A, Orr B, Castillo Sanchez V, Chasek P, Crossman N, Erlewein A, Louwagie G,
Maron M, Metternicht G, Minelli S, Tengberg A, Walter S, Welton S (2018) Land in
balance: The scientific conceptual framework for Land Degradation Neutrality.
Environmental Science & Policy 79: 25-35. https://doi.org/10.1016/j.envsci.2017.10.011
Cowie AL, Waters CM, Garland F, Orgill SE, Baumber A, Cross R, O’Connell D,
Metternicht G (2019) Assessing resilience to underpin implementation of Land
Degradation Neutrality: A case study in the rangelands of western New South Wales,
Australia. Environmental Science & Policy 100: 37-46. https://doi.org/10.1016/j.envsci.
2019.06.002



https://doi.org/10.1177/0309133319861833
https://doi.org/10.1177/0309133319861833
https://doi.org/10.1073/pnas.2001403117
https://doi.org/10.3390/land8020027
https://doi.org/10.1126/science.1127609
https://doi.org/10.1038/nature11148
https://doi.org/10.1016/j.envsci.2018.11.017
https://doi.org/10.1016/j.envsci.2018.11.017
https://doi.org/10.2760/9205
https://doi.org/10.1016/j.dib.2024.111064
http://https://www.clientearth.org/media/uoenhrtn/eu-soil-health-law_legal-principles%20underpinning-the-framework.pdf
http://https://www.clientearth.org/media/uoenhrtn/eu-soil-health-law_legal-principles%20underpinning-the-framework.pdf
https://doi.org/10.1016/j.ejsobi.2011.11.003
https://doi.org/10.1016/j.envsci.2017.10.011
https://doi.org/10.1016/j.envsci.2019.06.002
https://doi.org/10.1016/j.envsci.2019.06.002

Outlook on the knowledge gaps to reduce land degradation in Europe 33

Dahal A, Tanyas H, Westen C, Meijde M, Mai PM, Huser R, Lombardo L (2024) Space-
time landslide hazard modeling via Ensemble Neural Networks. Nat. Hazards Earth Syst.
Sci 24: 823-845,. https://doi.org/10.5194/nhess-24-823-2024

Daliakopoulos IN, Tsanis IK, Koutroulis A, Kourgialas NN, Varouchakis AE, Karatzas GP,
Ritsema CJ (2016) The threat of soil salinity: A European scale review. Science of The
Total Environment 573: 727-739. https://doi.org/10.1016/j.scitotenv.2016.08.177

Dang T, Danh LVQ, Le H, Nguyen C (2025) Early warning system for riverbank soil
landslides and infrastructure protection. Environmental Research Communications 7 (3).
https://doi.org/10.1088/2515-7620/adb940

de Groot R, Moolenaar S, de Vente J, De Leijster V, Ramos ME, Robles AB,
Schoonhoven Y, Verweij P (2022) Framework for integrated Ecosystem Services
assessment of the costs and benefits of large scale landscape restoration illustrated with
a case study in Mediterranean Spain. Ecosystem Services 53 https://doi.org/10.1016/
j.ecoser.2021.101383

de Oliveira M, dos Santos CC, de Oliveira G, Silva M, da Silva B, Cunha JdB, Ruhoff A,
Santos CG (2022) Remote sensing-based assessment of land degradation and drought
impacts over terrestrial ecosystems in Northeastern Brazil. Science of The Total
Environment 835 https://doi.org/10.1016/j.scitotenv.2022.155490

Douglas MG (1994) Sustainable Use of Agricultural Soils. A Review of the Prerequisites
for Success or Failure. Development and Environment Reports (11).

Dubovyk O (2017) The role of Remote Sensing in land degradation assessments:
opportunities and challenges. European Journal of Remote Sensing 50 (1): 601-613.
https://doi.org/10.1080/22797254.2017.1378926

Dunlop T, Khojasteh D, Cohen-Shacham E (2024) The evolution and future of research on
Nature-based Solutions to address societal challenges. Commun Earth Environ 5: 132.
https://doi.org/10.1038/s43247-024-01308-8

Economics of Land Degradation (2016) Economics of Land Degradation and Improvement
— A Global Assessment for Sustainable Development. Springer https://doi.org/
10.1007/978-3-319-19168-3

EJP Soil (2018) Roadmap for the European Joint Program SOIL: Towards Climate-smart
Sustainable Management of Agricultural Soils. https://dca.au.dk/fileadmin/user_upload/
EJP_SOIL _roadmap_final-23-01.pdf

European Comission, European Environment Agency, et al. (2024) The state of soils in
Europe : fully evidenced, spatially organised assessment of the pressures driving soil
degradation. Publications Office of the European Union https://doi.org/10.2760/7007291
European Commision (2020) Soil Mission support: Towards a European research and
Innovation roadmap on soils and land management. EU https://doi.org/10.3030/101000258
European Commission (2006a) Thematic Strategy for Soil Protection. URL: https://
eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2006:0231:FIN:EN:PDF

European Commission (2006b) Proposal for a DIRECTIVE OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL establishing a framework for the protection of soil
and amending Directive 2004/35/EC. URL: https://eur-lex.europa.eu/legal content/EN/
TXT/PDF/?uri=CELEX:52006P C0232&from=EN/

European Commission (2015) World Atlas of Desertification. Mapping land degradation
and sustainable land management opportunities. Introductory brochure. URL: Cherlet, M.
2015 (eds). World Atlas of Desertification. Third edition. Mapping land degradation and
sustainable land management opportunities. Introductory brochure.



https://doi.org/10.5194/nhess-24-823-2024
https://doi.org/10.1016/j.scitotenv.2016.08.177
https://doi.org/10.1088/2515-7620/adb940
https://doi.org/10.1016/j.ecoser.2021.101383
https://doi.org/10.1016/j.ecoser.2021.101383
https://doi.org/10.1016/j.scitotenv.2022.155490
https://doi.org/10.1080/22797254.2017.1378926
https://doi.org/10.1038/s43247-024-01308-8
https://doi.org/10.1007/978-3-319-19168-3
https://doi.org/10.1007/978-3-319-19168-3
https://dca.au.dk/fileadmin/user_upload/EJP_SOIL_roadmap_final-23-01.pdf
https://dca.au.dk/fileadmin/user_upload/EJP_SOIL_roadmap_final-23-01.pdf
https://doi.org/10.2760/7007291
https://doi.org/10.3030/101000258
https://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2006:0231:FIN:EN:PDF
https://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2006:0231:FIN:EN:PDF
http://https://eur-lex.europa.eu/legal%20content/EN/TXT/PDF/?uri=CELEX:52006PC0232&from=EN/
http://https://eur-lex.europa.eu/legal%20content/EN/TXT/PDF/?uri=CELEX:52006PC0232&from=EN/
http://Cherlet,%20M.,%202015%20(eds).%20World%20Atlas%20of%20Desertification.%20Third%20edition.%20Mapping%20land%20degradation%20and%20sustainable%20land%20management%20opportunities.%20Introductory%20brochure.
http://Cherlet,%20M.,%202015%20(eds).%20World%20Atlas%20of%20Desertification.%20Third%20edition.%20Mapping%20land%20degradation%20and%20sustainable%20land%20management%20opportunities.%20Introductory%20brochure.
http://Cherlet,%20M.,%202015%20(eds).%20World%20Atlas%20of%20Desertification.%20Third%20edition.%20Mapping%20land%20degradation%20and%20sustainable%20land%20management%20opportunities.%20Introductory%20brochure.

34

Zoka M et al

European Commission (2019a) A Soil Deal for Europe 100 living labs and lighthouses to
lead the transition towards healthy soils by 2030. Implementation Plan. URL: https://
research-and-innovation.ec.europa.eu/

European Commission (2019b) The European Green Deal. URL: https://eur-
lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2019%3A640%3AFIN

European Commission (2020a) EIP-AGRI Focus Group Soil salinisation. URL: https://
ec.europa.eu/eip/agriculture/sites/default/files/eip-agri_fg_soil_salinisation

final_report 2020 en.pdf

European Commission (2020b) EU Biodiversity Strategy for 2030 Bringing nature back
into our lives. URL: https://eur-lex.europa.eu/legal-content/EN/TXT/?
Qid=1590574123338&uri=CELE X:52020DC0380

European Commission (2020c) Farm to Fork Strategy. URL: https://food.ec.europa.eu/
system/files/2020-05/f2f action-plan_2020_strategy-info_en.pdf

European Commission (2021a) Pathway to a Healthy Planet for All EU Action Plan:
"Towards Zero Pollution for Air, Water and Soil'. URL: https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX%3A52021DC0400&qid=1623311742827

European Commission (2021b) The new EU Strategy on Adaptation to Climate Change.
URL: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2021:82:FIN

European Commission (2021c) New EU Forest Strategy for 2030. URL: https://eur-
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52021DC0572

European Commission (2022) Soil Strategy for 2030 — Reaping the benefits of healthy
soils for people, food, nature and climate. URL: https://eur-lex.europa.eu/legal-content/EN/
TXT/PDF/?uri=CELEX:52021AE5627

European Commission (2024) The Draghi report: A competitiveness strategy for Europe.
URL: https://commission.europa.eu/document/download/97e481fd-2dc3-412d-bedc-
15228232961 _en?filename=The%20future%200f%20E uropean%20
competitiveness %20 %20A%20competitiveness%20strategy %20for%20E urope.pdf
European Environment Agency (2019) Land degradation knowledge base: policy,
concepts and data. URL: https://www.eionet.europa.eu/etcs/etc-uls/products/etc-uls-
reports/etc-uls-report-2019-1-land degradation-knowledge-base-policy-concepts-and-
data

EU Soil Observatory (2019) Citizen engagement and soil literacy. URL: https://joint-
research-centre.ec.europa.eu/eu-soil-observatory-euso/eu-soil-observatory-citizen-
engagement-and-soil-literacy _en

F.A.O. (2015) Combating land degradation for food security and provision of soil
ecosystem services in Europe and Central Asia. International Year of Soils URL: https://
www.fao.org/3/mo297e/mo297e.pdf

FAO (1976) A Framework for Land Evaluation. FAO Soils Bulletin.

FAO (1999) Role of livestock in the provision of food security. In: Andrews GR&R (Ed.)
Poverty alleviation and food security in Asia Land degradation. https://doi.org/10.13140/
RG.2.1.4279.5361

FAO (2015) Status of the World’s Soil Resources Main Report. URL: https://www.fao.org/
3/i5199¢/i5199e.pdf

FAO (2019) World fertilizer trends and outlook to 2022. URL: https://openknowledge.
fao.org/server/api/core/bitstreams/42d5a668-f44c-4976-8540-8efdb0f4d 17b/content



https://research-and-innovation.ec.europa.eu/
https://research-and-innovation.ec.europa.eu/
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2019%3A640%3AFIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2019%3A640%3AFIN
https://ec.europa.eu/eip/agriculture/sites/default/files/eip-agri_fg_soil_salinisation_final_report_2020_en.pdf
https://ec.europa.eu/eip/agriculture/sites/default/files/eip-agri_fg_soil_salinisation_final_report_2020_en.pdf
https://ec.europa.eu/eip/agriculture/sites/default/files/eip-agri_fg_soil_salinisation_final_report_2020_en.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=159%200574123338&uri=CELEX:52020DC0380
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=159%200574123338&uri=CELEX:52020DC0380
https://food.ec.europa.eu/system/files/2020-05/f2f_action-plan_2020_strategy-info_en.pdf
https://food.ec.europa.eu/system/files/2020-05/f2f_action-plan_2020_strategy-info_en.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52021DC0400&qid=1623311742827
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52021DC0400&qid=1623311742827
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2021:82:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52021DC0572
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52021DC0572
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52021AE5627
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52021AE5627
https://commission.europa.eu/document/download/97e481fd-2dc3-412d-be4c-f152a8232961_en?filename=The%20future%20of%20European%20competitiveness%20_%20A%20competitiveness%20strategy%20for%20Europe.pdf
https://commission.europa.eu/document/download/97e481fd-2dc3-412d-be4c-f152a8232961_en?filename=The%20future%20of%20European%20competitiveness%20_%20A%20competitiveness%20strategy%20for%20Europe.pdf
https://commission.europa.eu/document/download/97e481fd-2dc3-412d-be4c-f152a8232961_en?filename=The%20future%20of%20European%20competitiveness%20_%20A%20competitiveness%20strategy%20for%20Europe.pdf
http://https://www.eionet.europa.eu/etcs/etc-uls/products/etc-uls-reports/etc-uls-report-2019-1-land%20degradation-knowledge-base-policy-concepts-and-data
http://https://www.eionet.europa.eu/etcs/etc-uls/products/etc-uls-reports/etc-uls-report-2019-1-land%20degradation-knowledge-base-policy-concepts-and-data
http://https://www.eionet.europa.eu/etcs/etc-uls/products/etc-uls-reports/etc-uls-report-2019-1-land%20degradation-knowledge-base-policy-concepts-and-data
https://joint-research-centre.ec.europa.eu/eu-soil-observatory-euso/eu-soil-observatory-citizen-engagement-and-soil-literacy_en
https://joint-research-centre.ec.europa.eu/eu-soil-observatory-euso/eu-soil-observatory-citizen-engagement-and-soil-literacy_en
https://joint-research-centre.ec.europa.eu/eu-soil-observatory-euso/eu-soil-observatory-citizen-engagement-and-soil-literacy_en
https://www.fao.org/3/mo297e/mo297e.pdf
https://www.fao.org/3/mo297e/mo297e.pdf
https://doi.org/10.13140/RG.2.1.4279.5361
https://doi.org/10.13140/RG.2.1.4279.5361
https://www.fao.org/3/i5199e/i5199e.pdf
https://www.fao.org/3/i5199e/i5199e.pdf
https://openknowledge.fao.org/server/api/core/bitstreams/42d5a668-f44c-4976-8540-8efdb0f4d17b/content
https://openknowledge.fao.org/server/api/core/bitstreams/42d5a668-f44c-4976-8540-8efdb0f4d17b/content

Outlook on the knowledge gaps to reduce land degradation in Europe 35

FAO (2021) Europe and Central Asia — Regional Overview of Food Security and Nutrition
2021: Statistics and trends. URL: https://openknowledge.fao.org/server/api/core/
bitstreams/0c93776-0568-4843-a448-7e9fce0320f7/content

FAQO - ITPS (2020) Protocol for the assessment of Sustainable Soil Management. URL:
https://www.fao.org/fileadmin/user_upload/GSP/SSM/SSM_Protocol_EN_006.pdf
Farooq MS, Uzair M, Raza A, Habib M, Xu Y, Yousuf M, Yang SH, Khan MR (2022)
Uncovering the research gaps to alleviate the negative impacts of climate change on food
security: a review. Frontiers in Plant Science 13 https://doi.org/10.3389/fpls.2022.927535
Farrell H, Léger A, Breed M, Gornish E (2020) Restoration, soil organisms, and soil
processes: emerging approaches. Restoration Ecology 28 https://doi.org/10.1111/rec.
13237

Feng S, Zhao W, Zhan T, Yan Y, Pereira P (2022) Land degradation neutrality: A review of
progress and perspectives. Ecological Indicators 144 https://doi.org/10.1016/j.ecolind.
2022.109530

Ferreira CS, Seifollahi-Aghmiuni S, Destouni G, Ghajarnia N, Kalantari Z (2022) Soil
degradation in the European Mediterranean region: Processes, status and consequences.
Science of The Total Environment 805 https://doi.org/10.1016/j.scitotenv.2021.150106
FiSarova L, Berchova K, Luka¢ M, Beesley L, Vosatka M, Hausenblas M, Trakal L (2024)
Microgranular biochar improves soil fertility and mycorrhization in crop systems. Soil
Use and Management 40 (2). https://doi.org/10.1111/sum.13068

Garcia-Ruiz J, Begueria S, Nadal-Romero E, Gonzalez-Hidalgo J, Lana-Renault N,
Sanjuan Y (2015) A meta-analysis of soil erosion rates across the world. Geomorphology
239: 160-173. https://doi.org/10.1016/j.geomorph.2015.03.008

Gholizadeh A, Saberioon M, Boruvka L, Ben-Dor E (2018) Monitoring of selected soil
contaminants using proximal and remote sensing techniques: Background, state-of-the-
art and future perspectives. Critical Reviews in Environmental Science and Technology
48 (3): 243-278. https://doi.org/10.1080/10643389.2018.1447717

Gianoli F, Weynants M, Michael C (2023) Land degradation in the European Union-Where
does the evidence converge? Land Degradation & Development (Print 34 (8): 2256-2275.
https://doi.org/10.1002/Idr.4606

Giger M, Liniger H, Sauter C (2018) Schwilch Economic benefits and costs of sustainable
land management technologies: an analysis of WOCAT’s global data Land Degrad. Dev
29 (4): 962-974.

Giraud G, Isaac FM, Bovari E, Zatsepina E (2016) Coping With The Collapse: A Stock-
Flow Consistent, Monetary Macro-dynamics of Global Warming. AIEE Energy
Symposium.

Giuliani G, Mazzetti P, Santoro M, Nativi S, Van Bemmelen J, Colangeli G, Lehmann A
(2020) Knowledge generation using satellite earth observations to support sustainable
development goals (SDG): A use case on Land degradation. International Journal of
Applied Earth Observation and Geoinformation 88 https://doi.org/10.1016/j.jag.
2020.102068

Gomiero T (2016) Soil Degradation, Land Scarcity and Food Security: Reviewing a
Complex Challenge. Sustainability 8 (3). https://doi.org/10.3390/su8030281
Gonzalez-Roglich M, Zvoleff A, Noon M, Liniger H, Fleiner R, Harari N (2019) Garcia
Synergizing global tools to monitor progress towards land degradation neutrality: trends.
Earth and the world overview of conservation approaches and technologies sustainable



https://openknowledge.fao.org/server/api/core/bitstreams/0c937f76-0568-4843-a448-7e9fce0320f7/content
https://openknowledge.fao.org/server/api/core/bitstreams/0c937f76-0568-4843-a448-7e9fce0320f7/content
https://www.fao.org/fileadmin/user_upload/GSP/SSM/SSM_Protocol_EN_006.pdf
https://doi.org/10.3389/fpls.2022.927535
https://doi.org/10.1111/rec.13237
https://doi.org/10.1111/rec.13237
https://doi.org/10.1016/j.ecolind.2022.109530
https://doi.org/10.1016/j.ecolind.2022.109530
https://doi.org/10.1016/j.scitotenv.2021.150106
https://doi.org/10.1111/sum.13068
https://doi.org/10.1016/j.geomorph.2015.03.008
https://doi.org/10.1080/10643389.2018.1447717
https://doi.org/10.1002/ldr.4606
https://doi.org/10.1016/j.jag.2020.102068
https://doi.org/10.1016/j.jag.2020.102068
https://doi.org/10.3390/su8030281

36

Zoka M et al

land management database Environ. Sci. Policy 93: 34-42. https://doi.org/10.1016/
j.envsci.2018.12.019

Gorji T, Yildirim A, Sertel E, Tanik A (2019) Remote sensing approaches and mapping
methods for monitoring soil salinity under different climate regimes. International Journal
of Environment and Geoinformatics 6 (1): 33-49. https://doi.org/10.30897/ijege0.500452
Green K, Crawford B, Williamson K, DeWan A (2019) A Meta-Analysis of Social
Marketing Campaigns to Improve Global Conservation Outcomes. Social Marketing
Quarterly 25 (1): 69-87. https://doi.org/10.1177/15245004 18824258

Guerra C, Maes J, Geijzendorffer I, Metzger M (2016) An assessment of soil erosion
prevention by vegetation in Mediterranean Europe: Current trends of ecosystem service
provision. Ecological Indicators 60: 213-222. https://doi.org/10.1016/j.ecolind.2015.06.043
Guerra C, Berdugo M, Eldridge D, Eisenhauer N, Singh B, Cui H, Abades S, Alfaro F,
Bamigboye A, Bastida F, Blanco-Pastor J, de los Rios A, Duran J, Grebenc T, lllan J, Liu
Y, Makhalanyane T, Mamet S, Molina-Montenegro M, Moreno J, Mukherjee A, Nahberger
T, Pefialoza-Bojaca G, Plaza C, Pico S, Verma JP, Rey A, Rodriguez A, Tedersoo L,
Teixido A, Torres-Diaz C, Trivedi P, Wang J, Wang L, Wang J, Zaady E, Zhou X, Zhou X,
Delgado-Baquerizo M (2022) Global hotspots for soil nature conservation. Nature 610
(7933): 693-698. https://doi.org/10.1038/s41586-022-05292-x

Haddad N, Brudvig L, Clobert J, Davies K, Gonzalez A, Holt R, Lovejoy T, Sexton J,
Austin M, Collins C, Cook W, Damschen E, Ewers R, Foster B, Jenkins C, King A,
Laurance W, Levey D, Margules C, Melbourne B, Nicholls AO, Orrock J, Song D,
Townshend J (2015) Habitat fragmentation and its lasting impact on Earth’s ecosystems.
Science Advances 1 (2). https://doi.org/10.1126/sciadv.1500052

Hallinger P, Nguyen V (2020) Mapping the Landscape and Structure of Research on
Education for Sustainable Development: A Bibliometric Review. Sustainability 12 (5).
https://doi.org/10.3390/su12051947

Hamidov A, Helming K, Bellocchi G, Bojar W, Dalgaard T, Ghaley BB, Hoffman C,
Holman I (2018) Impacts of climate change adaptation options on soil functions: A review
of European case-studies. Land degradation & development 29 (8): 2378-2389. https://
doi.org/10.1002/Idr.3006

Haregeweyn N, Tsunekawa A, Tsubo M, Fenta AA, Ebabu K, Vanmaercke M, Borrelli P,
Panagos P, Berihun ML, Langendoen EJ, Nigussie Z, Setargie TA, Maurice BN, Minichil
T, Elias A, Sun J, Poesen J (2023) Progress and challenges in sustainable land
management initiatives: A global review. Science of the Total Environment 858: 160027.
https://doi.org/10.1016/j.scitotenv.2022.160027

Hartvigsen M, Gorgan M (2020) FAO experiences with land market development and land
management instruments in Eastern Europe and Central Asia. Journal of Agricultural and
Environmental Law 15 (29): 85-103. https://doi.org/10.21029/jael.2020.29.85

Helming K, Daedlow K, Hansjurgens B, Koellner T (2018) Assessment and Governance
of Sustainable Soil Management. Sustainability 10 (12). https://doi.org/10.3390/
su10124432

Hessel R, Daroussin J, Verzandvoort S, Walvoort D (2014) Evaluation of two different
soil databases to assess soil erosion sensitivity with MESALES for three areas in
Europe and Morocco. CATENA 118: 234-247. https://doi.org/10.1016/j.catena.2014.01.012
Hooftman DP, Bullock J, Jones L, Eigenbrod F, Barredo J, Forrest M, Kindermann G,
Thomas A, Willcock S (2022) Reducing uncertainty in ecosystem service modelling



https://doi.org/10.1016/j.envsci.2018.12.019
https://doi.org/10.1016/j.envsci.2018.12.019
https://doi.org/10.30897/ijegeo.500452
https://doi.org/10.1177/1524500418824258
https://doi.org/10.1016/j.ecolind.2015.06.043
https://doi.org/10.1038/s41586-022-05292-x
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.3390/su12051947
https://doi.org/10.1002/ldr.3006
https://doi.org/10.1002/ldr.3006
https://doi.org/10.1016/j.scitotenv.2022.160027
https://doi.org/10.21029/jael.2020.29.85
https://doi.org/10.3390/su10124432
https://doi.org/10.3390/su10124432
https://doi.org/10.1016/j.catena.2014.01.012

Outlook on the knowledge gaps to reduce land degradation in Europe 37

through weighted ensembles. Ecosystem Services 53 https://doi.org/10.1016/j.ecoser.
2021.101398

Intergovernmental Panel on Climate Change (2019) Climate change and land: an IPCC
special report on climate change, desertification, land degradation, sustainable land
management, food security, and greenhouse gas fluxes in terrestrial ecosystems. URL:
https://www.ipcc.ch/site/assets/uploads/2019/11/SRCCL-Full-Report-Compiled-
191128.pdf

International Land Coalition (2016) Common ground: securing land rights and
safeguarding the Earth - world. Oxfam URL: https://reliefweb.int/report/world/common-
ground-securing-land-rights-and-safeguarding-earth

IPBES (2018) Summary for policymakers of the assessment report on land degradation
and restoration of the Intergovernmental SciencePolicy Platform on Biodiversity and
Ecosystem Services. Zenodo https://doi.org/10.5281/zenodo.3237411

IPCC (2021) Climate Change 2021: The Physical Science Basis. Contribution of Working
Group | to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change. URL: https://www.ipcc.ch/report/ar6/wg1/about/how-to-cite-this-report/

IPCC (Inter-Governmental Panel on Climate Change) (2001) IPCC Third Assessment
Report—Climate Change.

Istanbuly MN, Kra s, Jabbarian Amiri B (2022) International Journal of Environmental
Research and Public Health. Int J Environ Res Public Health https://doi.org/10.3390/

ijerph19042372.
Ivits E, Cherlet M, Sommer S, Mehl W (2013) Addressing the complexity in non-linear

evolution of vegetation Phenological change with time-series of remote sensing images.
Ecological Indicators 26 (March): 49-60. https://doi.org/10.1016/j.ecolind.2012.10.012
Jia Y, Kuzyakov Y, Wang G, Tan W, Zhu B, Feng X (2019) Temperature sensitivity of
decomposition of soil organic matter fractions increases with their turnover time. Land
Degrad Develop 31 (5). https://doi.org/10.1002/1dr.3477

Johnson D, Schmidt K, Scholz C, Chowdhury L, Dehnhardt A (2024) Valuation of soil-
mediated contributions to people (SmCPs) — a systematic review of values and methods.
Ecosystems and People 20 (1). https://doi.org/10.1080/26395916.2024.2401945

Jones L, Boeri M, Christie M, Durance |, Evans K, Fletcher D, Harrison L, Jorgensen A,
Masante D, McGinlay J, Paterson D, Schmucki R, Short C, Small N, Southon G,
Stojanovic T, Waters R (2021) Can we model cultural ecosystem services, and are we
measuring the right things? People and Nature 4 (1): 166-179. https://doi.org/10.1002/
pan3.10271

Jucker Riva M, Daliakopoulos |, Eckert S, Hodel E, Liniger H (2017) Assessment of land
degradation in Mediterranean forests and grazing lands using a landscape unit approach
and the normalized difference vegetation index. Applied Geography 86: 8-21. https://
doi.org/10.1016/j.apgeoq.2017.06.017

Kalu S, Kulmala L, Zrim J, Peltokangas K, Tammeorg P, Rasa K, Kitzler B, Pihlatie M,
Karhu K (2022) Potential of Biochar to Reduce Greenhouse Gas Emissions and Increase
Nitrogen Use Efficiency in Boreal Arable Soils in the Long-Term. Frontiers in
Environmental Science 10 https://doi.org/10.3389/fenvs.2022.914766

Keesstra S, Mol G, de Leeuw J, Okx J, Molenaar C, de Cleen M, Visser S (2018) Soil-
Related Sustainable Development Goals: Four Concepts to Make Land Degradation
Neutrality and Restoration Work. Land 7 (4). https://doi.org/10.3390/land7040133



https://doi.org/10.1016/j.ecoser.2021.101398
https://doi.org/10.1016/j.ecoser.2021.101398
https://www.ipcc.ch/site/assets/uploads/2019/11/SRCCL-Full-Report-Compiled-191128.pdf
https://www.ipcc.ch/site/assets/uploads/2019/11/SRCCL-Full-Report-Compiled-191128.pdf
https://reliefweb.int/report/world/common-ground-securing-land-rights-and-safeguarding-earth
https://reliefweb.int/report/world/common-ground-securing-land-rights-and-safeguarding-earth
https://doi.org/10.5281/zenodo.3237411
https://www.ipcc.ch/report/ar6/wg1/about/how-to-cite-this-report/
https://doi.org/10.3390/ijerph19042372.
https://doi.org/10.3390/ijerph19042372.
https://doi.org/10.1016/j.ecolind.2012.10.012
https://doi.org/10.1002/ldr.3477
https://doi.org/10.1080/26395916.2024.2401945
https://doi.org/10.1002/pan3.10271
https://doi.org/10.1002/pan3.10271
https://doi.org/10.1016/j.apgeog.2017.06.017
https://doi.org/10.1016/j.apgeog.2017.06.017
https://doi.org/10.3389/fenvs.2022.914766
https://doi.org/10.3390/land7040133

38

Zoka M et al

Keesstra SD, Chenu C, Munkholm LJ, Cornu S, Kuikman PJ, Thorsge MH, Besse-
Lototskaya A, Visser SM (2024) European agricultural soil management: Towards
climate-smart and sustainability, knowledge needs and research approaches. European
Journal of Soil Science 75 (1). https://doi.org/10.1111/ejss.13437

Keller T, Colombi T, Ruiz S, Manalili MP, Rek J, Stadelmann V, Wunderli H, Breitenstein
D, Reiser R, Oberholzer H, Schymanski S, Romero-Ruiz A, Linde N, Weisskopf P, Walter
A, Or D (2017) Long-term soil structure observatory for monitoring post-compaction
evolution of soil structure. Vadose Zone J 16 https://doi.org/10.2136/vzj2016.11.0118
Kenter J, Bryce R, Christie M, Cooper N, Hockley N, Irvine K, Fazey |, O’'Brien L,
Orchard-Webb J, Ravenscroft N, Raymond C, Reed M, Tett P, Watson V (2016) Shared
values and deliberative valuation: Future directions. Ecosystem Services 21: 358-371.
https://doi.org/10.1016/j.ecoser.2016.10.006

Kieslich M, Salles J (2021) Implementation context and science-policy interfaces:
Implications for the economic valuation of ecosystem services. Ecological Economics
179 https://doi.org/10.1016/j.ecolecon.2020.106857

Knierim A, Boenning K, Caggiano M, Cristévao A, Dirimanova V, Koehnen T, Labarthe P,
Prager K (2015) The AKIS Concept and its Relevance in Selected EU Member States.
Outlook on Agriculture 44 (1): 29-36. https://doi.org/10.5367/0a.2015.0194

Kohler JM, Beetz N, Giinther PM, Mdller F, Schiler T, Cao J (2020) Microbial community
types and signature-like soil bacterial patterns from fortified prehistoric hills of Thuringia
(Germany). Community Ecology 21 (2): 107-120. https://doi.org/10.1007/
s42974-020-00017-4

Kubiszewski |, Costanza R, Franco C, Lawn P, Talberth J, Jackson T, Aylmer C (2013)
Beyond GDP: Measuring and achieving global genuine progress. Ecological Economics
93: 57-68. https://doi.org/10.1016/j.ecolecon.2013.04.019

Kust G, Andreeva O, Cowie A (2017) Land Degradation Neutrality: Concept development,
practical applications and assessment. Journal of Environmental Management 195:
16-24. https://doi.org/10.1016/j.jenvman.2016.10.043

Lal R (2015) Restoring Soil Quality to Mitigate Soil Degradation. Sustainability 7 (5):
5875-5895. https://doi.org/10.3390/su7055875

Li H, Yang X, Zhang K (2021) Understanding global land degradation processes
interacted with complex biophysics and socioeconomics from the perspective of the
Normalized Difference Vegetation Index (1982—2015). Global and Planetary Change 198
https://doi.org/10.1016/j.gloplacha.2021.103431

Liniger H, Harari N, Lynden G, Fleiner R, Leeuw J, Bai Z (2019) Critchley Achieving land
degradation neutrality: the role of SLM knowledge in evidence-based decision-making
Environ. Sci. Policy 94: 123-134. https://doi.org/10.1016/j.envsci.2019.01.001

Lébmann M, Maring L, Prokop G, Brils J, Bender J, Bispo A, Helming K (2022) Systems
knowledge for sustainable soil and land management. Science of The Total Environment
822 https://doi.org/10.1016/j.scitotenv.2022.153389

Lunik E (2022) Carbon farming: Four actions the EU can take to make it happen -
Rabobank. URL: https://www.rabobank.com/knowledge/d011294193-carbon-farming-four-
actions-the-eu-can-take-to-make-it-happen

Manna P, Agrillo A, Bancheri M, Di Leginio M, Ferraro G, Langella G, Mileti FA, Riitano N,
Munafd M (2024) A Geospatial Decision Support System for Supporting the Assessment
of Land Degradation in Europe. Land 13 (1). https://doi.org/10.3390/land13010089



https://doi.org/10.1111/ejss.13437
https://doi.org/10.2136/vzj2016.11.0118
https://doi.org/10.1016/j.ecoser.2016.10.006
https://doi.org/10.1016/j.ecolecon.2020.106857
https://doi.org/10.5367/oa.2015.0194
https://doi.org/10.1007/s42974-020-00017-4
https://doi.org/10.1007/s42974-020-00017-4
https://doi.org/10.1016/j.ecolecon.2013.04.019
https://doi.org/10.1016/j.jenvman.2016.10.043
https://doi.org/10.3390/su7055875
https://doi.org/10.1016/j.gloplacha.2021.103431
https://doi.org/10.1016/j.envsci.2019.01.001
https://doi.org/10.1016/j.scitotenv.2022.153389
https://www.rabobank.com/knowledge/d011294193-carbon-farming-four-actions-the-eu-can-take-to-make-it-happen
https://www.rabobank.com/knowledge/d011294193-carbon-farming-four-actions-the-eu-can-take-to-make-it-happen
https://doi.org/10.3390/land13010089

Outlook on the knowledge gaps to reduce land degradation in Europe 39

MarouSek J, Trakal L (2022) Techno-economic analysis reveals the untapped potential of
wood biochar. Chemosphere 291 https://doi.org/10.1016/j.chemosphere.2021.133000
Martinez-Valderrama J, Guirado E, Maestre F (2020a) Desertifying deserts. Nature
Sustainability 3 (8): 572-575. https://doi.org/10.1038/s41893-020-0561-2
Martinez-Valderrama J, Ibafiez J, Alcala F, Martinez S (2020b) SAT: A Software for
Assessing the Risk of Desertification in Spain. Scientific Programming 2020: 1-12.
https://doi.org/10.1155/2020/7563928

Martinez-Valderrama J, del Barrio G, Sanjuan M, Guirado E, Maestre F (2022)
Desertification in Spain: A Sound Diagnosis without Solutions and New Scenarios. Land
11 (2). https://doi.org/10.3390/land 11020272

Martin-Lépez B, Felipe-Lucia M, Bennett E, Norstrom A, Peterson G, Plieninger T, Hicks
C, Turkelboom F, Garcia-Llorente M, Jacobs S, Lavorel S, Locatelli B (2019) A novel
telecoupling framework to assess social relations across spatial scales for ecosystem
services research. Journal of Environmental Management 241: 251-263. https://doi.org/
10.1016/j.jenvman.2019.04.029

Mason E, Bispo A, Matt M, Helming K, Rodriguez E, Lansac R, Carrasco V, Hashar MR,
Verdonk L, Prokop G, Wall D, Francis N, Laszlo P, Lébmann M (2023) Sustainable soil
and land management: a systems-oriented overview of scientific literature. Frontiers in
Soil Science 3 https://doi.org/10.3389/fs0il.2023.1268037

Masoudi M, Jokar P (2018) Risk assessment of desertification using GIS in upper and
lower reaches of Mond basin, Iran. AUC GEOGRAPHICA 53 (2): 156-166. https://doi.org/
10.14712/23361980.2018.16

Mengist W, Soromessa T, Legese G (2020) Ecosystem services research in mountainous
regions: A systematic literature review on current knowledge and research gaps. Science
of The Total Environment 702 https://doi.org/10.1016/j.scitotenv.2019.134581

Mikhailova E, Zurgani H, Lin L, Hao Z, Post C, Schlautman M, Post G, Shepherd G
(2024) Accounting for Climate and Inherent Soil Quality in United Nations (UN) Land
Degradation Analysis: A Case Study of the State of Arizona (USA). Climate 12 (12).
https://doi.org/10.3390/cli 12120194

Mikhailova EA, Zurgani HA, Lin L, Hao Z, Post CJ, Schlautman MA, Shepherd GB (2024)
Possible Integration of Soil Information into Land Degradation Analysis for the United
Nations (UN) Land Degradation Neutrality (LDN) Concept: A Case Study of the
Contiguous United States of America (USA. Soil Systems 8 (1): 27. https://doi.org/
10.3390/s0ilsystems8010027

Mirici ME (2022) The Ecosystem Services and Green Infrastructure: A Systematic
Review and the Gap of Economic Valuation. Sustainability (Basel 14 (1): 517. https:/
doi.org/10.3390/su14010517

Mohanavelu A, Naganna SR, Al-Ansari N (2021) Irrigation Induced Salinity and Sodicity
Hazards on Soil and Groundwater: An Overview of Its Causes, Impacts and Mitigation
Strategies. Agriculture 11 (10). https://doi.org/10.3390/agriculture11100983

Molin PG, Chazdon R, Frosini de Barros Ferraz S, Brancalion PS (2018) A landscape
approach for cost-effective large-scale forest restoration. Journal of Applied Ecology 55
(6): 2767-2778. https://doi.org/10.1111/1365-2664.13263

Montanarella L, Pennock DJ, McKenzie N, Badraoui M, Chude V, Baptista |, Mamo T,
Yemefack M, Singh Aulakh M, Yagi K, Young Hong S, Vijarnsorn P, Zhang G, Arrouays D,
Black H, Krasilnikov P, Sobocka J, Alegre J, Henriquez CR, de Lourdes Mendonga-
Santos M, Taboada M, Espinosa-Victoria D, AIShankiti A, AlaviPanah SK, Elsheikh



https://doi.org/10.1016/j.chemosphere.2021.133000
https://doi.org/10.1038/s41893-020-0561-2
https://doi.org/10.1155/2020/7563928
https://doi.org/10.3390/land11020272
https://doi.org/10.1016/j.jenvman.2019.04.029
https://doi.org/10.1016/j.jenvman.2019.04.029
https://doi.org/10.3389/fsoil.2023.1268037
https://doi.org/10.14712/23361980.2018.16
https://doi.org/10.14712/23361980.2018.16
https://doi.org/10.1016/j.scitotenv.2019.134581
https://doi.org/10.3390/cli12120194
https://doi.org/10.3390/soilsystems8010027
https://doi.org/10.3390/soilsystems8010027
https://doi.org/10.3390/su14010517
https://doi.org/10.3390/su14010517
https://doi.org/10.3390/agriculture11100983
https://doi.org/10.1111/1365-2664.13263

40

Zoka M et al

EAEM, Hempel J, Camps Arbestain M, Nachtergaele F, Vargas R (2016) World's soils
are under threat. SOIL 2 (1): 79-82. https://doi.org/10.5194/s0il-2-79-2016

Oberreich M, Steinhoff-Knopp B, Burkhard B, Kleemann J (2024) The Research Gap
between Soil Biodiversity and Soil-Related Cultural Ecosystem Services. Soil Systems
8 (3). https://doi.org/10.3390/s0ilsystems8030097

Odebiri O, Mutanga O, Odindi J, Naicker R, Slotow R, Mngadi M (2023) Evaluation of
projected soil organic carbon stocks under future climate and land cover changes in
South Africa using a deep learning approach. Journal of Environmental Management 330
https://doi.org/10.1016/j.jenvman.2022.117127

Oliveira E, Tobias S, Hersperger A (2018) Can Strategic Spatial Planning Contribute to
Land Degradation Reduction in Urban Regions? State of the Art and Future Research.
Sustainability 10 (4). https://doi.org/10.3390/su10040949

Ontel |, Cheval S, Irimescu A, Boldeanu G, Amihaesei V, Mihailescu D, Nertan A,
Angearu C, Craciunescu V (2023) Assessing the Recent Trends of Land Degradation and
Desertification in Romania Using Remote Sensing Indicators. Remote Sensing 15 (19).
https://doi.org/10.3390/rs 15194842

Orgiazzi A, Panagos P (2018) Soil biodiversity and soil erosion:ilt is time to get married.
Glob Ecol Biogeogr 27 (10). https://doi.org/10.1111/geb.12782

Paleari S (2017) Is the European Union protecting soil? A critical analysis of Community
environmental policy and law. Land Use Policy 64: 163-173. https://doi.org/10.1016/
j.landusepol.2017.02.007

Panagos P, Standardi G, Borrelli P, Lugato E, Montanarella L, Bosello F (2018) Cost of
agricultural productivity loss due to soil erosion in the European Union: From direct cost
evaluation approaches to the use of macroeconomic models. Land Degradation &
Development 29 (3): 471-484. https://doi.org/10.1002/1dr.2879

Panagos P, Katsoyiannis A (2019) Soil erosion modelling: The new challenges as the
result of policy developments in Europe. Environmental Research 172: 470-474. https://
doi.org/10.1016/j.envres.2019.02.043

Panagos P, Ballabio C, Poesen J, Lugato E, Scarpa S, Montanarella L, Borrelli P (2020)
A soil erosion indicator for supporting agricultural, environmental and climate policies in
the European Union. Remote Sensing 12 (9): 1365. https://doi.org/10.3390/rs 12091365
Panagos P, Borrelli P, Jones A, Robinson D (2024) A 1 billion euro mission: A Soil Deal
for Europe. European Journal of Soil Science 75 (1). https://doi.org/10.1111/ejss.13466
Perovié V, Kadovi¢ R, Burdevié V, Pavlovié D, Pavlovi¢ M, Cakmak D, Mitrovié M,
Pavlovi¢ P (2021) Major drivers of land degradation risk in Western Serbia: Current
trends and future scenarios. Ecological Indicators 123 https://doi.org/10.1016/j.ecolind.
2021.107377

Perpifia Castillo C, Jacobs-Crisioni C, Diogo V, Lavalle C (2021) Modelling agricultural
land abandonment in a fine spatial resolution multi-level land-use model: An application
for the EU. Environmental Modelling & Software 136 https://doi.org/10.1016/j.envsoft.
2020.104946

Petropoulou I, Frousiou M, Vasileiou E (2023) An Overview of Quality Assessment
Methods for Water and Soil in Mining Regions. RawMat 2023 https://doi.org/10.3390/
materproc2023015031

Petrosillo I, Valente D, Scavuzzo CM, Selvan T (2023) Editorial: Land degradation pattern
and ecosystem services. Frontiers in Environmental Science 11 https://doi.org/10.3389/
fenvs.2023.1137768



https://doi.org/10.5194/soil-2-79-2016
https://doi.org/10.3390/soilsystems8030097
https://doi.org/10.1016/j.jenvman.2022.117127
https://doi.org/10.3390/su10040949
https://doi.org/10.3390/rs15194842
https://doi.org/10.1111/geb.12782
https://doi.org/10.1016/j.landusepol.2017.02.007
https://doi.org/10.1016/j.landusepol.2017.02.007
https://doi.org/10.1002/ldr.2879
https://doi.org/10.1016/j.envres.2019.02.043
https://doi.org/10.1016/j.envres.2019.02.043
https://doi.org/10.3390/rs12091365
https://doi.org/10.1111/ejss.13466
https://doi.org/10.1016/j.ecolind.2021.107377
https://doi.org/10.1016/j.ecolind.2021.107377
https://doi.org/10.1016/j.envsoft.2020.104946
https://doi.org/10.1016/j.envsoft.2020.104946
https://doi.org/10.3390/materproc2023015031
https://doi.org/10.3390/materproc2023015031
https://doi.org/10.3389/fenvs.2023.1137768
https://doi.org/10.3389/fenvs.2023.1137768

Outlook on the knowledge gaps to reduce land degradation in Europe 41

Pravalie R, Patriche C, Bandoc G (2017) Quantification of land degradation sensitivity
areas in Southern and Central Southeastern Europe. New results based on improving
DISMED methodology with new climate data. CATENA 158: 309-320. https://doi.org/
10.1016/j.catena.2017.07.006

Pravalie R, Patriche C, Tigcovschi A, Dumitrascu M, Savulescu I, Sirodoev |, Bandoc G
(2020) Recent spatio-temporal changes of land sensitivity to degradation in Romania due
to climate change and human activities: An approach based on multiple environmental
quality indicators. Ecological Indicators 118 https://doi.org/10.1016/j.ecolind.2020.106755
Pravalie R, Patriche C, Borrelli P, Panagos P, Rosca B, Dumitrascu M, Nita |, Savulescu
I, Birsan M, Bandoc G (2021) Arable lands under the pressure of multiple land
degradation processes. A global perspective. Environmental Research 194 https://doi.org/
10.1016/j.envres.2020.110697

Prokop P (2020) Remote sensing of severely degraded land: Detection of long-term land-
use changes using high-resolution satellite images on the Meghalaya Plateau, northeast
India. Remote Sensing Applications: Society and Environment 20 https://doi.org/10.1016/
j.rsase.2020.100432

Psarraki D, Papazotos P, Vasileiou E, Perraki M (2023) Mapping the Soil Chemical
Properties of the Sarigkiol Basin, Western Macedonia, Greece, in View of the Transition
to the Post-Lignite Era. RawMat 2023 https://doi.org/10.3390/materproc2023015033
Quinton J, Ottl L, Fiener P (2022) Tillage exacerbates the vulnerability of cereal crops to
drought. Nature Food 3 (6): 472-479. https://doi.org/10.1038/s43016-022-00533-8

Ravi S, Breshears D, Huxman T, D'Odorico P (2010) Land degradation in drylands:
Interactions among hydrologic—aeolian erosion and vegetation dynamics. Geomorphology
116: 236-245. https://doi.org/10.1016/j.geomorph.2009.11.023

Reed M, Stringer L (2016) Land Degradation, Desertification and Climate Change.
Routledge https://doi.org/10.4324/978020307 1151

Reyes-Garcia V, Fernandez-Llamazares A, McElwee P, Molnar Z, Ollerer K, Wilson SJ,
Brondizio ES (2018) The contributions of Indigenous Peoples and local communities to
ecological restoration. Restoration Ecology 27 (1): 3-8. https://doi.org/10.1111/rec.12894
Reynolds JF, Maestre FT, Kemp PR, Stafford-Smith DM, Lambin E (2007) Natural and
Human Dimensions of Land Degradation in Drylands: Causes and Consequences
Terrestrial Ecosystems in a Changing World. In: Canadell JG, Pataki DE, Pitelka LF
(Eds) Natural and Human Dimensions of Land Degradation in Drylands: Causes and
Consequences Terrestrial Ecosystems in a Changing World. Springer

Ritzema HP, Satyanarayana TV, Raman S, Boonstra J (2008) Subsurface drainage to
combat waterlogging and salinity in irrigated lands in India: Lessons learned in farmers
fields. Agricultural Water Management 95 (3): 179-189. https://doi.org/10.1016/j.agwat.
2007.09.012

Roe S, Streck C, Beach R, Busch J, Chapman M, Daioglou V, Deppermann A, Doelman J,
Emmet-Booth J, Engelmann J, Fricko O, Frischmann C, Funk J, Grassi G, Griscom B,
Havlik P, Hanssen S, Humpendder F, Landholm D, Lomax G, Lehmann J, Mesnildrey L,
Nabuurs G, Popp A, Rivard C, Sanderman J, Sohngen B, Smith P, Stehfest E, Woolf D,
Lawrence D (2021) Land-based measures to mitigate climate change: Potential and
feasibility by country. Global Change Biology 27 (23): 6025-6058. https://doi.org/10.1111/
gcb.15873

Romanazzi GR, Ottomano Palmisano G, Cioffi M, Leronni V, Toromani E, Koto R, De
Boni A, Acciani C, Roma R (2024) A Cost-Benefit Analysis for the Economic Evaluation



https://doi.org/10.1016/j.catena.2017.07.006
https://doi.org/10.1016/j.catena.2017.07.006
https://doi.org/10.1016/j.ecolind.2020.106755
https://doi.org/10.1016/j.envres.2020.110697
https://doi.org/10.1016/j.envres.2020.110697
https://doi.org/10.1016/j.rsase.2020.100432
https://doi.org/10.1016/j.rsase.2020.100432
https://doi.org/10.3390/materproc2023015033
https://doi.org/10.1038/s43016-022-00533-8
https://doi.org/10.1016/j.geomorph.2009.11.023
https://doi.org/10.4324/9780203071151
https://doi.org/10.1111/rec.12894
https://doi.org/10.1016/j.agwat.2007.09.012
https://doi.org/10.1016/j.agwat.2007.09.012
https://doi.org/10.1111/gcb.15873
https://doi.org/10.1111/gcb.15873

42

Zoka M et al

of Ecosystem Services Lost Due to Erosion in a Mediterranean River Basin. Land 13 (9).
https://doi.org/10.3390/1and 13091512

Saik P, Koshkalda I, Bezuhla L, Stoiko N, Riasnianska A (2024) Achieving land
degradation neutrality: land-use planning and ecosystem approach. Frontiers in
Environmental Science 12 https://doi.org/10.3389/fenvs.2024.1446056

Saljnikov E, Mueller L, Lavrishchev A, Eulenstein F (2022) Advances in Understanding
Soil Degradation. Innovations in Landscape Research https://doi.org/
10.1007/978-3-030-85682-3

Santini NS, Miquelajauregui Y (2022) The restoration of degraded lands by local
communities and Indigenous peoples. Frontiers in Conservation Science 3 https://doi.org/
10.3389/fcosc.2022.873659

Sartori M, Philippidis G, Ferrari E, Borrelli P, Lugato E, Montanarella L, Panagos P
(2019) A linkage between the biophysical and the economic: Assessing the global market
impacts of soil erosion. Land Use Policy 86: 299-312. https://doi.org/10.1016/j.landusepol.
2019.05.014

Schillaci C, Jones A, Vieira D, Munafo M, Montanarella L (2022) Evaluation of the United
Nations Sustainable Development Goal 15.3.1 indicator of land degradation in the
European Union. Land Degradation & Development 34 (1): 250-268. https://doi.org/
10.1002/1dr.4457

Schwilch G, Liniger HP, Humi H (2014) Hurni Sustainable land management (SLM)
practices in drylands: how do they address desertification threats? Environ. Manag 54
(5): 983-1004.

Silva E, Naji W, Salvaneschi P, Climent-Gil E, Derak M, Lépez G, Bonet A, Aledo A,
Cortina-Segarra J (2023) Prioritizing areas for ecological restoration: A participatory
approach based on cost-effectiveness. Journal of Applied Ecology 60 (6): 1194-1205.
https://doi.org/10.1111/1365-2664.14395

Solomun MK, Ferreira C, Barger N, i RT, Eremija Sa (2020) POLICY FRAMEWORK ON
LAND DEGRADATION FROM APOST CONFLICT PERSPECTIVE OF BOSNIA AND
HERZEGOVINA. Authorea https://doi.org/10.22541/au.158447056.65437462

Stofferis B, Baarsma B, Soltani T (2025) Adoption of Regenerative Farming Practices in
Agriculture: A Real Option Analysis. Research on World Agricultural Economy187-206.
https://doi.org/10.36956/rwae.v6i1.1285

Sutton P, Anderson S, Costanza R, Kubiszewski | (2016) The ecological economics of
land degradation: Impacts on ecosystem service values. Ecological Economics 129:
182-192. https://doi.org/10.1016/j.ecolecon.2016.06.016

Taghadosi MM, Hasanlou M, Eftekhari K (2019) Retrieval of soil salinity from Sentinel-2
multispectral imagery. European Journal of Remote Sensing 52 (1): 138-154. https://
doi.org/10.1080/22797254.2019.1571870

Tellez MC, Tellez MC, Cabral VC, Carmona GR (2019) Parque Nacional La Malinche y el
impacto ecoldgico social de su decreto como Area Natural Protegida. Reg. y Desarro.
Tepes A, Galarraga |, Markandya A, Sanchez MJS (2021) Costs and benefits of sail
protection and sustainable land management practices in selected European countries:
Towards multidisciplinary insights. Science of The Total Environment 756 https://doi.org/
10.1016/j.scitotenv.2020.143925

Teuber S, Bartelheim M, Hardenberg R, Knopf M, Knopf T, Kiihn P, Schade T, Schmidt K,
Scholten T (2022) Why do we need interdisciplinary cooperation with anthropologists and



https://doi.org/10.3390/land13091512
https://doi.org/10.3389/fenvs.2024.1446056
https://doi.org/10.1007/978-3-030-85682-3
https://doi.org/10.1007/978-3-030-85682-3
https://doi.org/10.3389/fcosc.2022.873659
https://doi.org/10.3389/fcosc.2022.873659
https://doi.org/10.1016/j.landusepol.2019.05.014
https://doi.org/10.1016/j.landusepol.2019.05.014
https://doi.org/10.1002/ldr.4457
https://doi.org/10.1002/ldr.4457
https://doi.org/10.1111/1365-2664.14395
https://doi.org/10.22541/au.158447056.65437462
https://doi.org/10.36956/rwae.v6i1.1285
https://doi.org/10.1016/j.ecolecon.2016.06.016
https://doi.org/10.1080/22797254.2019.1571870
https://doi.org/10.1080/22797254.2019.1571870
https://doi.org/10.1016/j.scitotenv.2020.143925
https://doi.org/10.1016/j.scitotenv.2020.143925

Outlook on the knowledge gaps to reduce land degradation in Europe 43

archaeologists in soil science? Journal of Plant Nutrition and Soil Science 185 (6):
752-765. https://doi.org/10.1002/jpIn.202200120

The Economics of Land Degradation (2015) The value of land: Prosperous lands and
positive rewards through sustainable land management. URL: https:/reliefweb.int/report/
world/value-land-prosperous-lands-and-positive-rewards-through-sustainable-land-
management

Thiele-Bruhn S, Schloter M, Wilke B, Beaudette LA, Martin-Laurent F, Cheviron N,
Mougin C, Rémbke J (2020) Identification of new microbial functional standards for soil
quality assessment. Soil 6 (1): 17-34. https://doi.org/10.5194/s0il-6-17-2020

Tim Chamen WC, Moxey A, Towers W, Balana B, Hallett P (2015) Mitigating arable soil
compaction: A review and analysis of available cost and benefit data. Soil and Tillage
Research 146: 10-25. https://doi.org/10.1016/j.still.2014.09.011

Tziolas N, Tsakiridis N, Heiden U, van Wesemael B (2024) Soil organic carbon mapping
utilizing convolutional neural networks and Earth observation data, a case study in
Bavaria state Germany. Geoderma 444 https://doi.org/10.1016/j.geoderma.2024.116867
UNCCD (2017) Scientific conceptual framework for land degradation neutrality, A report of
the science-policy interface. URL: https://www.unccd.int/sites/default/files/documents/
2017-08/LDN_CF_report web-english.pdf

UNCCD (2021) Good practice guidance. SDG indicator 15.3.1. Version 2 URL: https://
www.unccd.int/resources/manuals-and-guides/good-practice-guidance-sdg-
indicator-1531-proportion-land-degraded

UNCCD/Science-Policy Interface (2023) The contribution of integrated land use planning
and integrated landscape management to implementing land degradation neutrality.
Science-policy brief No: 07. May 2022. Bonn, Germany: United Nations Convention to
Combat Desertification UNCCD. URL: https://www.unccd.int/sites/default/files/2023-09/
UNCCD%20Integrated%20Land%20Policy %20Brief.pdF

UN Convention to Combat Desertification (2019a) Preliminary analysis — strategic
objective 1: To improve the condition of affected ecosystems, combat desertification/land
degradation, promote sustainable land management and contribute to land degradation
neutrality. URL: https://www.unccd.int/official documentscric-17-georgetown-
guyana-2019/iccdcric172

UN Convention to Combat Desertification (2019b) Briefing Note: Land degradation,
poverty, and inequality. URL: https://reliefweb.int/report/world/briefing-note-land-
degradation-poverty-and-inequality

UNDP (2019) Combatting Land Degradation—Securing a Sustainable Future.

UN Economic and Social Council (2019) Special Edition of the Sustainable Development
Goals Progress Report: Report of the Secretary-General [E/2019/68]. URL: https://
unstats.un.org/sdgs/files/report/2019/secretary-general-sdg-report-2019-Statistical
Annex.pdf

United Nations (2007) Land Degradation. https://www.un.org/ URL: https://www.un.org/
esalsustdev/natlinfo/indicators/methodology_sheets/land/land_degradation.pdf

United Nations (2023) The Sustainable Development Goals report. URL: https://
unstats.un.org/sdgs/report/2023/The-Sustainable-Development-Goals-Report-2023.pdf
United Nations Convention to Combat Desertification (2017) Scientific Conceptual
Framework for Land Degradation Neutrality. A Report of the Science-Policy Interface.
URL: https://www.unccd.int/sites/default/files/documents/2017-08/LDN_CF _report_web-

english.pdf



https://doi.org/10.1002/jpln.202200120
https://reliefweb.int/report/world/value-land-prosperous-lands-and-positive-rewards-through-sustainable-land-management
https://reliefweb.int/report/world/value-land-prosperous-lands-and-positive-rewards-through-sustainable-land-management
https://reliefweb.int/report/world/value-land-prosperous-lands-and-positive-rewards-through-sustainable-land-management
https://doi.org/10.5194/soil-6-17-2020
https://doi.org/10.1016/j.still.2014.09.011
https://doi.org/10.1016/j.geoderma.2024.116867
https://www.unccd.int/sites/default/files/documents/2017-08/LDN_CF_report_web-english.pdf
https://www.unccd.int/sites/default/files/documents/2017-08/LDN_CF_report_web-english.pdf
https://www.unccd.int/resources/manuals-and-guides/good-practice-guidance-sdg-indicator-1531-proportion-land-degraded
https://www.unccd.int/resources/manuals-and-guides/good-practice-guidance-sdg-indicator-1531-proportion-land-degraded
https://www.unccd.int/resources/manuals-and-guides/good-practice-guidance-sdg-indicator-1531-proportion-land-degraded
https://www.unccd.int/sites/default/files/2023-09/UNCCD%20Integrated%20Land%20Policy%20Brief.pdF
https://www.unccd.int/sites/default/files/2023-09/UNCCD%20Integrated%20Land%20Policy%20Brief.pdF
http://https://www.unccd.int/official%20documentscric-17-georgetown-guyana-2019/iccdcric172
http://https://www.unccd.int/official%20documentscric-17-georgetown-guyana-2019/iccdcric172
https://reliefweb.int/report/world/briefing-note-land-degradation-poverty-and-inequality
https://reliefweb.int/report/world/briefing-note-land-degradation-poverty-and-inequality
http://https://unstats.un.org/sdgs/files/report/2019/secretary-general-sdg-report-2019-Statistical%20Annex.pdf
http://https://unstats.un.org/sdgs/files/report/2019/secretary-general-sdg-report-2019-Statistical%20Annex.pdf
http://https://unstats.un.org/sdgs/files/report/2019/secretary-general-sdg-report-2019-Statistical%20Annex.pdf
https://www.un.org/esa/sustdev/natlinfo/indicators/methodology_sheets/land/land_degradation.pdf
https://www.un.org/esa/sustdev/natlinfo/indicators/methodology_sheets/land/land_degradation.pdf
https://unstats.un.org/sdgs/report/2023/The-Sustainable-Development-Goals-Report-2023.pdf
https://unstats.un.org/sdgs/report/2023/The-Sustainable-Development-Goals-Report-2023.pdf
https://www.unccd.int/sites/default/files/documents/2017-08/LDN_CF_report_web-english.pdf
https://www.unccd.int/sites/default/files/documents/2017-08/LDN_CF_report_web-english.pdf

44

Zoka M et al

United Nations Convention to Combat Desertification (2022) The Global Land Outlook,
second edition.

United Nations to Combat Desertification (2016) Framework and Guiding Principles for a
Land Degradation Indicator to monitor and report on progress towards target 15.3 of the
Sustainable Development Goals, the strategic objectives of the Rio Conventions and
other relevant targets and commitments. URL: https://www.unccd.int/sites/default/files/
relevant-links/2017-01/Framework %20and%20Guiding%20Principles %20for%20a%20
Land%20Degradation%20Indicator.pdf

Ustaoglu E, Collier M (2018) Farmland abandonment in Europe: an overview of drivers,
consequences, and assessment of the sustainability implications. Environmental
Reviews 26 (4): 396-416. https://doi.org/10.1139/er-2018-0001

Vanino S, Pirelli T, DiBene C,Bge,F. CCN.C,C.C,S.F,V.F,D.H,O.K,R. K,S. L, S.
M, K. O&, Sullivan L, N. P, C. S, G. F (2023) Barriers and opportunities of soil knowledge
to address soil challenges: Stakeholders’ perspectives across Europe. Journal of
Environmental Management 325: 116581. https://doi.org/10.1016/j.jenvman.2022.116581
Van Noordwijk M, Gitz V, Minang PA, Dewi S, Leimona B, Duguma L, Pingault N,
Meybeck A (2020) People-Centric Nature-Based Land Restoration through Agroforestry:
A Typology. Land (Basel 9 (8): 251. https://doi.org/10.3390/1and9080251

Varumo L, Paloniemi R, Kelemen E (2020) Challenges and solutions in developing
legitimate online participation for EU biodiversity and ecosystem services policies.
Science and Public Policy https://doi.org/10.1093/scipol/scaa036

Visser S, Keesstra S, Maas G, de Cleen M, Molenaar C (2019) Soil as a Basis to Create
Enabling Conditions for Transitions Towards Sustainable Land Management as a Key to
Achieve the SDGs by 2030. Sustainability 11 (23). https://doi.org/10.3390/su11236792
Vogt JV, Safriel U, Von Maltitz G, Sokona Y, Zougmore R, Bastin G, Hill J (2011)
Monitoring and assessment of land degradation and desertification: Towards new
conceptual and integrated approaches. Land Degradation & Development 22 (2): 150-165.
https://doi.org/10.1002/Idr.1075

von Keyserlingk J, Thieken A, Paton E (2023) Approaches to assess land degradation
risk: a synthesis. Ecology and Society 28 (1). https://doi.org/10.5751/es-13951-280153
von Korff Y, Daniell K, Moellenkamp S, Bots P, Bijlsma R (2012) Implementing
Participatory Water Management: Recent Advances in Theory, Practice, and Evaluation.
Ecology and Society 17 (1). https://doi.org/10.5751/es-04733-170130

Wadoux AJ, McBratney A (2023) Participatory approaches for soil research and
management: A literature-based synthesis. Soil Security 10 https://doi.org/10.1016/
j.soisec.2023.100085

Wals AJ, Benavot A (2017) Can we meet the sustainability challenges? The role of
education and lifelong learning. European Journal of Education 52 (4): 404-413. https://
doi.org/10.1111/ejed.12250

Wehi PM, Lord JM (2017) Importance of including cultural practices in ecological
restoration. Conservation Biology 31: 1109-1118. https://doi.org/10.1111/cobi.12915

Wei H, Xu Z, Liu H, Ren J, Fan W, Lu N, Dong X (2018) Evaluation on dynamic change
and interrelations of ecosystem services in a typical mountain-oasis-desert region.
Ecological Indicators 93: 917-929. https://doi.org/10.1016/j.ecolind.2018.05.051
Wischnewski W (2015) Living Land: An Introduction. URL: https://catalogue.unccd.int/
562 Living_Land ENG.pdf



https://www.unccd.int/sites/default/files/relevant-links/2017-01/Framework%20and%20Guiding%20Principles%20for%20a%20Land%20Degradation%20Indicator.pdf
https://www.unccd.int/sites/default/files/relevant-links/2017-01/Framework%20and%20Guiding%20Principles%20for%20a%20Land%20Degradation%20Indicator.pdf
https://www.unccd.int/sites/default/files/relevant-links/2017-01/Framework%20and%20Guiding%20Principles%20for%20a%20Land%20Degradation%20Indicator.pdf
https://doi.org/10.1139/er-2018-0001
https://doi.org/10.1016/j.jenvman.2022.116581
https://doi.org/10.3390/land9080251
https://doi.org/10.1093/scipol/scaa036
https://doi.org/10.3390/su11236792
https://doi.org/10.1002/ldr.1075
https://doi.org/10.5751/es-13951-280153
https://doi.org/10.5751/es-04733-170130
https://doi.org/10.1016/j.soisec.2023.100085
https://doi.org/10.1016/j.soisec.2023.100085
https://doi.org/10.1111/ejed.12250
https://doi.org/10.1111/ejed.12250
https://doi.org/10.1111/cobi.12915
https://doi.org/10.1016/j.ecolind.2018.05.051
https://catalogue.unccd.int/562_Living_Land_ENG.pdf
https://catalogue.unccd.int/562_Living_Land_ENG.pdf

Outlook on the knowledge gaps to reduce land degradation in Europe 45

. World Economic Forum (2025) The Global Risks Report 2025. URL: https://
reports.weforum.org/docs/WEF_Global Risks Report 2025.pdf

. Wunder S, Bodle R (2019) Achieving land degradation neutrality in Germany:
Implementation process and design of a land use change based indicator. Environmental
Science & Policy 92: 46-55. https://doi.org/10.1016/j.envsci.2018.09.022

. Xie H, Zhang Y, Wu Z, Lv T (2020) A Bibliometric Analysis on Land Degradation: Current
Status, Development, and Future Directions. Land 9 (1). https://doi.org/10.3390/
1and9010028

. Xu X, Wang X, Yang P, Meng Y, Yu D, Li C (2023) Strategy for mapping soil salt contents
during the bare soil period through a satellite image: Optimal calibration set combined
with random forest. CATENA 223 https://doi.org/10.1016/j.catena.2022.106900

. Yarahmadi H, Desille Y, Goold J, Pietracaprina F (2024) Identifying vegetation patterns
for a qualitative assessment of land degradation using a cellular automata model and
satellite imagery. Physical Review E 110 (2). https://doi.org/10.1103/physreve.
110.024136

. Zhang H, Jiang C, Wang Y, Zhao Y, Gong Q, Wang J, Yang Z (2022) Linking land
degradation and restoration to ecosystem services balance by identifying landscape
drivers: insights from the globally largest loess deposit area. Environmental Science and
Pollution Research 29 (55): 83347-83364. https://doi.org/10.1007/s11356-022-21707-8

. Zizala D, Juficova A, Zadorova T, Zelenkova K, Minafik R (2018) Mapping soil
degradation using remote sensing data and ancillary data: South-East Moravia, Czech
Republic. European Journal of Remote Sensing 52: 108-122. https://doi.org/
10.1080/22797254.2018.1482524

. Zoka M, Lladoé S, Stathopoulos N, Kokkalidou M, Ventura AM, Stringer LC, Baarsma B,
Trakal L, Gorfer M, Codina S (2024) Preliminary assessment of the knowledge gaps to
reduce land degradation in Europe. Soils for Europe 1 https://doi.org/10.3897/
soils4europe.e119137

Supplementary materials

Suppl. material 1: Table 2 Knowledge gaps [

Authors: Melpomeni Zoka
Data type: Table
Download file (136.50 kb)

Suppl. material 2: Table 3 Activities EE

Authors: Melpomeni Zoka
Data type: Table
Download file (142.00 kb)

Suppl. material 3: Table 4 Bottlenecks EE

Authors: Melpomeni Zoka
Data type: Table
Download file (152.50 kb)


https://reports.weforum.org/docs/WEF_Global_Risks_Report_2025.pdf
https://reports.weforum.org/docs/WEF_Global_Risks_Report_2025.pdf
https://doi.org/10.1016/j.envsci.2018.09.022
https://doi.org/10.3390/land9010028
https://doi.org/10.3390/land9010028
https://doi.org/10.1016/j.catena.2022.106900
https://doi.org/10.1103/physreve.110.024136
https://doi.org/10.1103/physreve.110.024136
https://doi.org/10.1007/s11356-022-21707-8
https://doi.org/10.1080/22797254.2018.1482524
https://doi.org/10.1080/22797254.2018.1482524
https://doi.org/10.3897/soils4europe.e119137
https://doi.org/10.3897/soils4europe.e119137
https://doi.org/10.3897/soils4europe.e148999.suppl1
https://doi.org/10.3897/soils4europe.e148999.suppl1
https://doi.org/10.3897/soils4europe.e148999.suppl1
https://arpha.pensoft.net/getfile.php?filename=oo_1244324.xls
https://doi.org/10.3897/soils4europe.e148999.suppl2
https://doi.org/10.3897/soils4europe.e148999.suppl2
https://doi.org/10.3897/soils4europe.e148999.suppl2
https://arpha.pensoft.net/getfile.php?filename=oo_1244330.xls
https://doi.org/10.3897/soils4europe.e148999.suppl3
https://doi.org/10.3897/soils4europe.e148999.suppl3
https://doi.org/10.3897/soils4europe.e148999.suppl3
https://arpha.pensoft.net/getfile.php?filename=oo_1244331.xls

46 Zoka M et al

Suppl. material 4: Table 1 Top 10 Knowledge Gaps

Authors: Melpomeni Zoka
Data type: Table
Download file (4.16 kb)

Endnotes

"1 Particularly as 25% of land in Eastern, Southern, and Central Europe faces the risk of
desertification (European Commission 2019a).

*2 The dataset can be found at: http://54.229.242.119/GSOCmap/

*3  The dataset can be found at: http://54.229.242.119/GloSIS/

*4  The dataset can be found at: https://data.apps.fao.org/catalog/iso/c790f7c9-
23ac-4578-b4bf-a8c0137f0fea

*5 The dataset can be found at: https://esdac.jrc.ec.europa.eu/content/soil-erosion-
water-rusle2015

*6  The dataset can be found at: https://esdac.jrc.ec.europa.eu/content/Soil
erosion_by wind

*7T  The dataset can be found at: https://esdac.jrc.ec.europa.eu/content/copper-
distribution-topsoils

*8  The dataset can be found at: https://esdac.jrc.ec.europa.eu/content/mercury-content-
european-union-topsoil

*9  The dataset can be found at: https://esdac.jrc.ec.europa.eu/content/chemical-
properties-european-scale-based-lucas-topsoil-data

*10  The dataset can be found at: https:/esdac.jrc.ec.europa.eu/content/potential-threats-
soil-biodiversity-europe

*11 The dataset can be found at: https://esdac.jrc.ec.europa.eu/content/natural-
susceptibility-soil-compaction-europe

"2 The dataset can be found at: https://land.copernicus.eu/en/products/high-resolution-
layer-impervious-built-up/impervious-built-up-2018

*13  For more information, please visit the following link: http:/trends.earth/
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