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Introduction

SOLO project aims to deliver actionable transdisciplinary roadmaps for future soil-related
research and innovation activities in the EU, contributing to achieving the objectives of the
EU Soil Mission. To achieve this overarching goal, the project employs a transdisciplinary
task force known as Think Tanks (TTs). Comprising 10 Think Tanks, SOLO aligns these
entities with the objectives set forth by the EU Soil Mission Board. Within our specific TT,
we focus on the Soil Mission objective 5, “Prevent erosion”. Broadly, this objective is to
reduce “the area of land currently affected by unsustainable erosion from 25% to
sustainable levels” (EC, 2021a). Evidence used as background information in the
document of the Soil Mission, “A Soil Deal for Europe”, shows that 70% of the land affected
by unsustainable erosion rates occurs on agricultural systems, showing a higher severity
than on other systems. Within the agriculture area, and according to the EC (2021a),
permanent crops are the most affected and notable erosion rates on shrubland and sparse
vegetation are also identified. Concluding from the evidence gathered, the EC (2021a)
states that, “land failing soil health indicator due to soil erosion equals 23% in cropland and
30% in non-agricultural areas.” According to the Soil Mission, these figures require urgent
action, based on contextual knowledge both on soils and on human activity, to halt or
revert the erosion process.

The present document thus serves as a platform to underscore the existing knowledge
gaps that should be considered in the future research and innovation agenda of the EU to
attain the set target.

Why do we need a Think Tank focused on the Prevention of Soil Erosion?

Knowledge on soil erosion is dispersed and fragmented, so we need a TT that can
integrate different sources of knowledge not only by systematising it but by exploring its
interactions. At first, we are focused on this integration and systemic approach around the
prevention of soil erosion. Later, we will develop the same effort considering the
interactions between TTs.

In line with the Soil Mission strategy, there is a need to engage non-academic stakeholders
in the identification of solutions to the problem of soil erosion and in its prevention and
mitigation. Hence, the TT is a platform that allows engagement, collaborative thinking and
actions towards prevention and mitigation of soil erosion problems.

Finally, this TT aims to support the challenge of working and linking different scales, so our
goal is not to limit the discussion to the European level but to root the work of the TT in
local/regional/national contexts where the problems exist.

This Think Tank aims to identify 3 main types of knowledge gaps:

1. Knowledge Gaps in existing Research and Innovation priorities related to soil
erosion, inclusive of Social Sciences’ and Humanities’ contributions.
2. Knowledge Transfer Gaps: This dimension concentrates on the deficient links

between available knowledge and its dissemination to stakeholders and the
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broader civil society. We emphasise understanding and addressing the gaps
hindering the effective transfer of knowledge to key audiences.

3. Knowledge Implementation Gaps: This aspect delves into the challenges linked
to the practical application of existing and transferred knowledge. This involves
navigating issues such as the adaptation of European-level instruments within
national or regional contexts, as well as fragmented advisory services. The
emphasis is on exploring obstacles to the actual implementation of knowledge in
the real-world.

To provide concrete examples of the identified Knowledge gaps, text boxes have been
added along the document.

To comprehensively grasp and systematise the three identified types of knowledge gaps,
our Think Tank has strategically incorporated three distinct categories of experts:

. Soil-Related Scientists:

Experts in this category bring specialised knowledge in soil-related sciences. Their
expertise is crucial for discerning gaps within existing Research and Innovation priorities
related to soil erosion which also includes Social Sciences’ and Humanities’ insights.

. Practitioners:

The inclusion of practitioners is vital for a grounded perspective on the knowledge
implementation gaps. These experts bring first-hand experience and practical insights,
shedding light on challenges faced during the actual application of existing and transferred
knowledge.

. Implementation and Integration Scientists:

This group focuses on the practical aspects of knowledge integration (Hoffmann et al. 2022
). Their role is pivotal in bridging the diversity of knowledge types by identifying and
addressing the missing links. Moreover, they contribute with insights into overcoming
challenges associated with the implementation of knowledge in diverse contexts.

These groups worked in an iterative way to prepare the second version of this live
document. Aware that we have failed to involve all necessary experts and to systematise
all the available and ongoing effort related to soil erosion, we are eager to receive your
revision so that the next version of these documents reflects more accurately and
completely the knowledge gaps that need to be tackled in the future Research and
Innovation agenda in the EU. We have an important task ahead of us that we take
seriously but we are also very aware that we cannot achieve it alone. So, thank you very
much for the time you dedicate to the revision of this second version.
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State-of-the-Art

Soil erosion is a natural process; however accelerated and important for shaping landforms
(Dubey et al. 2023), particularly when it occurs at an unbalanced rate, soil erosion
adversely impacts most of the ecosystem services provided by soils, which are the base of
the EU soil strategy for the definition of healthy soils (CEC 2006, Beste 2015, EC 2021,
Ittner and Naumann 2022). Soil erosion is the detachment and transport of sediments by
erosive agents, including rainfall, runoff, wind, tillage and co-extraction on root crops and
land-based machinery (Breshears et al. 2003; Panagos et al. 2015, Cerda et al. 2017;
Rickson 2023). Soil is considered a non-renewable resource from the perspective of
human lifespan (Di Stefano et al. 2023) and in different settings, related to human
interventions into land systems, soil erosion largely surpasses the soil formation rate. While
there is no consensus among the scientific community regarding the tolerable rate of soil
erosion, it is suggested that the upper limit is around 1.4 t ha™" yr™" (Verheijen et al. 2009).
Soil erosion primarily acts on the topsoil, although soil erosion occurring beneath the
surface can also occur (e.g., piping and/or subsurface lateral erosion). Soil erosion
removes the most valuable fraction of the soil (i.e. organic horizon), which typically
contains the highest content of organic matter and nutrients, the most intensive soil life,
and possesses the highest capacity to support life (Poesen 2018; Koch et al. 2013;
Eekhout and Vente 2022). Therefore, the impact of soil erosion is not only the quantity of
removed soil mass, but also the loss of associated soil functions (Lal 2010). Moreover, soil
loss can have relevant repercussions in agroecosystems (food and timber production,
water regulation, carbon sequestration, nutrient cycling and biodiversity), highlighting the
need to increase the inputs to effectively manage agricultural and forestry production
(Milazzo et al. 2023). Soil erosion increases the on-site risks of desertification by reducing
soil water retention and fertility (O. et al. 2024). This diminishes both potential
evapotranspiration and temperature regulation capabilities. Furthermore, eroded soils lose
their ability to support life, thus amplifying air temperature increases and ultimately
exacerbating climate change.

Soil erosion also accounts for multiple off-site effects (Panagos et al. 2024), such as
increasing sediment and nutrient concentrations in water, therefore hindering aquatic life,
water quality, or reducing water storage capacity, and increasing water treatment
expenditures, as well as the risk of flooding and debris flow during high rainfall and runoff
events. It is estimated that sediment accumulation, resulting from soil erosion in the EU’s
large reservoirs (approximately 5000 in total) exceeds 1 billion m3, with an anticipated cost
of ranging from 5 to 8 billion € annually (Panagos et al. 2024a).

The monitoring of soil erosion and its impacts are among the greatest challenges involving
erosion studies (Huber et al. 2008). There is a wide variety of soil erosion models (Batista
2019). In essence, both past and recent model applications provide estimates of
susceptibility to soil erosion for both natural landscapes, forests and croplands, spanning
from at the global scale down to the plot scale, and even incorporating projected climate
change scenarios (Borrelli et al. 2023; Vieria et al., 2023). Such a top-down approach,
based on consistent methodology, can be very informative. Up to date, the dominant focus
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in erosion modelling lies on water-induced erosion, accounting for approximately 95% of
the studies. Conversely, modelling on wind erosion, tillage and co-extraction on root crops
and land-based machinery remains relatively limited (Borrelli et al. 2021). However, models
have limitations (Schmaltz et al. 2024), and thus, measured empirical data is essential, as
models need validation (Batista et al., 2019) and cannot integrate the complexity of
interactions governing the erosion processes, particularly the multi-process modelling
approach. Field monitoring capturing high-resolution datasets and conducting thorough
long-term periods have been essential to enable models to achieve better calibrations, as
well as facilitate effective validations. Moreover, for field studies to be considered suitable
in modelling, they must rely on accessible and comparable methodologies. Initiatives such
as the EUSEDcollab database (Matthews et al. 2023) may represent a paradigm shift,
providing open-access and harmonized catchment data from various European countries,
particularly relevant for soil erosion modelling. While such initiatives are scarce, they
represent a significant endeavour to leverage inaccessible and potentially unknown data.

Several soil erosion prevention and mitigation measures are recognized, but their adoption
among practitioners remains challenging. The effectiveness of these measures depends
on the site's specific features such as topography/geomorphology, soil characteristics,
climatic conditions, and land management. Nevertheless, the most common practices can
be categorized in three broader mechanisms: 1) Providing the soil with a protective cover
to avoid direct rain splash and slow down runoff, e.g. planting temporary cover crops,
grass, shrubs, and trees, or applying mulch (Girona-Garcia et al., 2021; El-Beltagi et al.
2022); 2) Maintaining or enhancing soil particle stability by adopting no-tillage or reduced
tillage practices, or by incorporating organic matter or synthetic amendments and/or
industrial by-products (e.g., polyacrylamide, or lignosulfonates) that improve soil structure
and resistance to detachment and increase water infiltration (Prats et al. 2014; Vakili et al.
2024); 3) Increasing soil roughness in sloped areas to reduce runoff velocity and enhance
water infiltration, e.g., ridge and furrow, contour ploughing, terracing, or vegetative buffer
strips (Wei et al. 2016; Mak-Mensah et al. 2022). The use of financial incentives, increased
awareness among landowners, participation of innovative farmers and contractors, as well
as good advisory and standardized services can revert problematic situations (Prasuhn
2020). Furthermore, education in soil science and ecology is still underrepresented in
schools (Charzynski et al. 2022) among practitioners and within the broader society (Cerda
and Rodrigo-Comino 2021). Increasing literacy on soil related issues, particularly by
promoting knowledge and awareness of soil erosion challenges, is both desirable and
necessary.

Knowledge Gaps

While our current knowledge base is robust, there is a crucial need for a deeper
comprehension of natural and anthropogenic soil erosion processes, and societal
impacts, especially focusing on their intricate interactions, as it is this complexity that
determines the real dimensions of the problem (Field et al. 2009, Ravi et al. 2010).
Addressing this knowledge gap requires a concentrated effort on interactions operating
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across diverse spatial and temporal scales, with an emphasis on predicting rates and
assessing both onsite and wider off-site impacts, such as socio-economic and cultural
impacts.

To comprehensively quantify soil erosion, the assessment must extend beyond
merely on-site effects and include the wider repercussions of sediment
vadictvilhibtiam Thia inuahiae anaaiintina fAar imnanta airinh aa wwatar ~Analibhy Aasradatinm
ITTCUIDUINULIVIL. 11D 1HIVUIVCO abbuulllllly i IIII'JGLII.O QUL Ao vwalcol quallty ucylauauuu
(e.g., turbidity, nutrient and pollutant transport, loss of drinking water quality) and siltation
(e.g., reservoirs, lakes, hydropower infrastructure), transcending catchment boundaries,
national borders, or even continental scales, as well as its impacts on the weather and

atmospheric conditions above the soil surface.

The most recent work by Panagos et al. (2024) on the costs of soil erosion based on
sediment removal from water reservoirs is a clear example of the path that science must
take to change the paradigm of soil conservation, clearly demonstrating to political and
operational decision-makers the costs of their decisions. On an even broader scale, this
sediment transport is also fundamental for the stability of coastal areas, and the
interruption of the flow through water reservoirs has changed it substantially, leading in
many cases to the need for annual replacement of beach sand at enormous costs. The
scale effect in understanding phenomena related to soil erosion, and its implications
for multiple ecological processes, must be addressed in the future.

Furthermore, the evaluation of soil erosion rates should broaden its scope to
encompass a spectrum of erosion processes at various scales — from local to global
(Marzaioli et al. 2010). These include splash, laminar, rill and gully erosion, subsurface
erosion (such as piping and tunnelling), wind and/or riverbank erosion. Some human
interventions are known to increase soil erosion, such as erosion induced by tillage, land
levelling, soil quarrying, termite mound removal, co-extraction on root crops or timber,
explosion cratering, and trench digging. There is still a lack of information on the key
factors that may trigger soil erosion in each scenario, such as the increase in exposed bare
soil but also the increase in soil compaction or a combination of both (Prats et al. 2019).
Additionally, the dynamics of factors such as slope gradient and aspect, rainfall and wind
intensity, soil type, management practices, and natural events have been individually
associated with triggering soil erosion (Poesen et al. 2003; Vieira et al. 2018; Ni et al. 2024
)- However, the connectivity of these factors across spatial and temporal scales
remains poorly comprehended (Boix-Fayos et al. 2006; Keesstra et al. 2018b).
Understanding of the interactions of socio-economic and cultural drivers, including
policy drivers, leading to tipping points for erosion processes within each scenario
is also lacking (Wynants et al. 2019).

While acknowledging soil erosion's relevance, we currently lack a comprehensive
understanding of its role in other critical processes, such as carbon budgeting, transport
and fate of contaminants, nutrient loss, climate change and biodiversity (Obalum et al.
2017). It is imperative to quantitatively, as well as qualitatively, represent the losses of
ecosystem services following soil erosion and concurrently occurring soil
degradation processes (Krull et al. 2004; Keesstra et al. 2018a; Jacob et al. 2021). In
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addition, soil erosion and degradation processes are not experienced equitably across the
world. Therefore, the need of soil erosion risk maps encompassing various types of
soil erosion, including potential mitigations and restoration measures, is
indispensable for anticipating when and where soil erosion might occur at
unsustainable rates (Parente et al. 2022). Nevertheless, the creation of such maps is
either lacking or not uniformly conducted on a standardized and comprehensive scale
across Europe. This could greatly benefit decision-makers, not only in identifying
vulnerable areas but also in assessing the effectiveness of different mitigation/restoration
techniques (Vieira et al. 2023). Soil erosion disproportionately affects vulnerable
populations in the most fragile ecosystems, with impacts on health, nutrition, and
development opportunities (FAO, 2020; Murage et al. 2024). Potential solutions to build
resilience and prevent soil erosion, including Nature-based solutions (NbS), are
being promoted and implemented in many areas but the research evidence to
underpin understanding of the potential benefits and to identify context-specific
trade-offs has not kept pace. Qualitative understanding of the trade-offs and benefits
considering the wider and dynamic critical process noted above is urgently needed. In this
line of thought, there is a gap in developing tools that seamlessly integrate the
aforementioned soil erosion risk maps and potential mitigation or restoration
solutions combined with economic and ecological effectiveness analyses.

Special attention is required in the unique pedo-climatic zones of Europe,
necessitating urgent establishment of long-term experimental sites to enhance our
understanding of the dimension of soil erosion processes. For example, in arid and
semi-arid regions, the analysis of soil erosion demands an expanded perspective,
considering triggers related to wind, water, and other non-quantified factors like tillage,
crop, and irrigation management.

The effects and trade-offs of land management practices, water management
(including irrigation and drainage), and climate change (including greenhouse gas
emissions) remain inadequately understood. The emerging relevance of Nature-based
solutions to soil conservation poses new challenges to scientists and practitioners, but also
reveals relevant knowledge gaps, particularly regarding the effect of soil bioengineering
techniques on soil erosion, including the bio-geo-technical properties and the functional
traits of plant roots. Despite the recent efforts on these topics (e.g., Fernandes and
Guiomar 2016; Guerrero-Ramirez et al. 2021), current knowledge remains incipient
on the effect of these approaches on reducing the erosive potential of rain or wind in
different biophysical contexts, especially in drylands. The need to strengthen
knowledge about the effect that other ecological processes have on soil erosion and
sediment transport is equally critical. Among these processes, fire is of particular
importance, considering the changes observed globally in its regime. Scientific production
in this topic has some shortcomings resulting from the lack of collaboration between soil
and fire scientists. In fire prone ecosystems/regions, it is counterproductive to compare
sample plots in burned and unburned patches. Comparing soil erosion rates among
different types of fires (pastoral, prescribed, wildfires) or along soil burn severity
gradients is an increasingly urgent need. Furthermore, results should not be
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disconnected from burning conditions and fire behaviour. Prescribed fires are not
always carried out in compliance with the recommended prescriptions (which depends on
the objective to be achieved, e.g., fuel load reduction, invasive species control, habitat
management), and the results are easily interpreted as a function of the technique itself,
and not the decision-making process taken by practitioners in its application. This pathway
is critical for the paradigm shift needed in fire management policy and practice (see
Moreira et al. 2020). Current knowledge is incomplete and leads to interpretations that
increase decision-makers' resistance to fire use (pastoral and prescribed) and to the
regulation of management fires (unplanned ignitions that spread under typical conditions
for prescribed fires, and that can be managed to reduce fuel load instead of being
suppressed immediately).

Bridging these gaps requires comprehensive monitoring data in association with local
context-specific socio-economic and cultural knowledge, which is currently the primary
knowledge deficit in the soil erosion field. Establishing a Soil Erosion Monitoring
Network at the EU level, incorporating local-scale monitoring and knowledge
exchange systems involving local environmental knowledge and citizen science
activities is essential to address this gap (Prats et al. 2022). Integrating multiple scales is
paramount for improving future soil erosion assessments.

Investing in more field campaigns and developing platforms that encourage collaboration
and data sharing is also imperative. The collected data could facilitate real-scale
estimations of soil losses and their correlation with contextual information, such as
management practices, land use, soil and ecosystem types, and rainfall regimes. Aligning
monitoring efforts with appropriate spatio-temporal scales is crucial for identifying
specific erosion processes occurring at different scales (Herrick et al. 2016).

Exploring the potential of artificial intelligence and remote sensing is strategic for
gaining a more nuanced understanding of soil erosion processes, enhancing data
collection systems, and improving modelling capabilities.

Calibration and validation of existing models are required, emphasising the
compilation and analysis of data at a meta level. Data mining on existing soil erosion
and sediment yield data is necessary to enhance the accuracy of modelling tools.
Although current modelling capacity allows consideration of the effects of management
practices (such as gully and tillage) and geomorphic processes (such as land sliding and
riverbank erosion), there is a lack of data for the quantification of these effects.
Models also need to be linked to the consequences of soil erosion, especially within the
context of climate change (Keesstra et al., 2018b; Borrelli et al., 2023). Furthermore, such
efforts on data collection will make it possible to understand patterns associated with
overestimations and underestimations and evaluate the existence of factors associated
with the errors’ dispersion and propagation (e.g., soil types, climate). Still regarding the use
of models, it is important to understand the relative effect of the input data on the final
result (e.g., the application of [RJUSLE depends on a set of metrics, including the LS factor,
that implies user choices, from the DEM to the calculation method). Existing erosion
models demonstrate improved accuracy when supported by precise auxiliary input
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parameters such as climate, DEM, soil, vegetation characteristics, among others (Batista
et al.,, 2019; Lopes et al. 2021; Vieira et al., 2023). Consequently, there is a need to
invest effort into constructing high-resolution databases at the EU scale based on
local data.

Finally, recognizing the pivotal role of policy, as well as soil erosion literacy in local

niginn_maldina nrannca P anativa HPS e s tumda ~ffa haturnnm nalinias

decision-making processes, it is imperative to identify trade-offs between policies and
to test strategies to mitigate them (Petratou et al. 2023). Currently, we have policies that
indirectly induce soil erosion while achieving benefits in other dimensions; such trade-offs
need to be properly understood and alternative policy designs tested with those directly
affected (Kelly et al. 2020; Rodriguez Sousa et al. 2023). This policy matter, combined with
a constant lack of perception of soil erosion impacts often leads to the global
underestimation of soil erosion as a major problem.

Knowledge Transfer Gaps

While soil erosion control measures (such as the use of cover crops, adoption of reduced
or no tillage techniques or contour cropping) already exist, an effective strategy requires
systematically organising these measures to fit the specific local environmental and
livelihood situations where soil erosion is a problem. To ensure sustainable soil use,
there is a pressing need to assess and develop current and innovative soil erosion
prevention techniques and field strategies with practitioners and those who can act.
Prioritising the utilisation of Nature-based solutions, evidence-led, locally appropriate and
targeting soil erosion hotspots and off-site effects should be a primary focus.

Promising results have emerged from testing soil erosion techniques after fires (e.g.,
mulching techniques); however, transferring this knowledge requires careful
consideration as its effectiveness and widespread dissemination have been limited
(Girona-Garcia et al. 2021; Petratou et al., 2023).

Example:

Galicia (NW Spain) is a successful example of post-fire management in EU on what
concerns the mitigation of soil erosion impacts. Their operational emergency stabilization
targets off-site impacts of runoff and erosion after fire, preventing additional economical
losses downstream the burned area (e.q. infrastructures, bivalve mariculture). So far, this is
the only region that implemented an operational strategy to tackle post-fire soil erosion,
despite the significant extension of annual burned areas in EU.

Urgent steps must be taken to increase awareness of soil erosion and the potential
threats it poses. Society needs to be more cognizant of the current situation, facts,
threats, and the preventive measures required (Chicas et al. 2016; Prats et al., 2022).
Developing a comprehensive guide on the importance of soil, the risks associated
with soil erosion, impacts on life on Earth and ecosystem services is essential
(Dazzi and Lo Papa 2022). This guide can serve as a valuable tool for raising awareness
and educating individuals, starting from primary school. However, it must be able to
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address all generations and education levels in society. Concrete and enlightening
examples should be used, to create a real impact on the target audience. Involving citizen
science activities may help in the recognition of the real scale of the problem and in raising
awareness in wider society. Soil erosion prediction scenarios should provide information on
the magnitude of consequences, including off-site effects and subsequent risk assessment
(Panagos et al. 2020; Parente et al., 2022; Parente et al. 2023). Developing "risk maps"
as policy tools to indicate hotspots requiring immediate action is crucial and should
be prioritised for swift development. Their development must be accompanied by a
sound delimitation methodology, as well as by effective norms regarding authorised land
use and its monitoring.

Example:

In Portugal, the creation of the National Ecological Reserve (REN) in 1983 has, in an
innovative approach, contemplated “abandoned areas due to marked surface erosion’.
Currently, REN integrates, within the framework of public utility restrictions and territorial
management instruments, ecological systems that play a determining role in the
functioning of ecosystems. The areas to be included in the REN have land use restrictions
that vary depending on the criteria that determined their delimitation. Among these criteria
are areas at high risk of soil water erosion. The latest revisions to the legislation in 2019
and 2020, and, in particular, the strategic guidelines, determine that the delimitation of
areas at high risk of soil water erosion must be based on the identification of potential soil
erosion, through the application of the Revised Universal Loss Equation (RUSLE), which
considers the following factors: precipitation erosivity (R), soil erodibility (K) and
topography (LS). The Strategic Guidelines indicate the data and methods to be used to
map these factors. The threshold above which areas must be part of the REN was
established at 25 tons/ha/year. However, the methodology to define their boundaries is
non-consensual, and, furthermore, there’s a need for effective regulatory guidelines that
tackle not only the authorised land use types in these areas, but also their control. The
delimitation of the REN is carried out at the municipal level, and there are some constraints
that hinder the desired articulation between municipalities, such as the absence of a soil
dataset on the same scale for all territories of mainland Portugal. Conceptual
inconsistencies were also identified. For example, factors related to land cover and land
management were not considered since the objective is to estimate potential soil erosion,
but the guidelines to compute LS requires the integration of road networks as a factor in
interrupting surface runoff. There is still a gap regarding the method to be followed to
generalise the result of applying the RUSLE, since the dispersion of isolated pixels makes
the decision-maker's action difficult. Lastly, the criteria that established the soil erosion
threshold is not clear, particularly in the geographic context in which it is applied.
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Knowledge Implementation Gaps

Effective implementation of knowledge is crucial in preventing soil erosion, and a key
aspect of this is planning monitoring systems in a cost-effective manner. Only smart
and cost-effective systems are likely to endure in the future (Petratou et al., 2023).

VWhiie monitoring sysiems and modeiiing toois piay a pivotai roie in supporting and
enhancing decision-making processes, it is equally essential to engage with managers
and landowners while co-developing tools that can support (or influence) their
decision making. Understanding their motivations during land management is critical, and
collaborative approaches and governance mechanisms need to be developed jointly (EC et
al. 2020; Briassoulis, 2011).

The interaction between researchers and practitioners should be approached with a sense
of responsibility. Allocating resources to experts and expertise on integration
becomes crucial to secure conditions for collective actions that benefit all parties
involved.

Negative effects arising from trade-offs between policy instruments are apparent,
particularly in specific land uses such as agriculture, forestry, and agroforestry systems,
leading to increased soil erosion. Urgent measures are needed to mitigate these
negative trade-offs.

The Common Agricultural Policy (CAP), a key policy instrument, has caused many of these
challenges. Testing innovative models is imperative. Results-based models within CAP
where soil health becomes a measurable result, and supported by payment when
deliverabled, should be tested (Guimaraes et al. 2023). This system needs significant
changes in traditional policies, including a focus on achieving results related to ecosystem
services, payment for ecosystem services (specifically for preventing soil erosion), and the
establishment of a supporting system for knowledge exchange among producers, public
administrators, and researchers.

Another model involves setting benchmarks for soil health, where soil health
objectives and indicators cut across various policy instruments. This approach aims
to provide a unified framework for addressing soil health across different sectors and policy
domains.

Acknowledgements

Special thanks to all Think Tank members for their patience and contributions. This work
was partially funded by National Funds through FCT - Foundation for Science and
Technology: MED ( https://doi.org/10.54499/UIDB/05183/2020; https://doi.org/10.54499/
UIDP/05183/2020);  CHANGE ( https://doi.org/10.54499/LA/P/0121/2020).  Special
recognition of those who openhandedly participated in the Barcelona face-to-face meeting




12 Guimarées M et al

in December 2023. The inputs throughout discussions and dynamics performed within and
among TTs and other partners from the consortia were extremely valuable.

References

. Batista P, et al. (2019) On the evaluation of soil erosion models: are we doing enough?
Earth-Science Reviews 197 (102898). https://doi.org/10.17632/bdgdmmcsjn.1

. Beste A (2015) Down to earth. - The soil we live off: On the state of soil in Europe’s
agriculture The Greens - European Free Alliance in the European Parliament.

. Boix-Fayos C, Martinez-Mena M, Arnau-Rosalén E, Calvo-Cases A, Castillo V,
Albaladejo J (2006) Measuring soil erosion by field plots: Understanding the sources of
variation. Earth-Science Reviews 78 (3-4): 267-285. https://doi.org/10.1016/j.earscirev.
2006.05.005

. Borrelli P, Alewell C, Alvarez P, Anache j, Baartman J, Ballabio C, Biddoccu M, Cerda A,
Chalise D, Chen S, Chen W, De Girolamo AM, Gessesse GD, Deumlich D, Diodato N,
Efthimiou N, Erpul G, Fiener P, Freppaz M, Gentile F, Gericke A, Haregeweyn N, Hu B,
Jeanneau A, Kaffas K, Kiani-Harchegani M, Lizaga Villuendas I, Li C, Lombardo L,
Lépez- Vicente M, Lucas-Borja ME, Matthews F, Marker M, Miao C, Miko§ M, Modugno
S, Mdller M, Naipal V, Nearing M, Owusu S, Panday D, Patault E, Patriche CV, Poggio
R, Portes Quijano L, Rahdari MR, Renima M, Ricci GF, Rodrigo-Comino J, Saia S,
Samani AN, Schillaci C, Syrris V, Kim HS, Spinola DN, Oliveira PT, Teng H, Thapa R,
Vantas K, Vieira D, Yang JE, Yin S, Zema DA, Zhao G, Panagos P (2021) Soil Erosion
Modelling: A Global Review and Statistical Analysis. Science of The Total Environment
780: 146494. https://doi.org/10.1016/j.scitotenv.2021.146494

. Borrelli P, Panagos P, Alewell C (2023) Policy implications of multiple concurrent soil
erosion processes in European farmland. Nat Sustain 6: 103-112. https://doi.org/
10.1038/s41893-022-00988-4

. Breshears D, Whicker J, Johansen M, Pinder J (2003) Wind and water erosion and
transport in semi-arid shrubland, grassland and forest ecosystems: Quantifying
dominance of horizontal wind-driven transport. Earth Surface Processes and Landforms
28 (11): 1189-1209. https://doi.org/10.1002/esp.1034

. CEC (2006) Thematic Strategy for Soil Protection: Communication from the
Commission to the Council, the European Parliament, the European Economic and
Social Committee and the Committee of the Regions. Commission of the European
Communities. URL: http://terrestrial.eionet.eu.int/CLC2000/docs/publications/
corinescreen.pdf.

. Cerda A, Lucas Borja M, Ubeda X, J. M, Keesstra S (2017) Pinus halepensis M. versus
Quercus ilex subsp. rotundifolia L. runoff and soil erosion at pedon scale under natural
rainfall in Eastern Spain three decades after a forest fire. Forest Ecology and
Management 400: 447-456. https://doi.org/10.1016/j.foreco.2017.06.038

. Cerda A, Rodrigo-Comino J (2021) Regional farmers’ perception and societal issues in
vineyards affected by high erosion rates. Land 10: 205. https://doi.org/10.3390/
land10020205

. Charzynski P, Urbanska M, Gadsby H, Grover S (2022) A global perspective on soil
science education at third educational level: Knowledge, practice, skills and challenges.
Geoderma 425: 1-16. https://doi.org/10.1016/j.geoderma.2022.116053




Preliminary assessment of the knowledge gaps to prevent soil erosion 13

Chicas S, Omine K, Ford J (2016) Identifying erosion hotspots and assessing
communities’ perspectives on the drivers, underlying causes and impacts of soil erosion
in Toledo’s Rio Grande Watershed: Belize. Applied Geography 68: 57-67. https://doi.org/
10.1016/j.apge0g.2015.11.010

Dazzi C, Lo Papa G (2022) A new definition of soil to promote soil awareness,
sustainability, security and governance. International Soil and Water Conservation

Racaarch 10 (1) QQ_ 108 htitng /ldai ara/10 1018/ icwoer 2021 07 ON0A1

Research 10 (1): 99-108. https://doi.org/10.1016/].iswcr.2021.07.001
Di Stefano C, Nicosia A, Pampalone V, Ferro V (2023) Soil loss tolerance in the context
of the European Green Deal. Heliyon 9 (1): 128609,. https://doi.org/10.1016/j.heliyon.
2023.¢12869

Dubey AA, Dhami NK, Ravi K, Mukherjee A (2023) Erosion mitigation with
biocementation: a review on applications, challenges, & future perspectives. Rev
Environ Sci Biotechnol 22: 1059-1091. https://doi.org/10.1007/s11157-023-09674-z
EC, Joint Research Centre, Scarpa S, Borrelli P, Lugato E (2020) Soil related indicators
to support agro-environmental policies - Soil erosion soil carbon soil nutrients and
fertility. Publications Office

EC (2021) EU Soil Strategy for 2030 - Reaping the benefits of healthy soils for people,
food, nature and climate: Communication from the Commission to the European
Parliament, the Council, the European Economic and Social Committee and the
Committee of the Regions. European Commission. URL: https://www.eea.europa.eu/
data-and-maps/dashboards/land-take-statistics#tab-based-on-data

Eekhout JP, Vente J (2022) Global impact of climate change on soil erosion and
potential for adaptation through soil conservation. Earth-Science Reviews 226: 103921.
https://doi.org/10.1016/j.earscirev.2022.103921

El-Beltagi HS, Basit A, Mohamed HI, Ali |, Ullah S, Kamel EA, Shalaby TA, Ramadan
KM, Alkhateeb AA, Ghazzawy HS (2022) Mulching as a Sustainable Water and Soil
Saving Practice in Agriculture: A Review. Agronomy 12 (8): 1881. https://doi.org/
10.3390/agronomy 12081881

Fernandes JP, Guiomar N (2016) Simulating the stabilization effect of soil
bioengineering interventions in Mediterranean environments using limit equilibrium
stability models and combinations of plant species. Ecological Engineering 88: 122-142
10 1016 2015 12 035. https://doi.org/10.1016/j.ecoleng.2015.12.035

Field J, Breshears D, Whicker J (2009) Toward a more holistic perspective of soil
erosion: Why aeolian research needs to explicitly consider fluvial processes and
interactions. Aeolian Research 1 (1-2): 9-17. hitps://doi.org/10.1016/j.aeolia.
2009.04.002

Girona-Garcia A, Vieira D, Silva J, Fernandez C, Robichaud P, Keizer J (2021)
Effectiveness of post-fire soil erosion mitigation treatments: A systematic review and
meta-analysis. Earth-Sci Rev 217 (103611). https://doi.org/10.1016/j.earscirev.
2021.103611

Guerrero-Ramirez NR, Mommer L, Freschet GT, lversen CM, McCormack ML, Kattge J,
Weigelt A (2021) Global root traits (GRooT) database. Global Ecology and
Biogeography 30 (1): 25-37 10 1111 13179. https://doi.org/10.1111/geb.13179
Guimaraes HM, Pinto-Correia T, de Belém Costa Freitas M, Ferraz-de-Oliveira |, Sales-
Baptista E, Veiga JF, Marques JT, Pinto-Cruz C, Godinho C, Belo AD (2023) Farming
for nature in the Montado: the application of ecosystem services in a results-based
model. Ecosystem Services 61 (7). https://doi.org/10.1016/j.ecoser.2023.101524




14

Guimarées M et al

Herrick J, Arnalds O, Bestelmeyer B, Bringezu S, Han G, Johnson M, Kimiti D, Yihe Lu
L, Pengue W, Toth G, Tukahirwa J, Velayutham M, Zhang L, et al. (2016) Unlocking the
sustainable potential of land resources: Evaluation systems, strategies and tools. A
report of the working group on land and soils of the International Resource Panel.
Hoffmann S, Deutsch L, Klein J (2022) Integrate the integrators! A call for establishing

academic careers for integration experts. Humanit Soc Sci Commun 9: 147. https://
dAni ara/10 1057 /eA1500.N22_N1128_>

UUILUITYI 1TV ITVOT 19T 1TOUUTVLLTV 1 1904

Huber S, Prokop G, Arrouays D, Banko G, et al. (2008) Environmental Assessment of
Soil for Monitoring Volume |. Indicators & Criteria https://doi.org/10.2788/93515

Ittner S, Naumann S (2022) A European roadmap on soils and land management. Soil
Mission Support.

Jacob M, Maenhout P, Verzandvoort S, Ruysschaert G (2021) Report on identified
regional, national and European aspirations on soil services and soil functions. EJP Soil
Keesstra S, Nunes J, Novara A, Finger D, Avelar D, Kalantari Z, Cerda A (2018a) The
superior effect of nature based solutions in land management for enhancing ecosystem
services. Science of The Total Environment 610-611: 997-1009. https://doi.org/10.1016/
j.scitotenv.2017.08.077

Keesstra S, Nunes JP, Saco P, Parsons T, Poeppl R, Masselink R, Cerda A (2018b) The
way forward: Can connectivity be useful to design better measuring and modelling
schemes for water and sediment dynamics? Science of The Total Environment 644:
1557-1572. https://doi.org/10.1016/j.scitotenv.2018.06.342

Koch A, McBratney A, Adams M, Field D, Hill R, Crawford J, Minasny B, Lal R, Abbott L,
O'Donnell A, Angers D, Baldock J, Barbier E, Binkley D, Parton W, Wall DH, Bird M,
Bouma J, Chenu C, Flora CB, Goulding K, Grunwald S, Hempel J, Jastrow J, Lehmann
J, Lorenz K, Morgan CL, Rice CW, Whitehead D, Young |, Zimmermann M (2013) Soil
Security: Solving the Global Soil Crisis. Glob Policy 4: 434-441. https://doi.org/
10.1111/1758-5899.12096

Krull E, Skjemstad J, Baldock J (2004) Functions of soil organic matter and the effect on
soil properties: GRDC Project No CSO 00029 Residue Management, Soil Organic
Carbon and Crop Performance. CSIRO Land & Water

Lal R (2010) Managing Soils and Ecosystems for Mitigating Anthropogenic Carbon
Emissions and Advancing Global Food Security. BioScience 60 (9): 708-721. https://
doi.org/10.1525/bi0.2010.60.9.8

Lopes AR, Girona-Garcia A, Corticeiro S, Martins R, Keizer JJ, Vieira DC (2021) What
is wrong with post—fire soil erosion modelling? A meta—analysis on current approaches,
research gaps, and future directions. Earth Surf. Process. Landforms 46: 205-219.
https://doi.org/10.1002/esp.5020

Mak-Mensah E, Yeboah FK, Obour PB, Usman S, Essel E, Bakpa EP, Zhang D, Zhou
X, Wang X, Zhao X, Zhao W, Wang Q, Adingo S, Ahiakpa JK (2022) Integration of ridge
and furrow rainwater harvesting systems and soil amendments improve crop yield
under semi-arid conditions. Paddy Water Environ 20: 287-302. https://doi.org/10.1007/
$10333-022-00900-y

Marzaioli R, D’Ascoli R, De Pascale R, Rutigliano F (2010) Soil quality in a
Mediterranean area of Southern ltaly as related to different land use types. Applied Soil
Ecology 44 (3): 205-212. https://doi.org/10.1016/j.apsoil.2009.12.007




Preliminary assessment of the knowledge gaps to prevent soil erosion 15

Matthews F, Verstraeten G, Borrelli P (2023) EUSEDcollab: a network of data from
European catchments to monitor net soil erosion by water. Sci Data 10: 515. https://
doi.org/10.1038/s41597-023-02393-8

Milazzo F, Francksen RM, Zavattaro L, Abdalla M, Hejduk S, Enri SR, Pittarello M, Price
PN, Schils RL, Smith P, Vanwalleghem T (2023) The role of grassland for erosion and
flood mitigation in Europe: A meta-analysis. Agriculture, Ecosystems & Environment

348: 108443, httns://doi.org/10.1016/i.agee.2023.108443

VIV, TVUTTV LIYOTMVILVIM TV TV IV ].AYO U aVe. | VUTTY
Moreira F, Ascoli D, Safford H, Adams MA, Moreno JM, Pereira JM, Fernandes PM
(2020) Wildfire management in Mediterranean-type regions: paradigm change needed.
Environmental Research Letters 15 (1): 011001 10 1088 1748-9326 541.
Ni S, Shi B, Zhao J, Wang D, Zhu L, Wang J, Cai C (2024) A review of impacts of soil
rock fragments on slope erosion: Mechanism and processes. Land Degradation &
Development: 1-18. https://doi.org/10.1002/Idr.5138
Obalum S, Chibuike G, Peth S, Ouyang Y (2017) Soil organic matter as sole indicator of
soil degradation. Environmental Monitoring and Assessment 189 (4): 176. https://
doi.org/10.1007/s10661-017-5881-y
O.G, S.A.P,E.vdE, M.C. M, C. R, S. B, J.J. K(2024) The effects of wildfire frequency
on post-fire soil surface water dynamics. European Journal of Forest Research 143 (2):
493-508,. https://doi.org/10.1007/s10342-023-01635-z
Panagos P, Ballabio C, Borrelli P, Meusburger K, Klik A, Rousseva S, Tadi¢ MP,
Michaelides S, Hrabalikova M, Olsen P, Aalto J, Lakatos M, Rymszewicz A, Dumitrescu
A, Begueria S, Alewell C (2015) Rainfall erosivity in Europe. Science of The Total
Environment 511: 801-814. https://doi.org/10.1016/].scitotenv.2015.01.008
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/rs12091365
Panagos P, Matthews F, Patault E, De Michele C, Quaranta E, Bezak N, Kaffas K, Patro
ER, Auel C, Schleiss AJ (2024a) Understanding the cost of soil erosion: an assessment
of the sediment removal costs from the reservoirs of the European Union. J. Clean.
Prod 140183 https://doi.org/10.1016/j.jclepro.2023.140183
Panagos P, Vieira D, Eekhout JP, Biddoccu M, Cerd&agrave A, Evans DL, Tavoularis N,
Bezak N, Negrel P, Katsoyiannis A, Borrelli P (2024b) How the EU Soil Observatory
contributes to a stronger soil erosion community. Environmental Research 248:
118319,. https://doi.org/10.1016/j.envres.2024.118319
Parente J, Girona-Garcia A, Lopes A, Keizer JJ, Vieira DC (2022) Prediction, validation,
and uncertainties of a nation-wide post-fire soil erosion risk assessment in Portugal.
Scientific Reports 12 (1): 2945. https://doi.org/10.1038/s41598-022-07066-x.
Parente J, Nunes JP, Baartman J, F6limi D (2023) Testing simple approaches to map
sediment mobilisation hotspots after wildfires. International Journal of Wildland Fire 32:
886-902. https://doi.org/10.107 1/WF22145.
Petratou D, J.P N, Guimaraes M.H., Prats SA (2023) Decision-making criteria to shape
mulching techniques for fire-prone landscapes. Landscape Ecology https://doi.org/
10.1007/s10980-023-01659-1
Poesen J, Nachtergaele J, Verstraeten G, Valentin C (2003) Gully erosion and
environmental change: importance and research needs. CATENA 50 (2-4): 91-133.
https://doi.org/10.1016/S0341-8162(02)00143-1




16

Guimarées M et al

Poesen J (2018) Soil erosion in the Anthropocene: Research needs. Earth Surface
Processes and Landforms 43: 64-84. https://doi.org/10.1002/esp.4250

Prasuhn V (2020) Twenty years of soil erosion on-farm measurement: Annual variation,
spatial distribution and the impact of conservation programmes for soil loss rates in
Switzerland. Earth Surface Processes and Landforms 45: 1539-1554. https://doi.org/

10.1002/esp.4829

Drate § Maluar M Marting M

review of the last research and techniques developed in Portugal. Cuadernos de
Investigacion Geografica 40 (2): 403-427. https://doi.org/10.18172/cig.2519

Prats SA, Malvar MC, Coelho CO, Wagenbrenner JW (2019) Hydrologic and erosion
responses to compaction and added surface cover in post-fire logged areas: isolating
splash, interrill and rill erosion. Journal of Hydrology 575: 408-419. https://doi.org/
10.1016/j.jhydrol.2019.05.038

Prats SA, Sierra-Abrain P, Morafia-Fontan A, Zas R (2022) Effectiveness of community-
based initiatives for mitigation of land degradation after wildfires. Science of the Total
Environment 810: 152232. https://doi.org/10.1016/j.scitotenv.2021.152232

Ravi S, Breshears D, Huxman T, D’Odorico P (2010) Land degradation in drylands:
Interactions among hydrologic-aeolian erosion and vegetation dynamics.
Geomorphology 116 (3-4): 236-245. https://doi.org/10.1016/j.geomorph.2009.11.023
Rickson R (2023) Water induced soil erosion. In: Goss M, Oliver M (Eds) Encyclopedia
of Soils in the Environment. Elsevier https://doi.org/10.1016/
B978-0-12-822974-3.00231-7

Rodriguez Sousa AA, Mufioz-Rojas J,, Brigido C, Prats SA (2023) Impacts of
intensification on soil erosion and sustainability in olive groves of Alentejo (Portugal): A
theoretical and empirical approach based on a simulation model. Landscape Ecology
https://doi.org/10.1007/s10980-023-01682-2

Schmaltz E, Johannsen L, Thorsge M, Rasénen T, Darboux F, Strauss P (2024)
Connectivity elements and mitigation measures in policy-relevant soil erosion models: A
survey across Europe. Catena 234, 107600: 10-1016. https://doi.org/10.1016/j.catena.
2023.107600

Vakili AH, Salimi M, Keskin i, Jamalimoghadam M (2024) A systematic review of
strategies for identifying and stabilizing dispersive clay soils for sustainable
infrastructure. Soil and Tillage Research 239: 106036. https://doi.org/10.1016/j.still.
2024.106036

Verheijen FG, Jones RJ, Rickson RJ, Smith CJ (2009) Tolerable versus actual soil
erosion rates in Europe. Earth-Science Reviews 94 (1-4): 23-38. https://doi.org/10.1016/
j-earscirev.2009.02.003

Vieira DC, Malvar MC, Martins MA, Serpa D, Keizer JJ (2018) Key factors controlling
the post-fire hydrological and erosive response at micro-plot scale in a recently burned
Mediterranean forest. Geomorphology 319: 161-173. https://doi.org/10.1016/
j.geomorph.2018.07.014

Vieira DC, Borrelli P, Jahanianfard D, Benali A, Scarpa S, Panagos P (2023) Wildfires in
Europe: Burned soils require attention. Environmental Research 217: 114936. https:/
doi.org/10.1016/j.envres.2022.114936

Wei W, Chen D, Wang L, Daryanto S, Chen L, Yu Y, Sun G, Feng T (2016) Global
synthesis of the classifications, distributions, benefits and issues of terracing. Earth Sci.
Rev 159 (18): 388-403. https://doi.org/10.1016/j.earscirev.2016.06.010




