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ABSTRACT

While soils and land are pivotal elements of many Sustainable Development Goals (SDGs) and societal challenges, they
face degradation and reduction of related functions and services worldwide. Societal demands on soils and land are
increasing, including contributions to climate change mitigation and adaptation, ecosystem services, biodiversity
and biomass production for food, feed, fiber and energy. This adverse combination of reducing capacities and increas-
ing demands requires rapid transition towards sustainable soil and land management that mitigates trade-offs and cre-
ates synergies. Likewise, a transformation of soil and land research is required to scientifically support the sustainable
transformation.

Based on a literature analysis combined with engagement of soil and land scientists, we developed a systemic research
framework for sustainable soil and land management to support the implementation of the Horizon Europe Mission “A
Soil Deal for Europe”. The framework summarizes soil and land related topics into six societal challenges and associates
them with eight knowledge types that outline integrated research for development and implementation of sustainable
soil and land management. We propose that research should be aligned with living labs and lighthouses to leverage
local solutions, innovation, training and education. We outline the role of experimentation, data analysis, assessment,
modelling and the importance of research for institutions, governance and policy support. For encouraging a swift tran-
sition towards a systems approach for sustainable soil and land management, we concluded that among all knowledge
types, those addressing socio-economic interrelations with soil health and related policies currently represent the big-
gest bottleneck.
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1. Introduction

Soils are the basis for a variety of important functions, ecosystem ser-
vices and socio-economic activities, including biomass production (e.g. ter-
restrial ecosystems, food, fodder, fiber, bio-based energy), climate gas
fluxes of carbon dioxide (CO,), nitrous oxide (N,O) and methane (CH,),
water cleaning, storage and supply, foundation for constructions, supply
of construction material, as well as the provision of aesthetic environments
that provide habitats, recreation and inspiration to people (Schirpke et al.,
2017; Helming et al., 2018b). The achievement of many United Nations
Sustainable Development Goals (SDGs) depends either directly or indirectly
on soil functions, land use and management (Bouma et al., 2019; Téth et al.,
2018). The SDGs address diverse issues inherently linked to soil and land,
such as food security (SDG 2) (FAO, 2018), life on land (SDG 15) (FAO
et al., 2020), climate action (SDG13) (IPCC, 2019), clean water (SDG
6) (UN, 2018), and resource efficiency (SDG 12) (FAO and ITPS, 2015).
Both the quality and persistence of soil functions (Schulte et al., 2015)
and the achievement of soil dependent SDGs largely rely on soil health
(Lal et al., 2018; Bonfante et al., 2020). Accordingly, the European Commis-
sion (EU) has defined Soil Health and Food as one of its five overarching mis-
sions (“A Soil Deal for Europe”) for the new Horizon Europe Framework
Program of Research and Innovation from 2021 to 2027, in order to address
the SDGs and the Green Deal together with the EU Soil Strategy (EC, 2021).
The Horizon Europe Mission “A soil deal for Europe” defines soil health as
“the continued capacity of soils to support ecosystem services, in line with the Sus-
tainable Development Goals and the Green Deal” (Veerman et al., 2020).

Over the last decades, two major soil and land related trends have been
observed within the EU and worldwide: (i) an increase in consumer and in-
dustry demands for soil-based production of food, feed, fiber and bio-based
energy (Camia et al., 2018; FAO, 2020), and (ii) a decrease in soil health
and ongoing soil degradation over large areas (~33% of the global land)
(FAO and ITPS, 2015; Gomiero, 2016; Veerman et al., 2020). While these
two processes seem to be antagonistic, they are closely linked to each
other. Increasing demands lead to an overexploitation of soil resources, in-
crease of competition for land (land grabbing) and land use change (e.g. de-
forestation, ploughing of grasslands) (Alexander et al., 2015; Ramankutty
etal., 2018; Erb et al., 2016). This often results in soil degrading processes
such as erosion, compaction, salinization, pollution, acidification, soil or-
ganic carbon decline and biodiversity loss (Ramankutty et al., 2018;
Borrelli et al., 2017). In addition, less land is available for production due
to urbanization and infrastructure development (Prokop and Jobstmann,
2011). Currently, at least one third of the global land is considered as “mod-
erately to highly degraded”, while climate change intensifies land degrada-
tion, for example through higher frequency and severity of heavy rainfall,
floods and droughts, wind, permafrost thaw, salinization due to sea-level
rise, wave action, or inappropriate irrigation (EC, 2006; IPBES, 2018;
IPCC, 2019; FAO and ITPS, 2015).

Land use types such as agriculture, forestry, urban or industrial soil use
build the bridge between the resource ‘soil’ and anthropogenic activities.
While land describes the terrestrial surface area of the Earth that is not per-
manently under water, soil represents the unconsolidated upper body of the
land surface in which mineral particles, organic matter, water, air and liv-
ing organisms interact. Soil health management plays a growing role in cli-
mate change mitigation and adaptation (IPCC, 2019; Smith et al., 2020),
flood control (Whitfield, 2012), biomass production (FAO and ITPS,
2015), food security and safety (FAO et al., 2018), resource efficiency
(FAO and ITPS, 2015), and conservation of biodiversity (Zhang et al.,
2020). In summary, healthy soils are fundamental for sustainable develop-
ment.

While the bio-physical importance of sustainable soil and land manage-
ment is rather clear, achieving soil health requires major adaptations of
socio-economic activities, such as food and fiber production methods
(Zwetsloot et al., 2020; Helming and Wiggering, 2013), policies and con-
sumption patterns (Merrigan et al., 2015). The complex interaction be-
tween soil and land management and soil health makes it difficult to
account for the multitude of important factors (Vogel et al., 2018), while
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soils themselves exhibit high spatial variations. Developing and enforcing
sustainable management practices and policies is complex (Helming
et al., 2018a), in particular since land and soil related science, policy, and
practice communities are often operating in isolation with little synergies.

Research and innovation (R&I) can contribute to the unravelling of
these complex soil and land management systems. Yet, soil and land related
research is mainly epistemic and restricted to domains within natural sci-
ences often neglecting the multi-functionality of soils and the complex
socio-economic aspects of soil and land management (Amin et al., 2020;
Visser et al., 2019; Keesstra et al., 2016). Previously, Vogel et al. (2018) de-
veloped a systemic modelling framework that combines indicators for soil
functions with detailed process understanding of complex processes in agri-
cultural soils. Helming et al. (2018b) developed an analytical framework
for sustainability impact assessment of agricultural soil management on
soil functions that combines the concepts of resource use efficiency and eco-
system services. However, a systemic integrated scientific approach to soil
science, that includes all land use and management types, and that goes be-
yond knowledge production, but rather into a more strategic, solution and
practice oriented mode is not yet available.

The objective of this article is to develop a systemic research framework
for sustainable soil and land management that accounts for all land use and
management types and societal challenges related to soil and land. The am-
bition is to promote holistic, trans-disciplinary and participatory research
on sustainable soil and land management including measures towards its
practical implementation. We develop the framework on the basis of a liter-
ature analysis and with the involvement of soil and land experts. Further,
we identify urgent R&I needs for sustainable soil and land management.
Our framework should stimulate integration of diverse soil and land man-
agement related scientific disciplines and demonstrate the relevance of
transdisciplinary methods for a swift transition towards sustainable soil
and land management.

2. Methods - development of a systemic research framework for sus-
tainable soil and land management

A systemic research framework for sustainable soil and land manage-
ment was developed through a stepwise development process (Fig. 1).
First, we performed a desk study summarizing current soil and land related
challenges in order to gain a full overview of the soil and land system. Cov-
ering all types of soil and land management of all land use sectors, including
agriculture, forestry, protected areas, urban and industrial soil use, our desk
study included recent scientific soil and land related reports (2006-2020)
from major authorities, international and European strategies in the field
of soil and land, as well as key scientific articles (e.g. FAO and ITPS,
2015, Veerman et al., 2020, Ekins et al., 2019, EEA, 2019b, IPCC, 2019;
full list in Online Resource 1). Literature and documents were selected
using the snowball technique (Ridley, 2012). As a major methodological
principle that is facilitated by a number of recent key scientific publications
(e.g. Keesstra et al., 2020; Helming et al., 2018b), we linked the concept of
multi-functionality of land and soil use (Schulte et al., 2015; Helming and
Wiggering, 2013; Adhikari and Hartemink, 2016) to societal targets as
expressed in the SDGs.

Based on the gathered information, we created a systemic draft research
framework for sustainable soil and land management (here including as
well soil and land use sectors such as protected areas that do not necessarily
include management). We separated the research framework into two cat-
egories: (i) major soil and land related societal challenges oriented along
the SDGs and covering the questions of ‘what’ needs to be addressed; and
(ii) science based knowledge types covering the question of ‘how’ R&I
needs to address the challenges in order to achieve sustainable and land
soil management on a systemic level.

The draft research framework was further elaborated and validated
through engagement of R&I experts during an online workshop. For the on-
line workshop, representatives of 45 ongoing or recently finalized soil and
land related H2020 research projects were invited. The workshop took
place on 13 January 2021 and was co-organized by the EU Research
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Fig. 1. Stepwise workflow of the research framework development through an
initial desk study followed by elaboration and validation through R&I
stakeholders (online survey and online workshop).

Executive Agency (REA) and the Horizon 2020 Soil Mission Support pro-
ject. Preceding the online workshop, the R&I experts were invited to fill
in an online survey, in which the soil and land related challenges as well
as the knowledge types were listed together with questions on respective
knowledge needs (Online Resource 2). The survey was available online
from 10.12.2020 to 12.01.2021. By filling in the online survey, participants
provided information on soil and land related activities of their projects and
became acquainted with the draft research framework of soil and land re-
lated challenges and knowledge types. In total, 34 R&I experts from 29 pro-
jects filled in the online survey (Online Resource 3). The main soil and land
use sector addressed by these projects was agriculture (Table 1). Further,
the land use sectors forestry, industry, protected areas, and urban land
use were covered. This distribution of land use types is representative re-
garding the research coverage of soil related topics within H2020 projects.

During the online workshops, 32 R&I experts from 28 projects discussed
for 30 min in four randomly allocated breakout groups the consistency of

Table 1
Soil and land use sectors addressed by 29 soil related H2020 projects
that participated in the survey. Some projects covered multiple sectors.

Soil and land use sector Number of projects

Agriculture 27
Forestry
Industrial soil use
Protected areas
Soil sealing
Urban soil use

=N WA U
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the systemic research framework, the coverage of its elements in research
projects and respective soil related R&I needs. Participants discussed their
ideas verbally and added written comments to the online canvas Padlet.
During the discussion, the participants were asked (i) What are the most im-
portant soil and land related societal challenges? (ii) What are the most im-
portant knowledge types in order to solve these challenges? and (iii) Which
combinations of societal challenges and knowledge types are important?

3. Results - a systemic research framework for sustainable soil and
land management

The results of the desk study and the online workshop with R&I experts
lead to an overarching classification of soil and land related research topics
into six overarching societal challenges (Fig. 2): (1) ‘Reduce and remediate
soil erosion, pollution and degradation’, (2) ‘Mitigate land take’, (3) ‘In-
crease provision of ecosystem services and biodiversity’, (4) ‘Increase bio-
mass production for food fibre and energy’, (5) ‘Mitigate and adapt to
climate change’, and (6) ‘Improve disaster control’. They address preventive
measures (i.e. 1, 2, 5, 6) that aim to avoid or counteract direct, or indirect
negative processes (e.g. disasters, soil degradation), as well as proactive
measures (i.e. 3, 4, 5) that aim at improved soil and land conditions and
thus of provided functions (e.g. biomass production, climate resilience).
The societal challenges are directly linked to five of the 17 SDGs. Numerous
further direct and indirect links exist between SDGs and soil and land man-
agement (Lal et al., 2021).

Further, the results revealed eight overarching knowledge types (in-
cluding forms of knowledge organization) that are associated with the soci-
etal challenges: (I) ‘Living Labs and Lighthouses’, (I) ‘Specific regions and
sectors’, (II) ‘Awareness, training and education’, (IV) ‘Data management,
sensing and monitoring’, (V) ‘Assessment and modelling’, (VI) ‘Technical,
economic and social innovation’, (VII) ‘Institutions and governance’, and
(VIII) ‘Science based policy support’. The role of ‘Living Labs & Lighthouses’
was emphasized, since they are special forms of R&I initiatives that address
and connect many of the other knowledge types and they are a key strategic
element for the implementation of the Horizon Europe Mission “A Soil Deal
for Europe” (EC, 2021). The EC (2021) define “Soil health living labs” as
“user-centred, placebased and transdisciplinary research and innovation ecosys-
tems, which involve land managers, scientists and other relevant partners in sys-
temic research and co-design, testing, monitoring and evaluation of solutions, in
real-life settings, to improve their effectiveness for soil health and accelerate adop-
tion.”

The identification of knowledge types was guided by the realization
gained in sustainability sciences that one needs a complementary combina-
tion of different modes of knowledge, i.e. systems knowledge (systemic un-
derstanding of complex situations), target knowledge (conceptualisation
and contextualisation of problems) and transformation knowledge (how
to successfully guide a system transformation), to make scientific evidence
useful for practical implementation (Pohl et al., 2017; Gliessman, 2015;
Konig et al., 2021; Hirsch-Hadorn et al., 2008). This includes interdisciplin-
ary interaction of natural and socio-economic sciences (Francis et al.,
2003). It also includes trans-disciplinary research approaches that integrate
academic and non-academic knowledge sources to a co-creation of knowl-
edge, which in turn requires completely new forms of research organization
(or new venues), such as Living Labs (Gascd, 2017; Leminen, 2013) or sci-
ence policy interfaces (Engels, 2005). For development of practicable solu-
tions, it is further important to foster local research infrastructures and data
management in order to account for the uniqueness of places in terms of
pedo-climatic and socio-economic conditions, i.e. the diversity of location
specific needs (Gliessman, 2015; Francis et al., 2003).

3.1. Societal challenges related to soil and land management

3.1.1. Reduce and remediate soil erosion, pollution and degradation

SDG 15 ‘Protect, restore and promote sustainable use of terrestrial eco-
systems, sustainably manage forests, combat desertification, and halt and
reverse land degradation and halt biodiversity loss' is, among other SDGs,
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Systemic research framework for sustainable soil and land management

CLMATE
I ACTION
e 4
~  J
increase
societal provision ORI . .
mitigate land take of ecosystem (FILEELD 3 ECETH improve disaster
challenges S0, to climate change control
biodiversity
_—
- B T X
[ Living Labs & Lighthouses
[ [ [ [ I
( specific regions & sectors
T T T T T
[ awareness, training & education
T T T T T
knowledge . e
( data management, sensing & monitoring
M 1 I I I I
( assessment & modelling
I I I I 1
( technical, economic & social innovation
I I I I I
( institutions & governance
I I I I T
L ) ( science based policy support

L O D ) ) O/ N A

Fig. 2. The systemic research framework for sustainable soil and land management, as based on the SDGs and objectives and building blocks of the Horizon Europe Mission on
Soil Health and Food (Veerman et al., 2020). The columns represent six major societal challenges together with their corresponding SDGs. The rows show the different types
of scientific knowledge and knowledge organization forms needed in order to ensure practical transition towards sustainable soil and land management. ‘Living Labs & Light-
houses’ are emphasized (in blue), since they address and connect many of the other knowledge types. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

closely related to SDG 2 ‘End hunger, achieve food security and improved
nutrition and promote sustainable agriculture’. Healthy, functional soils
are the fundamental engine of our livelihood, wellbeing and life on Earth
as awhole (FAO, 2015). Soil degrading processes lead to environmental, so-
cial and economic problems, such as ecological erosion — the incremental
deterioration or alteration of ecological communities and processes
(Poulsen et al., 2013) — ecosystem de-stabilization (Loreau et al., 2003),
higher risks for pathogen outbreaks (Jayaraman et al., 2021), reduced soil
fertility, pollution of drinking water and water ecosystems (Adhikari and
Hartemink, 2016; Rawat and Rawat, 1994; Delgado-Baquerizo et al.,
2017), reduced water storage capacities (Shah et al., 2017) and reduced
soil organic carbon (De Graaff et al., 2015).

Soil pollution usually leads to long-term damage that is difficult (e.g.
diffuse pollution), costly, or in some cases impossible to remediate
(Duarte et al., 2018). Thus, the R&I experts formulated a need for improved
soil eco-toxicological knowledge on new contaminants, or pollutant mix-
tures, concrete contamination thresholds, potential links between soil and
water pollution, as well as how emergent pollutants affect soil biota, their
soil functions and finally ecosystems and human health. Preventing soil ero-
sion and other forms of soil degradation remain hot topics with great poten-
tial for improvement (Borrelli et al., 2021; Poesen, 2018). According to the
experts, we need to improve both our location specific and overarching (up
to the global level) understanding of soil degradation and remediation dy-
namics. Further, they formulated a need for improved understanding of
land abandonment effects, which may lead to soil degrading processes
such as wildfires (Moreira et al., 2011), or increased soil erosion rates
(Meusburger and Alewell, 2014). Particular efforts are also required in
the area of soil and land remediation, e.g. developing threshold values, in-
dicators, and combined methods (O'Brien et al., 2017). Regarding practi-
tioners' perspectives, the experts mentioned the importance of
researching economic aspects of soil protection and remediation measures.

Similarly, cost-impact assessments of land and soil degradation would help
to better understand losses as well as benefits of solution pathways.

3.1.2. Mitigate land take

Land take is the expansion of artificial surfaces over time (e.g. soil
sealing, parks and gardens), usually at the expense of agricultural, forest,
natural and semi-natural areas. It is an important challenge for SDG 11
‘Make cities and human settlements inclusive, safe, resilient and sustainable’.
Soil sealing is one of the most severe forms of land degradation as it is an
almost irreversible process that leads to a nearly complete loss of soil func-
tions (Prokop and Jobstmann, 2011). 51% of the total land-take in the EU in
2006 is due to sealed surfaces, for example through urbanization and infra-
structures (Prokop and Jobstmann, 2011). The EU has set the target to
achieve ‘land degradation neutrality’ by 2030 (SDG 15.3.1) and ‘no net land
take’ by 2050 (EC, 2011).

The R&I experts emphasized the significance of policies for integration
of soil health management in urban and infrastructure planning, promotion
of combined use of space, or tools for land managers that ease the integra-
tion of soil health management. Economic instruments (e.g. taxes, subsi-
dies) were mentioned to help reduce or stop land take. Further, it is
important to ensure that decisions for urban and traffic planning are
made by experts and guided by solid legal and regulatory frameworks. Fi-
nally, architectural awareness and innovations were proposed to contribute
to sustainable solutions, as well as research that investigates potential rela-
tionships between soil health and healthy cities, since this may foster the
transition towards sustainable soil management in urban areas.

3.1.3. Increase provision of ecosystem services & biodiversity

Increasing the supply of ecosystem services and biodiversity are impor-
tant elements of SDG 15. While reduction and remediation of soil degrada-
tion has been discussed before, here the focus is on promoting soil



M.T. Lobmann et al.

ecosystem functions, services and biodiversity. Soils supply important eco-
system services such as provision of food or freshwater, regulating climate,
floods and droughts, supporting nutrient cycles, and cultural activities such
as education, or recreational values (Wall et al., 2012; Schirpke et al.,
2017). Soil degradation and subsequent reduction of these ecosystem ser-
vices leads to increasing costs and damages in the long-term, within soil
management (e.g. increasing costs for fertilizers or irrigation in order to
maintain agricultural productivity) and beyond (e.g. increasing costs for
drinking water cleaning and supply, effects on human health) (Hagemann
et al., 2019a; Williams et al., 2020).

The R&I experts stated the need for improved basic understanding of
soil (micro-) biological and ecological processes (e.g. soil-borne disease dy-
namics and suppressive soils), soil biodiversity, functional diversity, and
plant-soil-biome interactions. Further, they formulated a great need for re-
search on soil multi-functionality as well as physico-chemical and ecologi-
cal soil system stability in order to understand soil management impacts
on diverse soil functions and to improve preservation or restoration efforts.
According to the experts, focus should lie on holistic approaches that in-
clude both the landscape scale and specific situations (e.g. field scale).
Trade-offs between ecosystem services need to be addressed as well and
win-win situations should be pursued (Ndong et al., 2021). Payments for
the maintenance of important ecosystem services by beneficiaries were pro-
posed to compensate for additional costs of some practitioners. In order to
justify such payments and to control their success, further research on quan-
tification of diverse ecosystem services is necessary. Finally, healthy biodi-
verse soils should be incorporated in city planning (green-blue
infrastructures) following the motto ‘healthy soils lead to healthy cities’.

3.1.4. Increase biomass production for food, fiber and energy

Facing a global increase in population combined with increasing degra-
dation of soils and their functions, SDG 2 can be seen as a central goal for
global development. Rockstrom and Sukhdev (2016) even postulated that
all SDGs are either directly or indirectly connected to sustainable and
healthy food. Given recent advances towards increased bioenergy produc-
tion, SDG 7 ‘Ensure access to affordable, reliable, sustainable and modern en-
ergy for all’ is also closely related to biomass production. Thus, a
constantly increasing demand for biomass for food, feed, fiber and
bioenergy has to be satisfied on reduced land area, with reduced external
inputs, while negative impacts on soil and water quality, biodiversity and
other ecosystem services have to be reversed.

According to the R&I experts, water and food security, as well as the de-
velopment of sustainable production systems are very urgent R&I needs. A
general consensus was that we need a ‘beyond growth’ thinking regarding
biomass production, thus acknowledging the multi-functional character of
soils in order to reconcile the antagonistic demands of maintaining soil
health and fertility while meeting these diverse demands (Nathanail
et al., 2018). Soil fertility, integrated soil and water management on the
landscape level, and the integration with other soil functions need more
focus in related R&I. A proposed pathway for reaching these urgent goals
is to apply and promote more systemic R&I and management approaches,
i.e. a more holistic view on the matter of biomass production with integra-
tion of other ecosystem services, aiming at the creation of win-win scenar-
ios. The experts recommended agroecological approaches for developing
nature-based situation tailored sustainable production systems that address
biomass production, management, reduction of external inputs, soil degra-
dation and remediation, ecosystem services, as well as socio-economic fac-
tors (Francis et al., 2003; Gliessman, 2015). Further details on the
conservation and remediation of soil biodiversity were already discussed
in the previous section.

3.1.5. Mitigate and adapt to climate change

Arguably one of the biggest challenges of humanity is SDG 13 ‘Take ur-
gent action to combat climate change and its impacts’. Land and soil manage-
ment play a pivotal role in the regulation of the climate system, since
soils are involved in the biogeochemical cycles of carbon and nitrogen
(Mufioz and Zornoza, 2017). Depending on management, soil can be either
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a greenhouse gas source (CO5, CHy, N5O) or a sink (soil organic carbon)
(IPCC, 2019). The R&I experts emphasized the need to improve the basic
understanding of the processes and dynamics behind greenhouse gas emis-
sions and carbon storage in soils. The discussion included terms such as soil
carbon storage capacity and management, soil carbon stabilization poten-
tial, anthropogenic impact on soils, resilient soils and climate-smart sustain-
able soil management. Further, the experts emphasized the importance of
evaluating the effectiveness of policy instruments for increasing soil carbon
stocks.

In addition, soils bear a great potential for adaptation to climate change.
Soil and land management affects water regulation and can thus be used for
flood control or reduction of drought effects through increasing the soil
water storage capacity (Schneider et al., 2020; Whitfield, 2012). Most of
such adaptation measures in agricultural soil management have synergistic
effects on carbon sequestration and thus climate change mitigation
(Hamidov et al., 2017). Therefore, the experts formulated a particular inter-
est for relationships between soil carbon storage and other soil functions
(e.g. biomass production). In urban areas, green infrastructures can prevent
heat islands and significantly reduce peak temperatures during summer,
which reduces heat related premature casualties (mainly senior citizens)
and has positive effects on the livelihood in cities (Speak et al., 2020;
Murage et al., 2020).

3.1.6. Improve disaster control

Many forms of disaster control and prevention can be seen as ecosystem
services and are thus as well a part of SDG 15. Floods, droughts, wildfires
and landslides are major natural hazards that result from a complex interac-
tion of natural, social, and economic factors. According to the R&I experts,
development of prevention measures against disasters (fires, floods, land-
slides) is an important R&I need. The occurrence of floods and droughts
is reinforced as a result of climate and land use changes (Hagemann et al.,
2019b). Landslides occur on slopes, often caused by increased soil moisture
after heavy rains and a related reduction in slope stability (Stolte et al.,
2016). Further, vegetation changes due to land use change, or after weather
extremes (e.g. removal due to storms, or droughts) can have negative im-
pacts on slope stability (Lobmann et al., 2020). Thus, the R&I experts for-
mulated a need to improve our understanding of the effects of land
abandonment on soils and landscapes. Over the last decades, also the fre-
quency of wildfires has increased all over Europe and worldwide
(Abatzoglou et al., 2019). Larger areas of northern Europe have become
prone to wildfires, due to more frequent and more intense droughts
(Krikken et al., 2019). According to the R&I experts, we need to improve
our understanding about effects of wildfire on soils. In Southern Europe,
land abandonment induced vegetation change leads to increased wildfire
risk (Moreira et al., 2011). Appropriate soil and land management helps
to mitigate flood, drought, landslide and wildfire risks.

Despite the increasing importance of this topic with climate change, this
societal challenge received rather little attention from the R&I experts. Rea-
sons could be that this challenge was not emphasized enough during the
workshop, or that according to the survey most of the included projects fo-
cused on agriculture, and only few focused on areas that are likely to be af-
fected by disasters (e.g. urban areas near rivers/coasts, forests, mountain
areas).

3.2. Knowledge types for sustainable soil and land management

3.2.1. Living Labs and Lighthouses

According to the R&I experts, increased stakeholder engagement, multi-
stakeholder, inter-disciplinary and multi-scale operational R&I are of cru-
cial importance for overcoming conflicts of interest (trade-offs) and to
allow informed decision making. Further, they emphasized that research
methodologies should include elements for practical transition to ensure
swift implication of R&I. Living Labs are spaces for participatory co-
creation, co-innovation, trans-disciplinary and systemic research, thus in-
cluding many elements of practical transition (Veerman et al., 2020).
They develop systemic, location specific solutions for sustainable soil and
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land management that include land managers' motivations, socio-economic
drivers, incentive mechanisms, business models, and local pedo-climatic
conditions. Serving as centres for knowledge creation, dissemination and
socio-cultural models, they seek to establish a successful sustainable devel-
opment processes on a local to regional level. Lighthouses are defined as
collaborations between Living Labs in order to additionally foster educa-
tion, advertise best practise scenarios and promote practical implementa-
tion of R&I (Veerman et al., 2020; EC, 2021).

A prominent problem with current sustainable soil management knowl-
edge is the fragmentation of our knowledge in research disciplines. Thus,
the experts highlighted the role of Living Labs and Lighthouses for develop-
ing methodologies that allow interconnection of knowledge across disci-
plines in order to increase its usefulness for practical purposes. Such
methodologies should include the integration of ‘informal’ knowledge,
such as cultural knowledge and work experience. In summary, holistic, in-
tegrated, inter-disciplinary, location specific and participatory research ap-
proaches, as in Living Labs and Lighthouses, are vital elements for
developing applicable sustainable soil and land management methods
and to ensure their swift implementation (Nathanail et al., 2018). There-
fore, the Horizon Europe Mission “A Soil Deal for Europe” includes the es-
tablishment of 100 Living Labs for sustainable soil and land use in the EU
(EC, 2021), as a starting point for a changing research paradigm.

3.2.2. Specific regions and sectors

Requirements for R&I in support of sustainable soil and land manage-
ment are often specific to regional, or even local pedo-climatic and socio-
economic conditions (Francis et al., 2003). Climate change adaptation in
agriculture for instance requires increased drainage in high rainfall areas,
while increased irrigation will be necessary in dry areas (EEA, 2019a). In
order to implement fully sustainable soil and land management, it is impor-
tant to include smaller geographic regions and pedo-climatic zones — such
as coastal, mountain, karst, sub-arctic and arctic areas, or islands — in re-
search efforts (e.g. through Living Labs) and to exchange this specific
knowledge on a global level. Similarly, the R&I experts emphasized the ne-
cessity to develop situation tailored solutions that address location specific
soil degrading aspects within their specific landscape context. Thus, the
combination of location specific needs with an overarching process under-
standing (up to the global level) promotes location specific solutions as
based on global knowledge exchange.

In addition, different soil use sectors play an important role, including
niche markets. Agricultural areas for example are susceptible to soil erosion
(Montgomery, 2012), while in urban areas soil sealing is a major concern
(Prokop and Jobstmann, 2011). The diversity of pedo-climatic and socio-
economic settings, as well as the diversity of sectors and thus specific
needs may seem overwhelming. However, a strategy to cope with this di-
versity is to start with participatory research in some regions, within
some sectors and to use these knowledge gains as a means for establishing
vibrant knowledge exchange with and between other regions and sectors.

3.2.3. Awareness, training and education

Raising awareness in a broader public, improving sustainable manage-
ment knowledge and skills of practitioners, land managers, policy makers
and the society as a whole are very important aspects for achieving more
sustainable soil and land management (Rieckmann, 2018). Raising aware-
ness is for example an ‘added value’ of citizen science, where people get en-
gaged in research data collection, while learning about soil health and
functions (e.g. the Tea Bag Index) (Sandén et al., 2020). The R&I experts
emphasized the necessity of increasing efforts towards raising awareness
of soil pollution, degradation and soil as an integrated part of landscape de-
velopment over all sectors (agriculture, forestry, protected areas, urban
areas, infrastructures and industrial soil use). A bilateral approach of push
factors (demonstration of soil threats and their consequences) and pull fac-
tors (demonstration of benefits) was proposed for mobilizing people and to
accelerate the transition towards sustainable soil and land management. In
addition, it is important to evaluate the impact of awareness raising strate-
gies, in order to improve success (Cameron et al., 2013).
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Much research has been undertaken particularly in the social sciences
and humanities domain about how to ‘learn together, to manage together’
(Kranz et al., 2005). However, while there are increasing numbers of scien-
tific publications on education concepts for sustainable development, there
is often a lack of empirical evidence of their effectiveness (Hallinger and
Nguyen, 2020). One successful method of education for sustainable devel-
opment is the holistic analysis of case studies (i.e. real life practice exam-
ples) in order to promote a broader view on interactions, synergies and
tradeoffs between decision making, practices, the environment and socio-
economic settings (Francis et al., 2011; @stergaard et al., 2010). The Agri-
cultural Knowledge and Innovation System (AKIS) is an activity of the
European Commission that improves means and skills to implement mod-
ern, stakeholder inclusive systems of joint learning and co-creation
(Knierim et al., 2015). Future R&I should aim to exploit opportunities of-
fered with digitized solutions to develop a Digital Agricultural Knowledge
and Innovation System (DAKIS) alongside the AKIS.

3.2.4. Data management, sensing and monitoring

With increasing amounts of collected data, including static data (basic
soil information), monitoring data (time series) and research data (contex-
tual), appropriate data management becomes more and more important.
The FAIR principles (Findable, Accessible, Interoperable, Reusable) provide
a solid basis for appropriate data management (Wilkinson et al., 2016). De-
spite great progress over the last years, the R&I experts formulated a need to
further improve sharing of soil data and open access of scientific literature.
Further, they formulated important research needs such as improving man-
agement responsive indicators for soil health, quality, degradation, soil
functions and ecosystem services. Regular monitoring, mapping and
reporting (e.g. every 5 to 10 years) are challenging areas of research that
are crucial for detecting soil degradation or to identify and evaluate appro-
priate management techniques (Nathanail et al., 2018). Indicators, mea-
surement protocols, models and data exchange need to be further
developed, shared and standardized across countries (Bispo et al., 2017;
Bouchez et al., 2016). Policies and strategies related to sustainable soil
and land management require standardized assessment regarding their im-
pacts (Paleari, 2017) on a wide range of societal challenges. The experts
proposed subsidies that are linked to actual monitoring of the soil status
as a means to improve data collection and thus local decision making. Fur-
ther, they formulated a need for suitable success and failure indicators for
policy or economic instruments, as well as for monitoring.

New technologies (e.g. portable scans, meta-barcoding, remote sensing,
earth observation), as well as new ways of monitoring (e.g. citizen observa-
tions through participatory research actions) will provide more data for re-
search, stakeholder and citizen interests (Biinemann et al., 2018; Rossiter
et al., 2015; Wawer et al., 2019). Soil monitoring is facing a revolution,
since the future national and EU monitoring campaigns will co-exist with
participatory monitoring (e.g. Orgiazzi et al., 2018). Data coming from
such diverse sources (e.g. laboratories, sensors, remote sensing, and citizen
observations) require particular efforts for organization, storage and ex-
change in order to allow useful conclusions on soil health and soil functions.

3.2.5. Assessment and modelling

With an increasingly complex understanding of the soil and land sys-
tem, the need grows to assess alternative solutions for mitigating trade-
offs and practical implications (Helming et al., 2018b). The R&I experts for-
mulated a great need for more holistic and truly integrated research and as-
sessment strategies that focus on multiple interactions between soils and
the environment, balance and assess trade-offs, and overcome simplified
approaches that are inadequate to match the complexity of soil and land-
scape realities. Such approaches require high levels of interdisciplinarity,
interactions across sectors, inclusion of stakeholders and global collabora-
tion. Currently, the development of integrated impact assessment tools is
a rapidly growing R&I activity in the field of climate change, agriculture,
soil and land management (Van Ittersum et al., 2008). Such tools can be
used for dynamic assessments that promote forward looking decision-
making (see Section 3.2.8 science based policy support). The experts
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proposed that modelling approaches should include impacts of soil and
land related actions on the global climate, soil and water quality. Nonethe-
less, they emphasized that modelling is no replacement for broad scale and
regular measurements in the field, among other reasons, because modelling
often requires empirical research data both for design and validation. Com-
bining both approaches can help to develop practical tools for stakeholders
to understand and evaluate soil functions themselves. Existing agroecolog-
ical principles and tools such as soft systems thinking (Checkland, 2000),
problem analyses, and participatory research (Kranz et al., 2005;
Leminen, 2013) are not limited to agricultural soil use and provide a solid
basis for more holistic and solution oriented R&I, stakeholder engagement,
and co-creation. The latter two combine the actual R&I with direct efforts
towards adaptation and transition of scientific knowledge to practical im-
plementation (Weith et al., 2020).

3.2.6. Technical, economic and social innovation

Innovations are seen here as specific, applicable solutions for sustain-
able soil and land management. Technical innovations can for example be
novel technologies and techniques, or new applications of old technologies
and techniques such as inclusion of pulses in crop rotations. Economic inno-
vations may be the development of new markets, marketing schemes (e.g.
community supported agriculture), or products (e.g. carbon trading, prod-
uct certificates) (Devaux et al., 2018). Social innovations may include soci-
etal organization structures adapted to sustainable soil and land
management (e.g. NGOs, or regional organizations). While we distinguish
here between technical, economic and social innovation, we want to em-
phasize that there is a flowing transition between these categories with
many innovations covering multiple of them.

Innovations for sustainable soil and land use are important drivers of a
practical sustainable development. In particular the social and bio-economy
sectors need more attention in order to increase competitiveness and over-
all success of sustainable management approaches (Nathanail et al., 2018).
The R&I experts argued that payment schemes for ecosystem services (in-
cluding carbon trading) are promising economic instruments that help mo-
bilizing sustainable soil use practices. Similarly, circular economy
approaches (including socio-economic needs), or green finance were men-
tioned to boost a sustainable development. The experts proclaimed a gen-
eral lack of soil management technologies that encourage users towards
soil protection, or that provide nature-based solutions for soil and land
management. According to them, existing technologies are often underde-
veloped, insufficiently tested, or lack proper marketing, competitiveness
and legal support. They proposed further that sustainable innovation
needs to be developed on a holistic level along the specific requirements
for soil and land management in order to achieve a transition on the sys-
tems level. Thus technical, economic and social innovation should not be
developed separately, but rather as practice oriented ‘innovation packages’,
where different innovation elements efficiently support each other.

3.2.7. Institutions and governance

Governance aspects at multiple levels are of vital importance for sus-
tainable soil and land use (Helming et al., 2018a). The R&I experts formu-
lated a need for more effective and coherent policies with a view on long-
term effects, including sustainable soil and land management guidelines
and quantitative targets (e.g. the incorporation of soil health and biodiver-
sity in city planning). A priority should lie on the removal of legislative bar-
riers to the implementation of innovative sustainable technologies and
practices (Veerman et al., 2020). Further, the experts proposed that subsi-
dies should be linked to good practice and actual monitoring of the soil sta-
tus, combined with penalties for causing damage (i.e. push and pull
factors). More specifically, area based subsidies should be replaced in
favor of payments for ecosystem services. While a transition towards eco-
system service based subsidies should be implemented shortly, more re-
search is necessary on measurement and quantification of ecosystem
services (see also Section 3.1.3). Private governance tools, such as certifica-
tion services, crowd funding, or community supported agriculture are addi-
tional drivers for soil management decisions and have started to impact
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both the society as well as soil management towards more sustainable prac-
tices (Glasbergen and Schouten, 2015). Hence, R&I on the effects of current
institutions and governance on sustainable soil and land management, as
well as their improvement, are highly important for realizing practical im-
plementation.

3.2.8. Science based policy support

Assessment tools and models for science based policy support (e.g.
SAFA, RISE) (FAO, 2014; Hani et al., 2003) have been developed to support
this impact assessment. In this context, agriculture and land management,
alongside with climate action, proved to be front-running sectors for
science-based policy support (Podhora et al., 2013). Development of
forward-looking scenarios can be useful for creating coherent storylines
that visualize and demonstrate future development options (Mitter et al.,
2020) that can be used for stakeholder interaction, strategy and policy co-
development. It is an important field of research to further improve the
available tools and models for science based policy support and to provide
outcomes of these tools and models in a format that is useful for policy mak-
ing and management. Accordingly, its importance was well reflected in the
great interest of the R&I experts. Specific R&I needs were formulated for
developing pathways that ensure scientifically validated targets for policy
making and for assessing positive and negative impacts of soil policies.

4. Discussion - systems knowledge for sustainable soil and land man-
agement

It is vital to understand and acknowledge for the multifunctional char-
acter of soils, the different needs of diverse stakeholders and the potential
for conflicts between different stakeholder groups (Helming and
Wiggering, 2013). In order to reach sustainable solutions, the variety of
soil related societal needs must be addressed in symbiosis with the environ-
ment and moreover within its boundaries in order to minimize negative im-
pacts (Gliessman, 2015). An integrative understanding of sustainable
practices would enable contributions towards SDG 15 through improving
awareness of soil functions, ecosystem services and soil biodiversity
among stakeholders as well as facilitating the dialogue on ecosystem ser-
vice values (Nathanail et al., 2018). The six identified societal challenges
are highly interlinked and together describe a dynamic soil and land system
(Fig. 3). Reducing and remediating soil erosion, pollution and degradation
are important challenges for soil capacity building and thus help to increase
provision of ecosystem services and biodiversity, since the latter largely de-
pends on healthy and functional soils (Zhang et al., 2020; FAO and ITPS,
2015). Mitigation of land take is an important element of reducing soil deg-
radation, for example through reducing soil sealing. In addition, it can di-
rectly increase the provision of ecosystem services through ecological
improvement of green infrastructures (e.g. parks, gardens). Increasing pro-
vision of ecosystem services and biodiversity can help to increase biomass
production, mitigate and adapt to climate change and to improve disaster
control. Biomass production depends to a large extent on soil quality and
health (FAO and ITPS, 2015), while many agricultural practices lead to
soil degradation (Ramankutty et al., 2018). Climate change mitigation
and adaption are important factors for reducing soil degradation in the
long term through carbon sequestration, prevention of soil borne green-
house gases (Munoz and Zornoza, 2017; IPCC, 2019), as well as climate re-
silient adaptation of vegetation and management (FAO et al., 2018; EEA,
2019a). Disaster control is as well closely linked to soil quality, since both
flood control and drought effects largely depend on soil water uptake and
holding capacity (Whitfield, 2012; Schneider et al., 2020), which can be im-
proved through soil quality management (Lal et al., 2018).

The knowledge types form an orientation framework that visualizes the
diverse knowledge needs for sustainable soil and land management within
and beyond each individual societal challenge (Fig. 4). Thus, while the so-
cietal challenges form the topic areas to be addressed, the knowledge types
form a methodological bridge between topic areas, R&I and practical appli-
cation within the broader socio-economic and political environment. Thus,
our research showed that data management, sensing, monitoring,
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Fig. 3. Systemic relationships between societal challenges related to soil and land. A primary challenge is the protection and promotion of the soil capacity in order to increase

the provision of soil ecosystem services.

assessment, modelling, innovation, institutions and governance are all im-
portant element that need to be addressed thoroughly for reaching sustain-
able soil and land management on a larger scale. Specific regions and
sectors need to be addressed in order to ensure practicable adaptation of in-
novations to local conditions, requirements, actors' needs and wishes. Rais-
ing awareness, training and education ensure that actors and stakeholders
realize the necessity for adaptation and it supplies them with knowledge
and skills required to do so. Finally, within the whole research system, Liv-
ing Labs and Lighthouses are special R&I infrastructures that have a strong
focus on the latter two knowledge types, but are not limited to them. They
closely interact and communicate with other R&I initiatives and form a per-
manent bridge between actors, stakeholders and diverse research commu-
nities. Finally, gained knowledge, experience and exchange with
practitioners and stakeholders needs to be summarized to support targeted
and promising policy initiatives in order to foster and guide goal leading de-
cision making for sustainable soil and land management in the short and
long term.

A successful R&I approach for sustainable soil and land management
needs to maintain a programmatic overview of all related societal chal-
lenges and knowledge types, while it needs to balance tradeoffs together
with stakeholders (people affected by soil management directly or indi-
rectly) and actors (people engaged with soil management) in order to in-
clude their opinions, perspectives, problems, possibilities and realities
(Helming et al., 2018b). These diverse elements are all important parts of
an ongoing implementation process on a systemic level (Veerman et al.,
2020). Respectively, the here presented systemic research framework
forms a sound theoretical basis to stimulate systematic exchange, inter-
and trans-disciplinary research (including natural science, social science
and economics) for swift transition towards applied sustainable soil and
land use. Being linked to the objectives and building blocks of the Horizon
Europe Mission “A Soil Deal for Europe” it can help researchers to identify
and address the diversity of soil and land related research needs that will
be addressed during the upcoming Horizon Europe programme and

beyond. Further, the knowledge types provide a comprehensive overview
of the required elements for researching the goals of the Mission as well
as for a more sustainable global society. Through this holistic approach,
both in thematic and methodological terms, target knowledge and transfor-
mation knowledge are progressively combined through systems knowledge
and understanding.

There are diverse application areas for the systemic research frame-
work, for example for getting a wider overview of the soil and land system,
research project planning and examination, development of systemic inno-
vation that addresses multiple societal challenges, while minimizing nega-
tive impacts on others, or for exploring the wider systemic impacts of
policies. Although the systemic research framework can be used in many
different ways, we want to exemplify its applicability through proposing a
simple three step workflow, based on the concept of (Hirsch-Hadorn
etal., 2008), that can be applied to both epistemic and trans-disciplinary re-
search and innovation (Fig. 5):

(1) System knowledge phase: A broad orientation, planning and research de-
sign phase, where a systemic view on the addressed problem situation
(s) should be established (at best through stakeholder engagement) that
directly or indirectly considers and evaluates all relevant societal chal-
lenges of the systemic research framework. A systemic overview helps
to identify all important aspects related to the problems situation(s), its
connections to other societal challenges, as well as synergies and trade-
offs between them, which allows for a more systemic goal setting. Follow-
ing, the knowledge types helps with choosing an adequate systemic
methodology and related methods for solving the problem situation(s),
while mitigating trade-offs and promoting positive synergies.

(2) Target knowledge phase: The performance of specific research and exper-
iments aims at collection of data, evidence, or the development of innova-
tion that supports sustainable soil and land management. The systemic
overview should be further developed through field observations and in-
teractions with actors and stakeholders. Thus, scientists should account
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Fig. 4. Systemic relationships between knowledge types relevant to address societal challenges related to soil and land. Living Labs and Lighthouses play a central role for a
transition towards sustainable soil and land management, due to their participatory and co-creational approach that applies or connects all other knowledge types.

for some flexibility in order to allow adaptations of experiment designs

according to specific needs and intermediate results.

(3) Transformation knowledge phase: This outreach and implementation
phase aims at presenting the research and innovation results within a sys-
temic context in order to evaluate the knowledge gains and to allow re-
searchers of diverse disciplines to properly interpret and work with
them. In addition, outreach should aim to support actors and stake-
holders with practical application of results and innovation as well as get-
ting a systemic overview. Through a critical follow-up evaluation process,
it is possible to identify impacts of the research, remaining knowledge
gaps, missed opportunities and reasons either for success or failure.

Our systemic research framework for achieving sustainable soil and
land management fosters more holistic and integrated research and innova-
tion perspectives with a central focus on soil and land use concerns. While
soil and land are directly or indirectly involved in reaching many SDGs
(Bouma et al., 2019; T6th et al., 2018), it is often difficult to draw system
boundaries wide enough to sufficiently represent real life scenarios while
scaling down complexity to feasible levels. Nonetheless, in order to reach
a systemic and solution oriented perspective, we must not only focus on
what we perceive as immediately ‘useful’ but rather include all practical im-
plications (Ulrich, 2001). Setting feasible system boundaries is an exciting
challenge for systems research that requires training and experience and
needs to be addressed individually in specific contexts. However, we should
always bear in mind that it is us who set these boundaries in order to im-
prove workability and that they are thus not fully representative of reality
(Checkland, 2000).

5. Conclusion

Through a participatory approach, we summarized the diverse, multi-
functional, inter and transdisciplinary character of soil and land manage-
ment and demonstrated the importance of addressing R&I activities with
a holistic perspective. Considering all relevant knowledge types within
the broader socio-political knowledge system helps with orienting individ-
ual R&I activities towards more targeted impact on the overarching societal
goal of reaching sustainable soil and land management, as for example
expressed in the Horizon Europe Mission “A Soil Deal for Europe”. The iden-
tified elements as represented by six societal challenges and eight knowl-
edge types are linked with each other through dynamic interactions. Soil
and land management topics should thus not be regarded in isolation, but
rather placed within a dynamic, location specific feedback system with bio-
physical, economic, social and political elements. Our systemic research
framework for sustainable soil and land management provides (I) a sound
methodology for gaining a holistic overview of problem situations in
order to pose goal leading research questions as embedded within a dy-
namic systems context, and (II) a holistic concept for targeted co-
creational research performance that includes actual implication of R&I
within practice, economy, society and politics. As particular R&I needs,
we identified a lack of innovation and technology that is fit for practical ap-
plication. Socio-economic interrelations with soil health and related poli-
cies currently represent the biggest bottleneck.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.153389.
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A systemic soil and land research process
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Fig. 5. Proposed workflow when using the systemic research framework for designing sustainable soil and land management R&I. During the orientation and research design
phase, a systemic view is necessary that considers and evaluates all societal challenges and knowledge types in order to support holistic research designs. After performing the
research, results need to be put back into a systemic context that allows a diverse audience to utilize them for their individual needs.

Declaration of competing interest

The authors declare no known conflicts of interests or personal relation-
ships that could have influenced the content reported in this paper.

Acknowledgements

This research has received funding from the European Union's Horizon
2020 Research and Innovation Programme under Grant Agreement No.
101000258. We want to thank the European Research Executive Agency
(REA) for the fruitful collaboration with organizing the survey and work-
shops, as well as the participating R&I experts. Further, we want to thank
the peer-reviewers for their detailed and constructive feedback. We declare
no conflict of interest.

References

Abatzoglou, J.T., Williams, A.P., Barbero, R., 2019. Global emergence of anthropogenic cli-
mate change in fire weather indices. Geophys. Res. Lett. 46, 326-336.

Adhikari, K., Hartemink, A.E., 2016. Linking soils to ecosystem services—a global review.
Geoderma 262, 101-111.

Alexander, P., Rounsevell, M.D., Dislich, C., Dodson, J.R., Engstrom, K., Moran, D., 2015.
Drivers for global agricultural land use change: the nexus of diet, population, yield and
bioenergy. Glob. Environ. Chang. 35, 138-147.

Amin, M.N., Hossain, M.S., de Bruyn, L.L., Wilson, B., 2020. A systematic review of soil carbon
management in Australia and the need for a social-ecological systems framework. Sci.
Total Environ. 719, 135182.

Bispo, A., Andersen, L., Angers, D.A., Bernoux, M., Brossard, M., Cécillon, L., Comans, R.N.J.,
Harmsen, J., Jonassen, K., Lamé, F., Lhuillery, C., Maly, S., Martin, E., McElnea, A.E.,
Sakai, H., Watabe, Y., Eglin, T.K., 2017. Accounting for carbon stocks in soils and measur-
ing GHGs emission fluxes from soils: do we have the necessary standards? Front.Environ.
Sci. 5, 41.

Bonfante, A., Basile, A., Bouma, J., 2020. Targeting the soil quality and soil health concepts
when aiming for the United Nations Sustainable Development Goals and the EU Green
Deal. Soil 6, 453-466.

10

Borrelli, P., Robinson, D.A., Fleischer, L.R., Lugato, E., Ballabio, C., Alewell, C., Meusburger,
M., Modugno, S., Schiitt, B., Ferro, V., Bagarello, V., van Oost, K., Montanarella, L.,
Panagos, P., 2017. An assessment of the global impact of 21st century land use change
on soil erosion. Nat. Commun. 8, 1-13.

Borrelli, P., Alewell, C., Alvarez, P., Anache, J.A.A., Baartman, J., Ballabio, C., Bezak, N.,
Biddoccu, M., Cerda, A., Chalise, D., Chen, S., Chen, W., de Girolamo, A.M., Gessesse,
G.D., Deumlich, D., Diodato, N., Efthimiou, N., Erpul, G., Fiener, P., Freppaz, M.,
Gentile, F., Gericke, A., Haregeweyn, N., Hu, B., Jeanneau, A., Kaffa, K., Kiani-
Harchegani, M., Villuendas, L.L., Li, C., Lombardo, L., Lopez-Vicente, M., Lucas-Borja,
M.E., Mérker, M., Matthews, F., Miao, C., Mikos, M., Modugno, S., Méller, M., Naipal,
V., Nearing, M., Owusu, S., Panday, D., Patault, E., Patriche, C.V., Poggio, L., Portes, R.,
Quijano, L., Rahdari, M.R., Renima, M., Ricci, G.F., Rodrigo-Comino, J., Saia, S.,
Samani, A.N., Schillaci, C., Syrris, V., Kim, H.S., Spinola, D.N., Oliveira, P.T., Teng, H.,
Thapa, R., Vantas, K., Vieira, D., Yang, J.E., Yin, S., Zema, D.A., Zhao, G., Panagos, P.,
2021. Soil erosion modelling: a global review and statistical analysis. Sci. Total Environ.
780, 146494.

Bouchez, T., Blieux, A.L., Dequiedt, S., Domaizon, 1., Dufresne, A., Ferreira, S., Godon, J.J.,
Hellal, J., Joulian, C., Quaiser, A., Martin-Laurent, F., Mauffret, A., Monier, J.M.,
Peyret, P., Schmitt-Koplin, P., Sibourg, O., D’Oiron, E., Bispo, A., Deportes, 1., Grand,
C., Cuny, P., Maron, P.A., Ranjard, L., 2016. Molecular microbiology methods for envi-
ronmental diagnosis. Environ. Chem. Lett. 14, 423-441.

Bouma, J., Montanarella, L., Evanylo, G., 2019. The challenge for the soil science community
to contribute to the implementation of the UN Sustainable Development Goals. Soil Use
Manag. 35, 538-546.

Biinemann, E.K., Bongiorno, G., Bai, Z., Creamer, R.E., de Deyn, G., de Goede, R., Fleskens, L.,
Geissen, V., Kuyper, T.W., Méder, P., Pulleman, M., Sukkel, W., van Groenigen, J.W.,
Brussaard, L., 2018. Soil quality — a critical review. Soil Biol. Biochem. 120, 105-125.

Cameron, E., Yuckin, S., Bayne, E., 2013. Communicating research with the public: evaluation
of an invasive earthworm education program. NeoBiota 19, 83-97.

Camia, A., Robert, N., Jonsson, R., Pilli, R., Garcia-Condado, S., L6pez-Lozano, R., van der
Velde, M., Ronzon, T., Gurria, P., M’Barek, R., Tamosiunas, S., Fiore, G., Araujo, R.,
Hoepffner, N., Marelli, L., Giuntoli, J., 2018. Biomass Production, Supply, Uses And
Flows in the European Union - First Results From an Integrated Assessment. Publications
Office of the European Union, Luxembourg.

Checkland, P., 2000. Soft systems methodology: a thirty year retrospective. Syst.Res.Behav.
Sci. 17, 11-58.

Delgado-Baquerizo, M., Powell, J.R., Hamonts, K., Reith, F., Mele, P., Brown, M.V., Dennis,
P.G,, Ferrari, B.C,, Fitzgerald, A., Young, A., Singh, B.K., Bissett, A., 2017. Circular link-
ages between soil biodiversity, fertility and plant productivity are limited to topsoil at
the continental scale. New Phytol. 215, 1186-1196.


http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281254286369
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281254286369
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281254359665
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281254359665
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281223229482
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281223229482
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281140545201
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281140545201
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281140545201
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281141160607
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281141160607
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281141160607
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281254559901
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281254559901
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281254559901
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281141329016
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281141329016
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281141245912
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281141245912
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255002372
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255002372
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255137556
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255137556
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255137556
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255194936
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255259410
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255259410
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281142212775
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281142212775
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281142212775
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281203437845
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281203437845
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255360408
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255360408
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255360408

M.T. Lobmann et al.

Devaux, A., Torero, M., Donovan, J., Horton, D., 2018. Agricultural innovation and inclusive
value-chain development: a review. J.Agribus.Dev.Emerg.Econ. 8, 99-123.

Duarte, A.C., Cachada, A., Rocha-Santos, T., 2018. Soil Pollution: From Monitoring to Reme-
diation. Academic Press.

EC, 2006. Thematic Strategy for Soil Protection.

EC, 2011. Roadmap to a Resource Efficient Europe COM(2011) 571. European Commission,
Brussels.

EC, 2021. European Missions: A Soil Deal for Europe - 100 Living Labs And Lighthouses to
Lead the Transition Towards Healthy Soils by 2030 - Implementation Plan. European
Commission, Brussels.

EEA, 2019a. Climate Change Adaptation in the Agriculture Sector in Europe. European Envi-
ronment Agency, Luxembourg.

EEA, 2019b. The European Environment - State And Outlook 2020, Chapter 5 land and soil.
The European Environment - State And Outlook 2020. European Environment Agency,
Luxembourg.

Ekins, P., Gupta, J., Boileau, P. (Eds.), 2019. Global Environment Outlook (GEO-6): Healthy
Planet, <span>Healthy People</span>. Cambridge University Press, Cambridge.

Engels, A., 2005. The science-policy interface. Integr.Assess.J. 5, 7-26.

Erb, K.H., Lauk, C., Kastner, T., Mayer, A., Theurl, M.C., Haberl, H., 2016. Exploring the bio-
physical option space for feeding the world without deforestation. Nat. Commun. 7,
11382.

FAO, 2014. SAFA Tool - Sustainability Assessment of Food And Agriculture Systems - User
Manual Version 2.2.40. Food and Agriculture Organization of the United Nations, Rome.

FAO, 2015. Revised World Soil Charter. FAO, Rome.

FAO, 2018. The Future of Food And Agriculture — Alternative Pathways to 2050. Food and Ag-
riculture Organization of the United Nations, Rome.

FAO, 2020. Framework for Integrated Land Use Planning - An Innovative Approach. FAO,
Rome, Italy.

FAO, ITPS, 2015. Status of the World's Soil Resources (SWSR) — Main Report. Food and Agri-
culture Organization of the United Nations and Intergovernmental Technical Panel on
Soils, Rome, Italy.

FAO, IFAD, UNICEF, WFP, WHO, 2018. The State of Food Security And Nutrition in the World
2018 - Building Climate Resilience for Food Security And Nutrition. FAO, Rome.

FAO, ITPS, GSBI, SCBD, EC, 2020. State of Knowledge of Soil Biodiversity - Status, Challenges
And Potentialities, Report 2020. Food and Agriculture Organization of the United Na-
tions, Rome.

Francis, C., Lieblein, G., Gliessman, S., Breland, T.A., Creamer, N., Harwood, R., Salomonsson,
L., Helenius, J., Rickerl, D., Salvador, R., Wiedenhoeft, M., Simmons, S., Allen, P., Altieri,
M., Flora, C., Poincelot, R., 2003. Agroecology: the ecology of food systems. J. Sustain.
Agric. 22, 99-118.

Francis, C.A., Jordan, N., Porter, P., Breland, T.A., Lieblein, G., Salomonsson, L.,
Sriskandarajah, N., Wiedenhoeft, M., Dehaan, R., Braden, L., Langer, V., 2011. Innovative
education in agroecology: experiential learning for a sustainable agriculture. Crit. Rev.
Plant Sci. 30, 226-237.

Gasco, M., 2017. Living labs: implementing open innovation in the public sector. Gov. Inf. Q.
34, 90-98.

Glasbergen, P., Schouten, G., 2015. Transformative capacities of global private sustainability
standards: a reflection on scenarios in the field of agricultural commodities. J. Corp.
Citizsh. 58, 85-101.

Gliessman, S.R., 2015. Agroecology: The Ecology of Sustainable Food Systems. CRC Press,
Boca Raton.

Gomiero, T., 2016. Soil degradation, land scarcity and food security: reviewing a complex
challenge. Sustainability 8, 281.

de Graaff, M.A., Adkins, J., Kardol, P., Throop, H.L., 2015. A meta-analysis of soil biodiversity
impacts on the carbon cycle. Soil 1, 257-271.

Hagemann, N., Alvaro-Fuentes, J., Siebielec, G., Castafieda, C., Bartke, S., Dietze, V., Maring,
L., Arrte, J.L., Playan, E., Plaza-Bonilla, D., Herrero, J., 2019a. Review of Economic, So-
cial And Environmental Impacts of And Implementation Barriers for Soil Protection And
Sustainable Management Measures for Arable Land Across the EU European Commission.
DG Environment.

Hagemann, N., Alvaro-Fuentes, J., Siebielec, G., Castaneda, C., Maring, L., Blauw, M., Bartke,
S., Dietze, V., Arrue, J.L., Playan, E., Herrero, J., Plaza-Bonilla, D., 2019b. Transboundary
impacts of soil degradation. Soils4EU Deliverable 1.1.

Hallinger, P., Nguyen, V.-T., 2020. Mapping the landscape and structure of research on edu-
cation for sustainable development: a bibliometric review. Sustainability 12, 1947.
Hamidov, A., Helming, K., Bellocchi, G., Bojar, W., Dalgaard, T., Ghaley, B.B., Hoffmann, C.,
Holman, 1., Holzkdmper, A., Krzeminska, D., Kvaerng, S.H., Lehtonen, H., Niedrist, G.,
@ygarden, L., Reidsma, P., Roggero, P.P., Rusu, T., Santos, C., Seddaiu, G., Skarbgvik,
E., Ventrella, D., Zarski, J., Schonhart, M., 2017. Impacts of climate change adaptation
options in agriculture on soil functions: examples European case studies. MACSUR Sci-

ence Conference Berlin. 66-66.

Héni, F., Braga, F.S., Stampfli, A., Keller, T., Fischer, M., Porsche, H., 2003. RISE, a tool for
holistic sustainability assessment at the farm level. Int.FoodAgribus.Manag.Rev. 6, 78-90.

Helming, K., Wiggering, H. (Eds.), 2013. Sustainable Development of Multifunctional Land-
scapes. Springer-Verlag, Berlin Heidelberg, Heidelberg.

Helming, K., Daedlow, K., Hansjiirgens, B., Koellner, T., 2018a. Assessment and governance of
sustainable soil management. Sustainability 10, 4432.

Helming, K., Daedlow, K., Paul, C., Techen, A., Bartke, S., Bartkowski, B., Kaiser, D.B.,
Wollschlager, U., Vogel, H.J., 2018b. Managing soil functions for a sustainable
bioeconomy — assessment framework and state of the art. Land Degrad. Dev. 29,
3112-3126.

Hirsch-Hadorn, G., Biber-Klemm, S., Grossenbacher-Mansuy, W., Hoffmann-Riem, H., Joye,
D., Pohl, C., Wiesmann, U., Zemp, E., 2008. The emergence of transdisciplinarity as a
form of research. In: Hirsch-Hadorn, G., Hoffmann-Riem, H., Biber-Klemm, S.,
Grossenbacher-Mansuy, W., Joye, D., Pohl, C., Wiesmann, U., Zemp, E. (Eds.), Handbook
of Transdisciplinary Research. Springer.

11

Science of the Total Environment 822 (2022) 153389

IPBES, 2018. Regional And Subregional Assessments of Biodiversity And Ecosystem Services:
Summary for Policymakers of the Regional And Subregional Assessment of Biodiversity
And Ecosystem Services for Europe And Central Asia.

IPCC, 2019. Climate Change and Land: An IPCC Special Report on Climate Change, Desertifi-
cation, Land Degradation, Sustainable Land Management, Food Security, And Green-
house Gas Fluxes in Terrestrial Ecosystems.

van Ittersum, M.K., Ewert, F., Heckelei, T., Wery, J., Olsson, J.A., Andersen, E., Bezlepkina, I.,
Brouwer, F., Donatelli, M., Flichman, G., Olsson, L., Rizzoli, A.E., van der Wal, T., Wien,
J.E., Wolf, J., 2008. Integrated assessment of agricultural systems—a component-based
framework for the European Union (SEAMLESS). Agric. Syst. 96, 150-165.

Jayaraman, S., Naorem, A.K., Lal, R., Dalal, R.C., Sinha, N.K., Patra, A.K., Chaudhari, S.K.,
2021. Disease-suppressive soils—beyond food production: a critical review. J. Soil Sci.
Plant Nutr. 1-29.

Keesstra, S.D., Bouma, J., Wallinga, J., Tittonell, P., Smith, P., Cerda, A., Montanarella, L.,
Quinton, J.N., Pachepsky, Y., van der Putten, W.H., Bardgett, R.D., Moolenaar, S., Mol,
G., Jansen, B., Fresco, L.O., 2016. The significance of soils and soil science towards real-
ization of the United Nations Sustainable Development Goals. Soil 2, 111-128.

Keesstra, S.D., Muro, M., Maring, L., Arellano Jaimerena, B., van Eupen, M., Elbersen, B.,
McNeill, A., Tugran, T., Markowska, A., 2020. Providing Support in Relation to the
Implementation of Soil And Land Related Sustainable Development Goals at EU
Level.

Knierim, A., Boenning, K., Caggiano, M., Cristoyao, A., Dirimanova, V., Koehnen, T., Labarthe,
P., Prager, K., 2015. The AKIS concept and its relevance in selected EU member states.
OutlookAgric. 44, 29-36.

Konig, H.J., Ceausu, S., Reed, M., Kendall, H., Hemminger, K., Reinke, H., Ostermann-
Miyashita, E.-F., Wenz, E., Eufemia, L., Hermanns, T., Klose, M., Spyra, M., Kuemmerle,
T., Ford, A.T., 2021. Integrated framework for stakeholder participation: methods and
tools for identifying and addressing human-wildlife conflicts. Conserv.Sci.Pract. 3, €399.

Kranz, N., Cernesson, F., Echavarren, J.M., Enserink, B., Maestu, J., Maurel, P., Mostert,
E., Otter, H., Patel, M., Ridder, D., Schlussmeier, B., Tabara, D., Taillieu, T., Wolters,
H.A., 2005. Learning Together to Manage Together: Improving Participation in
Water Management. University of Osnabriick, Institute of Environmental Systems
Research, Osnabriick.

Krikken, F., Lehner, F., Haustein, K., Drobyshev, L., van Oldenborgh, G.J., 2019. Attribution of
the role of climate change in the forest fires in Sweden 2018. Nat.HazardsEarth Syst.Sci.
Discuss. 1-24.

Lal, R., Horn, R., Kosaki, T. (Eds.), 2018. Soil And Sustainable Development Goals.
Schweizerbart, Stuttgart.

Lal, R., Bouma, J., Brevik, E., Dawson, L., Field, D.J., Glaser, B., Hatano, R., Hartemink, A.E.,
Kosaki, T., Lascelles, B., Monger, C., Muggler, C., Ndzana, G.M., Norra, S., Pan, X.,
Paradelo, R., Reyes-Sanchez, L.B., Sandén, T., Singh, B.R., Spiegel, H., Yanai, J., Zhang,
J., 2021. Soils and sustainable development goals of the United Nations: an International
Union of Soil Sciences perspective. Geoderma Reg. 25, e00398.

Leminen, S., 2013. Coordination and participation in living lab networks. Technol. Innov.
Manag. Rev. 3, 5-14.

Lobmann, M.T., Geitner, C., Wellstein, C., Zerbe, S., 2020. The influence of herbaceous vege-
tation on slope stability-a review. Earth Sci. Rev. 103328.

Loreau, M., Mouquet, N., Gonzalez, A., 2003. Biodiversity as spatial insurance in heteroge-
neous landscapes. Proc. Natl. Acad. Sci. 100, 12765-12770.

Merrigan, K., Griffin, T., Wilde, P., Robien, K., Goldberg, J., Dietz, W., 2015. Designing a sus-
tainable diet. Science 350, 165-166.

Meusburger, K., Alewell, C., 2014. Soil Erosion in the Alps: Experience Gained From Case
Studies (2006-2013). Bern, Federal Office for the Environment.

Mitter, H., Techen, AK., Sinabell, F., Helming, K., Schmid, E., Bodirsky, B.L., Holman, I., Kok,
K., Lehtonen, H., Leip, A., le Mouél, C., Mathijs, E., Mehdi, B., Mittenzwei, K., Mora, O.,
Qistad, K., @ygarden, L., Priess, J.A., Schonhart, M., 2020. Shared socio-economic path-
ways for European agriculture and food systems: the Eur-Agri-SSPs. Glob. Environ.
Chang. 65, 102159.

Montgomery, D.R., 2012. Dirt: The Erosion of Civilizations. University of California Press,
Berkeley.

Moreira, F., Viedma, O., Arianoutsou, M., Curt, T., Koutsias, N., Rigolot, E., Barbatig, A.,
Coronag, P., Vaza, P., Xanthopoulosh, G., Mouilloti, F., Bilgili, E., 2011. Landscape—
wildfire interactions in southern Europe: implications for landscape management.
J. Environ. Manag. 92, 2389-2402.

Mufioz, M.A., Zornoza, R. (Eds.), 2017. Soil Management And Climate Change: Effects on Or-
ganic Carbon, Nitrogen Dynamics, And Greenhouse Gas Emissions. Academic Press,
London.

Murage, P., Kovats, S., Sarran, C., Taylor, J., McInnes, R., Hajat, S., 2020. What individual and
neighbourhood-level factors increase the risk of heat-related mortality? A case-crossover
study of over 185,000 deaths in London using high-resolution climate datasets. Environ.
Int. 134, 105292.

Nathanail, C.P., Boekhold, A.E., Grimski, D., Bartke, S., 2018. The Europeans' Strategic Re-
search Agenda for Integrated Spatial Planning, Land Use And Soil Management. D4.3
of the HORIZON 2020 project INSPIRATION. UBA, Dessau-Rof3lau, Germany.

Ndong, G.O., Villerd, J., Cousin, L., Therond, O., 2021. Using a multivariate regression tree to
analyze trade-offs between ecosystem services: application to the main cropping area in
France. Sci. Total Environ. 764, 142815.

O'Brien, P.L., Desutter, T.M., Casey, F.X., Wick, A.F., Khan, E., 2017. Evaluation of soil func-
tion following remediation of petroleum hydrocarbons—a review of current remediation
techniques. Curr.Pollut.Rep. 3, 192-205.

Orgiazzi, A., Ballabio, C., Panagos, P., Jones, A., Fernandez-Ugalde, 2018. LUCAS Soil, the
largest expandable soil dataset for Europe: a review. Eur. J. Soil Sci. 69, 140-153.

@stergaard, E., Lieblein, G., Breland, T.A., Francis, C., 2010. Students learning agroecology:
phenomenon-based education for responsible action. J.Agric.Educ.Ext. 16, 23-37.

Paleari, S., 2017. Is the European Union protecting soil? A critical analysis of Community en-
vironmental policy and law. Land Use Policy 64, 163-173.


http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256233996
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256233996
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281142462732
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281142462732
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281203554238
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281204164240
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281204164240
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281205046197
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281205046197
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281205046197
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281143082524
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281143082524
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281143561974
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281143561974
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281143561974
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281144584770
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281144584770
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281206015481
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256269640
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256269640
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256269640
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281145466280
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281145466280
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281146083328
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281146531732
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281146531732
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281147365905
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281147365905
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281208044527
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281208044527
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281208044527
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281207142507
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281207142507
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281209447839
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281209447839
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281209447839
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256318924
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256318924
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256367271
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256367271
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256367271
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281210595899
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281210595899
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281148057167
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281148057167
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281148057167
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281211256345
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281211256345
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281212079544
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281212079544
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255294634
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281255294634
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281214442405
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281214442405
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281214442405
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281214442405
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281220043639
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281220043639
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256412215
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256412215
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281225287143
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281225287143
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281225287143
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281149076540
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281149076540
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281149219630
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281149219630
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256451270
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281256451270
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281149138623
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281149138623
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281149138623
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281227597744
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281227597744
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281227597744
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281227597744
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281150221306
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281150221306
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281150221306
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281228565636
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281228565636
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281228565636
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281159285462
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281159285462
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281150336064
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281150336064
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281257049107
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281257049107
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281231242871
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281231242871
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281231242871
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281151162162
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281151162162
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281151445760
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281151445760
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281152324456
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281152324456
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281152324456
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281154050615
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281154050615
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281154050615
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281154160430
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281154160430
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281257477236
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281257477236
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281232315840
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281232315840
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281154290489
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281154290489
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281257519848
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281257519848
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281257552384
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281257552384
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281154577404
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281154577404
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281155182888
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281155182888
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281155182888
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281233060349
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281233060349
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281155269056
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281155269056
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281155269056
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281155421176
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281155421176
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281155421176
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258005791
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258005791
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258005791
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258005791
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281234077867
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281234077867
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281234077867
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281155487801
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281155487801
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281155487801
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281156109350
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281156109350
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281156109350
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281235567792
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281235567792
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281156511235
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281156511235
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281236524857
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281236524857

M.T. Lobmann et al.

Podhora, A., Helming, K., Adenduer, L., Heckelei, T., Kautto, P., Reidsma, P., Rennings, K.,
Turnpenny, J., Jansen, J., 2013. The policy-relevancy of impact assessment tools: evalu-
ating nine years of European re-search funding. Environ. Sci. Pol. 31, 85-95.

Poesen, J., 2018. Soil erosion in the Anthropocene: research needs. Earth Surf. Process. Land-
forms 43, 64-84.

Pohl, C., Truffer, B., Hirsch Hadorn, G., 2017. Addressing wicked problems through transdis-
ciplinary research. The Oxford Handbook of Interdisciplinarity, pp. 319-331.

Poulsen, J.R., Clark, C.J., Palmer, T.M., 2013. Ecological erosion of an Afrotropical forest and
potential consequences for tree recruitment and forest biomass. Biol. Conserv. 163,
122-130.

Prokop, G., Jobstmann, H., 2011. Report on Best Practices for Limiting Soil Sealing And Mit-
igating Its Effects. Technical Report - 2011 — 050 Brussels.

Ramankutty, N., Mehrabi, Z., Waha, K., Jarvis, L., Kremen, C., Herrero, M., Rieseberg, L.H.,
2018. Trends in global agricultural land use: implications for environmental health and
food security. Annu. Rev. Plant Biol. 69, 789-815.

Rawat, J.S., Rawat, M.S., 1994. Accelerated erosion and denudation in the Nana Kosi water-
shed, Central Himalaya, India. Part I: sediment load. Mt. Res. Dev. 14, 25-38.

Ridley, D., 2012. The Literature Review: A Step-by-step Guide for Students. SAGE Publications
Ltd., Los Angeles.

Rieckmann, M., 2018. Learning to transform the world: key competencies in education for
sustainable development. In: Leicht, A., Heiss, J., Byun, W.J. (Eds.), Issues And Trends
in Education for Sustainable Development. UNESCO Publishing, Paris.

Rockstrom, J., Sukhdev, P., 2016. How Food Connects All the SDGs. Stockholm Resilience
Centre.

Rossiter, D.G., Liu, J., Carlisle, S., Zhu, A.X., 2015. Can citizen science assist digital soil map-
ping? Geoderma 259, 71-80.

Sandén, T., Spiegel, H., Wenng, H., Schwarz, M., Sarneel, J.M., 2020. Learning science during
teatime: using a citizen science approach to collect data on litter decomposition in
Sweden and Austria. Sustainability 12, 7745.

Schirpke, U., Kohler, M., Leitinger, G., Fontana, V., Tasser, E., Tappeiner, U., 2017. Future im-
pacts of changing land-use and climate on ecosystem services of mountain grassland and
their resilience. Ecosyst.Serv. 26, 79-94.

Schneider, R., Morreale, S., Li, Z., Pluer, E.M., Kurtz, K., Ni, X., Ni, X., Wang, C., Li, C., van Es,
H., 2020. Restoring soil health to reduce irrigation demand and buffer the impacts of
drought. Front.Agric.Sci.Eng. 7, 339-346.

Schulte, R.P., Bampa, F., Bardy, M., Coyle, C., Creamer, R.E., Fealy, R., Gardi, C., Ghaley, B.B.,
Jordan, P., Laudon, H., O’Donoghue, C., ®’Huallachdin, D., O’Sullivan, L., Rutgers, M.,
Six, J., Toth, G.L., Vrebos, D., 2015. Making the most of our land: managing soil functions
from local to continental scale. Front.Environ.Sci. 3, 81.

Shah, A.N., Tanveer, M., Shahzad, B., Yang, G., Fahad, S., Ali, S., Bukhari, M.A., Tung, S.A.,
Hafeez, A., Souliyanonh, B., 2017. Soil compaction effects on soil health and
cropproductivity: an overview. Environ. Sci. Pollut. Res. 24, 10056-10067.

Smith, P., Calvin, K., Nkem, J., Campbell, D., Cherubini, F., Grassi, G., Korotkov, V., le Hoang,
A., Lwasa, S., McElwee, P., Nkonya, E., Saigusa, N., Soussana, J.-F., Taboada, M.A.,
Manning, F.C., Nampanzira, D., Arias-Navarro, C., Vizzarri, M., House, J., Roe, S.,
Cowie, A., Rounsevell, M., Arneth, A., 2020. Which practices co-deliver food security, cli-
mate change mitigation and adaptation, and combat land degradation and desertifica-
tion? Glob. Chang. Biol. 26, 1532-1575.

Speak, A., Montagnani, L., Wellstein, C., Zerbe, S., 2020. The influence of tree traits on urban
ground surface shade cooling. Landsc. Urban Plan. 197, 103748.

12

Science of the Total Environment 822 (2022) 153389

Stolte, J., Tesfai, M., @ygarden, L., Kvaerng, S., Keizer, J., Verheijen, F., Panagos, P., Ballabio,
C., Hessel, R., 2016. Soil Threats in Europe: Status, Methods, Drivers And Effects on Eco-
system Services. A Review Report, Deliverable 2.1 of the RECARE Project.

Téth, G., Hermann, T., da Silva, M.R., Montanarella, L., 2018. Monitoring soil for sustainable
development and land degradation neutrality. (2), 1-4Environ. Monit. Assess. 190, 57.

Ulrich, W., 2001. The quest for competence in systemic research and practice. Syst. Res.
Behav. Sci. 18, 3-28.

UN, 2018. Sustainable Development Goal 6 - Synthesis Report on Water And Sanitation.
United Nations, New York.

Veerman, C., Correia, T.P., Bastioli, C., Biro, B., Bouma, J., Cienciala, E., Emmett, B., Frison,
E.A., Grand, A., Filchew, L.H., Kriau¢itiniené, Z., Pogrzeba, M., Soussana, J.-F., Olmo,
C.V., Wittkowski, R., 2020. Caring for Soil Is Caring for Life - Ensure 75% of Soils Are
Healthy by 2030 for Food, People, Nature And Climate. European Commission, Brussels.

Visser, S., Keesstra, S., Maas, G., de Cleen, M., 2019. Soil as a basis to create enabling condi-
tions for transitions towards sustainable land management as a key to achieve the SDGs
by 2030. Sustainability 11, 6792.

Vogel, H., Bartke, S., Daedlow, K., Helming, K., K6gel-Knabner, 1., Lang, B., Rabot, E., Russell,
D., StoRel, B., Weller, U., Wiesmeier, M., Wollschléger, U., 2018. A systemic approach for
modeling soil function. Soil 4, 83-92. https://doi.org/10.5194/50il-4-83-2018.

Vogel, H.J., Bartke, S., Daedlow, K., Helming, K., Kégel-Knabner, 1., Lang, B., Rabot, E.,
Russell, D., StoR3el, B., Weller, U., Wiesmeier, M., Wollschlager, U., 2018. A systemic ap-
proach for modeling soil functions. Soil 4, 83-92.

Wall, D.H., Bardgett, R.D., Behan-Pelletier, V., Herrick, J.E., Jones, T.H., Ritz, K., Six, J.,
Strong, D.R., van der Putten, W.H., 2012. Soil Ecology And Ecosystem Services. Oxford
University Press.

Wawer, R., Siebielec, G., Lopatka, A., Partners, S.E., 2019. Potential of Earth Observation for
improved soil monitoring. Soils4EU Deliverable 1.8.

Weith, T., Barkmann, T., Gaasch, N., Rogga, S., Strauf3, C., Zscheischler, J. (Eds.), 2020. Sus-
tainable Land Management in a European Context: A Co-design Approach. Springer Na-
ture, Cham, Switzerland.

Whitfield, P.H., 2012. Floods in future climates: a review. J. Flood Risk Manag. 5, 336-365.

Wilkinson, M.D., Dumontier, M., Aalbersberg, 1.J., Appleton, G., Axton, M., Baak, A.,
Blomberg, N., Boiten, J.-W., da Silva Santos, L.B., Bourne, P.E., Bouwman, J., Brookes,
A.J., Clark, T., Crosas, M., Dillo, I., Dumon, O., Edmunds, S., Evelo, C.T., Finkers, R.,
Gonzalez-Beltran, A., Gray, A.J.G., Groth, P., Goble, C., Grethe, J.S., Heringa, J., 't
Hoen, P.A.C., Hooft, R., Kuhn, T., Kok, R., Kok, J., Lusher, S.J., Martone, M.E., Mons,
A., Packer, A.L., Persson, B., Rocca-Serra, P., Roos, M., van Schaik, R., Sansone, S.-A.,
Schultes, E., Sengstag, T., Slater, T., Strawn, G., Swertz, M.A., Thompson, M., van der
Lei, J., van Mulligen, E., Velterop, J., Waagmeester, A., Wittenburg, P., Wolstencroft,
K., Zhao, J., Mons, B., 2016. The FAIR Guiding Principles for scientific data management
and stewardship. Sci. Data 3, 160018.

Williams, H., Colombi, T., Keller, T., 2020. The influence of soil management on soil health:
an on-farm study in southern Sweden. Geoderma 360, 114010.

Zhang, J., Heijden, M.G., Zhang, F., Bender, S.F., 2020. Soil biodiversity and crop diversifica-
tion are vital components of healthy soils and agricultural sustainability. Front.Agric.Sci.
Eng. 7, 236-242.

Zwetsloot, M.J., van Leeuwen, J., Hemerik, L., Martens, H., Simé Josa, 1., van de Broek, M.,
Debeljak, M., Rutgers, M., Sandén, T., Wall, D.P., Jones, A., Creamer, R.E., 2020. Soil
multifunctionality: synergies and trade-offs across European climatic zones and land
uses. Eur. J. Soil Sci. 1-15.


http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258134051
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258134051
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281237500402
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281237500402
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281238450853
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281238450853
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258222102
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258222102
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258222102
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281239488459
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281239488459
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258273389
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258273389
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281157081575
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281157081575
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281240362395
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281240362395
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281158263846
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281158263846
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281158263846
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281241258146
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281241258146
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281158311344
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281158311344
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258325882
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258325882
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258325882
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258461879
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258461879
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258461879
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281158550317
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281158550317
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281159147245
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281159147245
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258506746
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281258506746
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281259032381
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281259032381
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281259032381
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281259064174
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281259064174
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281243200212
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281243200212
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281244413355
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281244413355
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281245381803
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281245381803
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281246035941
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281246035941
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281200247758
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281200247758
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281200311451
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281200311451
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281200311451
https://doi.org/10.5194/soil-4-83-2018
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281259119158
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281259119158
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281200539258
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281200539258
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281247105912
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281247105912
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281201046560
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281201046560
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281201046560
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281247507223
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281253063755
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281253063755
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281259174856
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281259174856
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281201521696
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281201521696
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281201521696
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281254216850
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281254216850
http://refhub.elsevier.com/S0048-9697(22)00481-8/rf202201281254216850

	Systems knowledge for sustainable soil and land management
	1. Introduction
	2. Methods – development of a systemic research framework for sustainable soil and land management
	3. Results – a systemic research framework for sustainable soil and land management
	3.1. Societal challenges related to soil and land management
	3.1.1. Reduce and remediate soil erosion, pollution and degradation
	3.1.2. Mitigate land take
	3.1.3. Increase provision of ecosystem services & biodiversity
	3.1.4. Increase biomass production for food, fiber and energy
	3.1.5. Mitigate and adapt to climate change
	3.1.6. Improve disaster control

	3.2. Knowledge types for sustainable soil and land management
	3.2.1. Living Labs and Lighthouses
	3.2.2. Specific regions and sectors
	3.2.3. Awareness, training and education
	3.2.4. Data management, sensing and monitoring
	3.2.5. Assessment and modelling
	3.2.6. Technical, economic and social innovation
	3.2.7. Institutions and governance
	3.2.8. Science based policy support


	4. Discussion – systems knowledge for sustainable soil and land management
	5. Conclusion
	Declaration of competing interest
	Acknowledgements
	References




