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Abstract: The globally increasing demand for food, fiber, and bio-based products interferes with
the ability of arable soils to perform their multiple functions and support sustainable development.
Sustainable soil management under high production conditions means that soil functions contribute
to ecosystem services and biodiversity, natural and economic resources are utilized efficiently,
farming remains profitable, and production conditions adhere to ethical and health standards.
Research in support of sustainable soil management requires an interdisciplinary approach to three
interconnected challenges: (i) understanding the impacts of soil management on soil processes and
soil functions; (ii) assessing the sustainability impacts of soil management, taking into account the
heterogeneity of geophysical and socioeconomic conditions; and (iii) having a systemic understanding
of the driving forces and constraints of farmers’ decision-making on soil management and how
governance instruments may, interacting with other driving forces, steer sustainable soil management.
The intention of this special issue is to take stock of an emerging interdisciplinary research field
addressing the three challenges of sustainable soil management in various geographic settings. In this
editorial, we summarize the contributions to the special issue and place them in the context of the
state of the art. We conclude with an outline of future research needs.

Keywords: soil functions; agricultural practices; sustainability assessment; ecosystem services;
resource use efficiency; soil policy; soil governance

1. Introduction

Soils are at the nexus of multiple United Nations Sustainable Development Goals (SDGs) [1].
While Keesstra et al. [2] identified direct or indirect contributions of soils to as many as 13 of the
17 SDGs, a fundamental role of soils exists for at least four of them: arable soils account for the largest
part of global food provision (SDG 2); soils are the basis for bio-based renewable energy production
to ensure energy security (SDG 7); the storage capacity of soils for organic carbon is paramount for
climate change mitigation (SDG 13); and the capacity for water purification and retention, nutrient and
matter cycling, and the habitat function of soils are essential for maintaining the terrestrial environment
and biodiversity (SDG 15). The link between soil processes and SDGs is usually conceptualized via
soil functions [2]. Arable soils provide five key functions: biomass production, water purification,
carbon sequestration, habitat for biodiversity, and recycling of nutrients and (agro)chemicals [3].
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While agricultural soil management does, by definition, favor the production function over other
functions, it is the challenge for sustainable soil management to maintain multifunctionality [4].

From a natural science perspective, it is important to understand how soil functions emerge
from interacting soil processes. While soil sciences have impressively advanced knowledge about
chemical, physical, and biological processes in soils, their interrelations and links to soil functions are
not yet well understood. Such an understanding requires a systems approach to the development
of indicators of soil functions [5]. Ludwig et al. [6] conceptualize the analysis of soil functions from
the perspective of the social-ecological-systems framework [7] and propose the resilience of the soil
system as an integrated sustainability indicator. This approach may allow for the identification of
tipping points toward an irreversible or permanent loss of soil functions. However, the authors admit
that the quantification of such an indicator remains out of sight. Biinemann et al. [8] provide a critical
review of the assessment and indication of soil quality and function. They argue that the process of
developing an indicator for soil quality and function assessments requires the involvement of actors,
stakeholders, and end users in order to be useful for supporting management and policy decisions
in practice.

While it is the task of natural science disciplines to jointly develop a systemic understanding of
interactions of soil process with soil functions, it requires socioeconomic and agronomic expertise
to address sustainable soil management. We see three challenges in developing socioeconomic
and agronomic research in this context (Figure 1): (i) to establish analytical linkages between soil
management and soil functions; (ii) to assess the relevance of soil functions to fulfilling societal
targets, including ecosystem services, resource use efficiency, and sustainable development; and
(iii) to understand how governance instruments affect farmers’ decision-making regarding sustainable
soil management. The three challenges establish linkages between the five elements of the Drivers—
Pressure-State-Impact-Response (DPSIR) framework [9], which is a well-established framework for
the analysis of human/nature relationships (Figure 1).
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Figure 1. Three main analytical challenges for sustainable soil management. Letters indicate
the relationship to the Drivers—Pressure-State-Impact-Response (DPSIR) framework for analyzing
human/nature interrelations [9].
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The first challenge is to understand soil management practices and how they impact soil processes
and functions. Agricultural crop management includes tillage, crop choice and rotation, fertilization,
weed management, pest management, irrigation and drainage, harvesting, and residue management.
Each of these activities interferes with soil processes. Soil conservation practices such as conservation
tillage aim at avoiding soil threats and maintaining soil multifunctionality, which often is at the
cost of yield performance [10]. Policy instruments such as the agri-environmental payment schemes
of the European Common Agricultural Policy (CAP) aim at compensating farmers for income loss
associated with soil conservation management practices [11]. However, with the globally increasing
demand for biomass-based food, feed, energy, and fiber, not least reinforced through renewable energy
policies or bioeconomy strategies, the quest for sustainable intensification practices is expressed,
which aims at integrating the highest productivity with the maintenance of a broad range of soil
functions [12,13]. This integration requires the stimulation of ecological interactions at the soil-plant
interface, thereby improving the efficiency of natural resource use [14]. Emerging management
technologies associated with, for example, smart farming technologies [15] or improved use of
biological pest antagonists [16] are expected to offer potential for the implementation of sustainable
intensification [17]. However, institutional factors (e.g., regulations, prices, norms, habits) and policy
conditions for their implementation (e.g., market factors, enforcement), along with possible interference
with farm management constraints and their impacts on a wider set of sustainability goals, have yet to
be assessed.

Sustainability assessment of soil management is the second challenge of providing an evidence
base for sustainable soil management. This process involves assessing intended and unintended, direct
and indirect impacts of human activities on societal targets such as the UN sustainable development
goals [18]. Assessments are applied at the level of EU and national policy, regional landscape planning,
and farmers’ practices [19]. Helming et al. [4] developed a conceptual framework for the sustainability
assessment of soil management that links the concepts of resource use efficiency and ecosystem services
to account for the most prominent perspectives. This framework involves a dynamic ex ante approach
that builds upon the DPSIR framework [9] and links external driving forces to soil management, soil
process changes, and their implications for sustainability targets. While the concept is comprehensive,
its implementation is challenged by the multitude of indicators that must be estimated, valued, and
prioritized for specific geophysical and socioeconomic contexts. Targeted data collection, research
synthesis methods, and user-oriented approaches are key to successfully conducting such dynamic
assessments [20]. For example, a stakeholder-inclusive process of indicator selection for the assessment
of soil management may improve its relevancy for sustainable development targets [21].

The outcomes of sustainability assessments can be seen as a prerequisite for the third challenge
of providing an evidence base for sustainable soil management, which is related to governance
mechanisms and policy-making. Although a number of publications have emerged in recent years
about policy analysis regarding soil management, particularly in Europe [11,22,23], soil-related
governance is far less well understood than the governance of other natural resources such as water,
air, or biodiversity [24]. Research must reveal how governance mechanisms at multiple administrative
levels interact, which instruments are most relevant for farmers” decision-making, what role property
rights and tenure systems may play in the efficiency of governance instruments, and how governance
interacts with other drivers of soil management, such as climate change, technological advances,
consumer preferences, and education and advisory systems.

The objective of this special issue is to compile the latest interdisciplinary research on the
three challenges outlined above. The idea is to shed light on the emergence of an interdisciplinary
research community dealing with the sustainable management of soils. The motivation for this project
stems from the German interdisciplinary research program “Soil as a Sustainable Resource for the
Bioeconomy—BonaRes” (www.bonares.de), which was established to develop a scientific evidence base
for agricultural soil management that maintains soil functions while increasing agricultural production
in support of the implementation of the German bioeconomy strategy. The BonaRes program
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consists of 10 collaborative research projects on various aspects of sustainable soil management.
It is complemented by the BonaRes Centre to develop a coherent approach to data management, soil
modeling, sustainability assessment, and governance [25]. While the core of research in BonaRes
focuses on the natural science aspects of soil management, processes, and functions, there is increasing
awareness about the role of socioeconomic research to better understand the full complexity of, the
opportunities for, and the obstacles to sustainable soil management. Taking the interdisciplinary
setting of BonaRes as a stepping-stone, this special issue invited interdisciplinary and transdisciplinary
research on the assessment and governance of sustainable soil management from various contexts
across the globe. The outcome is 15 papers dealing with the management, assessment, and governance
of agricultural soils and their relationship to soil functions, ecosystem services, and sustainable
development. The papers address a wide range of agronomic practices and include reviews, conceptual
papers, meta-analyses, and empirical studies of cases in Europe, Central America, the Middle East,
and Asia. The papers are outlined and placed in the context of the three research challenges described
in the following sections.

2. Soil Management Impacts on Soil and Soil Functions

Soil management of arable fields is performed to improve the growth conditions for agricultural
crops. Soil management thereby favors the production function of soils over other functions, with
the target of producing food, feed, and fiber. However, soil degradation processes are negative side
effects that seem to be exacerbated by increasing agricultural intensity [26]. Agricultural production is
therefore considered a major cause of soil degradation processes. These processes include erosion by
wind and water, loss of biodiversity, compaction, salinization, loss of organic carbon, and diffuse water
and soil pollution [22]. The cause—effect chains between agricultural management practices, on the one
hand, and soil degradation processes, on the other, are not straightforward. These chains are subject to
spatially varying geophysical and climatic site conditions as well as the temporal dynamics of weather
and vegetation processes. For example, water erosion occurs on sloped land when precipitation
exceeds the infiltration capacity of the soil, but that is highly dependent on the vegetation status and
the coverage of the soil surface with plant material [27]. The same holds true for wind erosion, which
soils are particularly susceptible to when the surface is bare and dry [28]. The design of crop rotations
and tillage practices determines the length of time during which the soil is bare during the vegetation
year. Conservation agriculture is defined as an approach to optimizing coverage of the soil surface with
organic material and improving the soil’s infiltration and water-retention capacity [29]. It combines
no-till practices with residue management and differentiated crop rotations.

In this special issue, several papers analyze the impacts of conservation agriculture and other
innovative soil management practices on soil functions (Table 1). Ghaley et al. [30] provide a
meta-analysis of the effects of conservation agriculture on soil multifunctionality for the main
environmental zones of Europe. Building upon a literature synthesis and employing an expert-based
scoring system, the authors identify overall positive effects of conservation agriculture, while in the
case of conventional agriculture, negative effects dominate across the five soil functions mentioned
above (production, water purification, carbon sequestration, habitat for biodiversity, and recycling of
nutrients and (agro)chemicals). Ghaley et al. [30], however, point to the need for field investigations to
better understand systemic factors of soil management, climate, soil process interactions that lead to
changes in soil functions, and associated ecosystem services.

Lalani et al. [31] employ a farm research approach to study the impacts of conservation agriculture
on dryland farming systems in central Syria. Although the research was restricted by the outbreak
of armed conflict in Syria, preliminary results indicate that conservation agriculture is of particular
benefit for soil moisture and for grain and straw productivity. The authors conclude that in a semi-arid
marginal area such as central Syria, conservation agriculture may be the only option with progressing
climate change because of its moisture-saving characteristics [31].
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Nuppenau [32] takes the complex system relationships between crops and soils as a starting
point from which to design a dynamic optimization modeling approach for crop rotations that better
considers ecological information and feedback loops. Such an approach is also meant to account for
the long-term positive effects of deep-rooting and/or N-fixating crops such as alfalfa on soil structure,
organic turnover, organic carbon sequestration, soil rootability, and water capacity. Such positive effects
may, in the long run, outweigh the short-term negative effects on economic return compared to other
crop rotations. Addressing long-term effects in complex modeling approaches is indeed important to
reveal and assess possible benefits of conservation agriculture practices that, from the short-term view,
still suffer from lower yields and economic returns compared to conventional practices [10].

Table 1. Overview of contributed papers addressing the impacts of soil management on soil functions.

Soil Management Soil Management . . Paper Type;
Authors Type Topic Region Spatial Scale Knowledge Base
Ghaley et al. [30] Tlll'age, crop rotation, Effects on soil Europe Field Meta-analysis
residue management functions
. . Yield, ..
Lalani et al. [31] T1.llage and sot ! cost-effectiveness, Syria Farm Empmc.al
moisture retention analysis
trade-offs
. Economic optimization Modelling
Nuppenau [32] Crop rotations and ecosystem services Germany Farm framework
Frelih-Larsen et al. Subsoil management Farmers” acceptance Germany Farm Emp1r1§al
[33] analysis
Seydehmett et al. Water utilizationand ~ Future trends and soil ~ China/northwest . Modelling
) L . Landscape/region .
[34] management salinization region analysis
Ledermu}ler etal. Tillage, field traffic Risk assessmgnt of soil ~ Germany/Lower Field Spatial analysls
[35] compaction Saxony and modelling

The utilization of subsoil for root growth and water and nutrient utilization is another key factor
of soil-improving agricultural practices [36]. Frelih-Larsen et al. [33] analyze determining factors
for farmers’ decision-making on the implementation of subsoil-improving management practices.
These include biological measures such as integrating deep-rooting crops and mechanical practices.
General acceptance of biological measures of subsoil utilization was found to be far higher than that
of mechanical practices. However, economic barriers also hinder the integration of such crops into
rotation [33].

In semi-arid and dryland regions, irrigation of crops is one major cause of soil degradation risk
because of secondary salinization. Irrigated agriculture accounts for more than 40% of global food
production, and it covers nearly one-fifth of the world’s cropland [37]. The degree of soil salinization
is a factor of natural soil properties, climate, water quality, and farmers’ decisions regarding the
technology and amount of irrigation, as well as desalinization measures such as leaching. In their
contribution to this special issue, Seydehmet et al. [34] apply a Bayesian networks approach to integrate
assumptions on farmers’ decision-making into model simulations of future salinization for a Chinese
watershed. Particularly because of the integration of stakeholder perceptions, the modeling approach
proved to be a useful tool to support future decision-making on land reclamation and irrigation with
regard to avoiding salinization.

The contribution by Ledermdiller et al. [35] also reports on the development of a decision support
tool for farmers to help avoid soil degradation. This tool addresses the problem of soil compaction
caused by heavy machinery. Soil moisture determines the susceptibility of soils to compaction
under mechanical pressure and is highly dynamic depending on temporal patterns of precipitation.
Ledermiiller et al. [35] integrated spatiotemporal factors into a risk map for soil compaction, which
farmers can use to optimize the timing of traffic and tillage operations. Such decision-support
systems are particularly important to assist farmers in better aligning soil management with soil
function maintenance.
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Despite the variety of topics covered by the papers in this special issue, two items for future
research stand out. The first is the need to acknowledge the systemic interrelations between agricultural
soil management practices and soil process reactions leading to responses in soil functions [5].
Linear processes and one cause-one effect relationships rarely exist in soils, which makes the
identification of best management practices complex. In particular, long-term effects and feedback
loops must be accounted for to best capture the impact of alternative soil management practices on soil
functions. The second future research item is the need to develop methods of synthesizing scientific
evidence into support for farmers and other decision-makers regarding soil management.

3. Sustainability Assessment of Soil Management, Analysis of Trade-Offs and Synergies

Sustainable soil management implies not only the proper maintenance of soil quality, but also
the need to comply with farm management constraints and a wider set of environmental and
socioeconomic targets, as set out in the SDGs [2]. The assessment of soil management impacts
on multiple targets, as well as trade-offs and synergies between them, provides an important evidence
base for decision-making at the farming system and policy-making levels. Such an assessment must
be forward-looking (ex ante) so that it can anticipate possible impacts of alternative management
options before decisions are made [38]. Scenario techniques are often used to capture technological,
economic, and climatic driving forces and future frame conditions in which the soil management
options are embedded [39]. The assessment also needs to capture a wide range of environmental and
socioeconomic impact categories to allow for an analysis of intended and unintended, short-term
and long-term impacts. Impact categories cover relevant societal aspects to which soils contribute.
These emerge from soil functions and include, for example, food production, biodiversity conservation,
climate action through carbon sequestration and mitigation of greenhouse gas emissions, flood control,
disease control, and human health [2]. This list is not conclusive and depends on the specific conditions
in which an assessment is placed, its geographic setting and purpose. Stakeholders involved in the
assessment process may have their say in selecting and weighing impact categories, such as what is
recommended in the Sustainability Assessment of Food and Agriculture (SAFA) guidelines [40]. The key
point of the assessment is to identify synergies and trade-offs between the different impact categories
as they are affected by soil management options.

Regarding the conceptualization of impact categories, the concept of ecosystem services (ES) is a
prominent and well-elaborated approach to assess the services provided by ecosystems in support of
human well-being [41]. The ES concept captures a wide range of regulating, cultural, and supporting
services and builds on established scientific ground. Although the linkage between soil functions and
ES is still subject to scientific debate [4], the potential for linking natural processes in the soil to societal
aspects of human well-being is not contested [42].

In this special issue, four papers assess the impacts of soil management practices on economic
aspects, ecosystem services, and sustainable development (Table 2). Schwilch et al. [43] provide an
important step toward implementation of the ES concept related to soil management. They developed a
factsheet-based scoring procedure for soil-related ES and applied it to 26 soil management measures on
field trials across Europe. While direct measurements could be utilized to determine short-term impacts,
expert-based estimations were used for long-term assessments. The results of both long-term and
short-term assessments were meant to be a basis for stakeholder-based valuation of soil management
practices. With this tested procedure, the authors close an important knowledge gap associated with
the practical implementation of ecosystem service assessment. Nuppenau [32] uses the ES approach to
conceptualize the assessment of crop rotation impacts with a dynamic optimization model. Similar to
Schwilch et al. [43], he emphasizes the long-term effects of soil conservation management practices,
which are not captured by many state-of-the-art assessments and modeling approaches.
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Table 2. Overview of contributed papers on sustainability assessment of soil management practices.

Soil Management Soil Management . . Paper Type;
Authors Type Topic Region Spatial Scale Knowledge Base
. o Impact of
Schwilch etal.  Specific magagement management on Europe Plot/wider area Meta-analysis
[43] practices .
ecosystem services
Economic Modeling
Nuppenau [32] Crop rotations optimization a.nd Germany Farm framework
ecosystem services
Correia an@ Carob tree Cost-effectiveness Portugal Field/farm Empirical
Pestana [44] management
Quynh and . . . - . . o
Nitrate fertilizers Nitrate use efficiency Vietnam Field Empirical

Kazuto [45]

While the ES concept is best placed for landscape-level assessments [46], farm-level assessments
may bring into focus other impact categories, including economic measures such as cost-benefit ratios
and risk attributes and measures of resource use efficiency. An example of farm-level assessment is
provided by Correira and Pestana [44]. For a case study in Portugal, they assess the benefits and costs
of planting carob trees as an alternative to high-intensity farming. In addition to exerting positive
effects on ES through increased carbon sequestration in the soils, carob tree plantations can provide
additional revenues for farmers and prove to be a measure of risk sharing under conditions of climate
change. The latter two factors are particularly important for farm-level decision-making.

A third level of assessment is provided by Quynh and Kazuto [45]. The authors assess the impact
of specific organic fertilizers on nutrient use efficiency and water quality. In this case, the production
of organic fertilizers from the byproducts of coffee production is a good example of resource-efficient
production, which is another paradigm of sustainable management [4]. Such a process proves, however,
to have negative side effects on water quality because of the high leaching potential of the nitrogen
compounds in the organic fertilizers. The conclusions are that such fertilizers from recycled materials
need specific quality control mechanisms and cannot, per se, be said to be more sustainable compared
to mineral fertilizers.

Sustainability assessment of soil management is a powerful tool to reveal linkages between soil
functions and societal targets and values. At the same time, it provides a scientific evidence base
for soil management at different levels of decision-making. In this regard, it serves as an important
information base for the development of governance mechanisms that steer soil management in the
direction of sustainable development. However, sustainability assessment of soil management is only
an emerging scientific field. While promising methodological frameworks for its implementation
exist [3,4,47], empirical implementation is still in its infancy. The papers of this special issue add to this
emerging scientific field with important examples.

4. Governance for Sustainable Soil Management

Soil governance aims to regulate soil use and management in a way that meets societal targets
and expectations. Soil governance structures include, for example, actors and decision-makers,
property rights, formal and informal institutions, and regulations such as command-and-control
or incentive-based policy instruments [24]. Although the sustainable use of soils, the prevention
of soil degradation, and the maintenance of all soil functions are well-respected policy goals, their
implementation remains flawed. Policy regulations are an outcome of comprehensive negotiation
and deliberation in the policy formulation process, which ideally should imply impact assessments of
policy options in order to deter unintended impacts. Sustainable soil governance requires a thorough
understanding of the linkages between ecosystem services emerging from soil functions and impact
assessments of soil management [4]. Furthermore, soil governance is affected by complex interrelations
with other policy fields, such as the Common Agricultural Policy of the European Union (EU) or
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climate action and bioeconomy strategies. In addition, governance often takes place across several
decision-making levels, from the farm level, over regional and national governance levels, to European
and supranational scales, and incorporates manifold actors with different perceptions, values, and
interests regarding soil management. These governance challenges are subject to comprehensive
research, and the following contributions (Table 3) to this special issue help to close the knowledge
gaps on sustainable soil governance.

Table 3. Overview of contributed papers on governance for sustainable soil management.

Soil

Authors Soil Management Management Region Spatial Scale Paper Type;
Type . Knowledge Base
Topic
. Soil degradation, Soil legislation and European
Stankovics et al. S . . . - -
48] contamination, implementation Union/five Country Empirical
and sealing standards Member States
Stubenrauch et al. Phosphorous Legislation of Germar}y, .
) 1 . Costa Rica, Country Empirical
[49] fertilizers phosphorous fertilizers .
Nicaragua
HanSJur:gens ctal. General Etl}mal < onS{deréhons Not specified Not specified Conceptual
[50] in soil legislation
. L European
Bartko[wz:zs]k fetal General ]i)ef;r:tlc;ril ifts Union and Country Conceptual/empirical
property rig Germany
Daedlow et al. Contracting of . ..
51] General property rights Germany County/field  Conceptual /empirical
Bartkowski and General Determinants of Europe Farm Review
Bartke [52] farmers’ behavior P

Two papers provide insights about emerging challenges in the formulation and implementation
of soil regulations at the national and supranational levels that do not fully address the requirements
of sustainable soil management. Stankovics et al. [48] investigate the obstacles, differences, and gaps
in soil legislation and administration in five European countries (the United Kingdom, Germany,
France, Austria, and The Netherlands) that could not agree on the proposal for a Soil Framework
Directive in the EU in 2014. This lack of agreement ultimately resulted in the directive being refused.
In these countries, issues of soil degradation and contaminated sites are generally well defined but are
mostly embedded in environmental legislation, which makes soil issues a byproduct in environmental
protection and results in a lack of reinforcement and liability. Due to divergent liability, levels of
restriction, and some gaps in the content of soil protection, a harmonization of existing policies in EU
member states toward a possible new Soil Framework Directive appears difficult.

Stubenrauch et al. [49] examine fertilizer legislation with regard to soil protection in Germany,
Costa Rica, and Nicaragua and assess similarities and differences in the standardization and regulation
of efficient fertilizer use in these countries. The authors found that in all three countries, the legislation
does not comprehensively protect soils. In addition, control mechanisms of existing legislation
are largely missing, and phenomena such as rebound and shifting effects of regulations and soil
management are not addressed. Thus, from the authors’ perspective, legislation in these countries
does not fulfill its role as a driving force for sustainable soil management.

In their contribution on the ethical, legal, and economic considerations of soil protection,
Hansjiirgens et al. [50] focus on justifications for soil conservation legislation, with a particular
emphasis on the creation—ethical arguments reinforced by Pope Francis in his encyclical Laudato
Si” [53]. The authors show that the Pope’s encyclical reveals a new relationship of the Catholic Church
with nature (and soils). At the same time, such a relationship is reflected in legal prescriptions as
provided by the German Constitutional Law and in economic arguments focusing on the definition
of property rights regimes. These creation—ethical, legal, and economic considerations may serve
as important reference points for soil conservation and sustainable soil management. They jointly
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emphasize that the long-term interests of the general public should be given priority over short-term
private interests of farmers and landowners.

Two further papers address the issue of property rights and its linkage to soil characteristics and
management. Bartkowski et al. [52] discuss how the concept of ecosystem services can be used to
reassess the definition of current land property rights. The multifunctionality of soils implies that
land property has special obligations regarding public welfare and suggests that current definitions
of land property with a strong focus on private decision-making are imperfect from the perspective
of the sustainable use of soils. The authors analyze two cases, the Common Agricultural Policy
of the EU and German planning instruments, to demonstrate the inadequate consideration of soil
multifunctionality in common private land property rights, which results in deficient internalization of
externalities in agricultural markets. Policy instruments addressing such discrepancies could include,
for example, taxation or incentives. The link between private property rights and soil quality is
investigated by Daedlow et al. [51]. The authors contest theoretical assumptions about landowner and
tenant relationships by studying empirical relations between soil quality, land rent prices, and land
rent proportions at the county level in Germany. Given the manifold forms of ownership, the study
challenges the general assumption that landowners take better care of their soils than tenants do. For
example, it is shown that there is no direct correlation between rented arable land and low soil quality
in Germany. The authors discuss the detected inconsistencies between theory and data that might
emerge due to, for example, regulations of land markets, path dependencies in agricultural structures,
and internalization of soil protection costs. The authors also stress the importance of examining
the influence of the design of tenancy agreements with respect to soil conservation measures in
future research.

Governance structures such as property rights are directly linked to farmers” decision-making
about soil management. The importance of understanding this connection is shown by Bartkowski and
Bartke [52], who review 78 European scientific studies about determinants of farmers’ behavior and
decision-making and link them to the assessment and development of soil governance instruments.
Based on a conceptual framework, they investigate not only the social-institutional environment
of farmers’ decision-making, but also behavioral determinants, such as pro-environment attitudes,
goodness of fit, and past experience. Research gaps in farmers’ behavior include issues such as adoption
of technologies, advisory services, bureaucratic load, risk aversion and social capital, social norms,
and peer orientation. The authors stress the importance of a complex understanding of behavioral
perspectives to improve the efficiency, effectiveness, and legitimacy of soil governance in general.

Despite an increasing number of studies published in recent years, soil governance research still
needs to tackle many scientific gaps. For example, research about barriers and supporting factors
that help to harmonize soil governance among the Member States of the EU and upscaling on the
European level would help to establish efficient soil governance. Furthermore, the ecosystem services
concept can be further applied to inform the design of soil management institutions, which would help
to advance the understanding of the extent to which actual implementation of soil governance fails
to address societal goals and cope with trade-offs. Likewise, living labs could be established where
transdisciplinary research groups investigate to what extent impact assessments of soil management
practices are considered in concrete policy formulation and implementation processes. Finally, studies
identified the problem of unspecified soil policy instruments that often operate to a limited degree
toward sustainability. Thus, soil governance research should address the development of tailor-made
soil conservation instruments that specifically affect particular soil and land use types, as well as the
design of corresponding soil property rights and land tenancy agreements.

5. Conclusions and Recommendations

Sustainable soil management of arable land means that biomass production for food, feed, and
fiber can be integrated with soil functions to provide ecosystem services and contribute to sustainable
development goals. Research can support sustainable soil management by providing an evidence
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base for the interrelationships between soil management practices and soil functions and between
soil functions and sustainability targets. While there is agricultural management to produce biomass
and maintain the economic basis of the farming enterprise, society and economy profit not only from
agricultural goods, but also from other ecosystem services supported by soil functions. Nevertheless,
trade-offs between provisioning services and habitat and between regulating and cultural services are
evident. Such compromises stress the importance of developing new management approaches and
assessing the impact of alternative management regimes on multiple outcomes in a comprehensive
framework. To further this goal, close collaboration is needed between natural scientists trying
to understand soil functions and social scientists and economists investigating how they can be
transformed into services with social and economic value.

The contributions of this special issue provide examples of promising interdisciplinary research
that places the use of soil within a wider societal context. These studies address challenges related
to the management, assessment, and governance of soils. While each contribution emphasizes
particular research questions, some common analytical challenges emerge. The first challenge is
the understanding that one-size-fits-all management solutions do not exist. Rather, soil management
must be adapted to site-specific geophysical and socioeconomic conditions. The second key challenge
is the notion of time in the assessment and governance of soil management. Often, soil-improving
management options turn out to be advantageous only after a long time period, while they are
practically not suitable in the short term and without incorporating long-term effects. Efforts must be
made to better understand such long-term management effects and to better address them in impact
assessments. Furthermore, novel governance mechanisms are required that help farmers overcome
short-term economic constraints and better gain the advantages derived from long-term soil quality.
Such governance instruments can be justified, because sustainable soil management contributes to
public goods in the long term, for which society should be ready to pay. This perspective leads to
the third challenge, which is the interplay between private and public interests. While farmers have
a private (business) interest to produce food, the other services provided by soil functions have the
character of public goods. This private-public interrelationship is not yet well reflected in the property
rights related to soils and must be better regulated by innovative governance mechanisms. With this
special issue, an effort was made to shed light on the potential of an emerging interdisciplinary soil
research community to advance the systemic understanding of sustainable soil management.
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