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As a critical interface in the environment, soils can provide a wide range of ecosystem services (ES). However, while there is growing demand to assess soil ES from agricultural systems, considering them in land management strategies remains a challenge. Indeed, because of the difficulty in relating soil properties to ES, soil ES are still not fully considered in the territorial planning decision process. Through a comprehensive approach based on soil processes, an assessment framework is proposed to make soil ES understandable and usable by actors of territorial planning. This assessment framework is based on a conceptual model that is then developed into an operational framework. The conceptual model, which is supported by a literature review, relates agricultural soil ES to common socio-economic development challenges. The operational framework is based on the development of soil ES modeling and enables comparison of soil management options, which provides information to help choose among planning scenarios. This soil ES assessment framework, relating soil science to territorial governance, should improve integration of soil ES into decision making in a territorial planning context and support sustainable socio-economic development.
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INTRODUCTION

Since the seminal publication about the ecosystem services (ES) concept (Costanza et al., 1997) and its widespread expansion through the Millennium Ecosystem Assessment (MEA, 2005), the ES concept has continually evolved (Costanza et al., 2017). It is recognized that human activities such as agriculture depend on and strongly influence multiple ES (MEA, 2005; Therond et al., 2017; Bommarco et al., 2018). Several ES that influence human well-being (e.g., food production, water flow and/or quality regulation, climate mitigation) have been shown to be directly affected by soil-related ES (Bouma, 2014; McBratney et al., 2014; Adhikari and Hartemink, 2016), referred to here as soil ES. These results have increased policy makers' awareness that ES, especially those involving soil processes and functions, should be explicitly considered in territorial planning (Breure et al., 2012; Albert et al., 2016; Drobnik et al., 2018), i.e., the process developed by public and private entities to influence the distribution of people and activities within territories of various sizes (a city, a county, a watershed, a metropolitan area).

Due to its interest to research and policy communities, there has been much debate on certain critical conceptual and operational issues, such as the following:

1) defining the related key terms, such as ecosystem processes, functions vs. services, goods, benefits vs. contributions (Boyd and Banzhaf, 2007; Wallace, 2007; Fisher et al., 2009)

2) classifying ES through international initiatives (TEEB, 2012; CICES, 2018; IPBES, 2018)

3) understanding and representing relations between ES and human well-being (Dominati et al., 2010; Haines-Young and Potschin, 2010; Potschin-Young et al., 2018)

4) developing assessment methods (Jónsson and Davíðsdóttir, 2016; Burkhard and Maes, 2017; Englund et al., 2017)

5) exploring the accessibility and usefulness of the ES concept to better inform territorial planning policies (de Groot et al., 2010; Hatton MacDonald et al., 2014; Ruckelshaus et al., 2015; Albert et al., 2016; Posner et al., 2016).

As a critical interface in the environment, soils ensure the provision of a wide range of ES (see Adhikari and Hartemink, 2016 and Jónsson and Davíðsdóttir, 2016 for reviews) through complex and highly time- and space-dependent feedbacks and interconnections among above- and below-ground ecosystem components (Dominati et al., 2010; Birgé et al., 2016). The European Commission (EC) (2006) has recognized soils as crucial to support humanity's capacity “to produce food, prevent droughts and flooding, stop biodiversity loss, and tackle climate change.” Nevertheless, soils are highly subject to degradation, including “erosion, organic matter decline, salinization, compaction and landslides.” Among terrestrial ecosystems, agricultural systems are probably the most concerned by these threats. Indeed, they face major societal (e.g., food security) and environmental (e.g., soil security, water security, climate mitigation) pressures (McBratney et al., 2014; Bommarco et al., 2018; FAO, 2018). Human activities, particularly urban expansion and inadequate agricultural practices, negatively impact agricultural land, influencing not only the provisioning services but also the entire range of soil ES (which may include provisioning, regulating and cultural services) (MEA, 2005; Bommarco et al., 2018). As Swinton et al. (2007) discussed, consideration of ES (and by extension soil ES) provided by agricultural systems is dual and must be “viewed in the context of what they replace and what they might be replaced with.” Indeed, while human needs cause either natural land to be transformed to agriculture or agricultural land to be urbanized, sustainably managing soil ES from agricultural systems could meet the objectives of food security, climate mitigation and environmental conservation. Thus, agricultural soils need to be addressed specifically as a critical resource and integrated in decision-support tools for sustainable planning strategies, as emphasized by Robinson et al. (2013) and McBratney et al. (2014).

Despite the recognition of soil management in agroecosystems as a powerful mechanism for addressing environmental challenges (Robertson et al., 2014; Schulte et al., 2014; Ruhl, 2016), few studies have focussed specifically on soil-centered assessment of ES within agroecosystems (Greiner et al., 2017; Vogel et al., 2019) or even in other ecosystems (Dominati et al., 2010; Breure et al., 2012; Bouma, 2014; Grêt-Regamey et al., 2017). Recent publications on soil ES (Dominati et al., 2014; Adhikari and Hartemink, 2016; Birgé et al., 2016; Jónsson and Davíðsdóttir, 2016) highlight the need to develop an assessment framework for soils to be integrated in ES assessment studies.

This article revisits definitions and concepts from both science- and policy-based perspectives to argue for a possible way forward, positing that relevant soil ES assessment needs its own defined framework. Based on well-established frameworks such as the “cascade model” of ES (Haines-Young and Potschin, 2010; Potschin-Young et al., 2018) and the “conceptual framework linking soil to human needs” of Dominati et al. (2010, 2014), the assessment framework we developed is adapted to the objective of enhancing operational implementation of soil ES in decision-making processes. To this end, we first discuss critical assumptions about the perception of soils in an ES assessment context and detail the conceptual model that forms the first part of the assessment framework. An operational model is then developed to assess soil ES, followed by discussion of the relevance and potential added value of this assessment framework in a territorial planning context.



A CONCEPTUAL MODEL TO CONSIDER SOIL ES: LITERATURE REVIEW AND DEVELOPMENT


Perception of Soils: From an Integrated Component to an Integral Component of Ecosystems

As discussed by Ponge (2012), applying the definition of “ecosystem” to soils is not new and remains an on-going debate. The issue of considering soils either as ecosystems in themselves or only as components of ecosystems needs to be addressed in ES assessment to develop a soil-centered assessment framework. Until recently, the MEA (2005) framework, distinguishing four categories of ES (i.e., provisioning, regulating, cultural and supporting), did not explicitly consider soils as providers of ES, recognizing them only as contributors to ES provision through the “supporting” category, which underlies the others. In contrast, the working group on Mapping and Assessment of Ecosystems and their Services (MAES) (Maes et al., 2018), in line with the CICES (2018) classification, tends to consider soils as providers of ES, merging the “supporting” and “regulating” categories into a “regulating and maintenance” category. Despite this increased consideration of soils in the ES approach, these frameworks still do not view soils as the subject of ES assessment but only as a component of the subject, which remains the ecosystem.

This under-consideration of soils in ES assessment could come from diverging perceptions of their place within ecosystems. To date in ES assessment (i.e., at the ecosystem scale), soils are commonly considered as a physical component that supports activities, which leads to their perception as only an “integrated component” of ecosystems (Ponge, 2012; Bouma, 2014). Otherwise, in line with the MEA (2005), ES are defined as “the goods and services from ecological systems that benefit people.” Thus, for agricultural systems, soils are embedded in the definition of the system, and soil ES are not differentiated explicitly from agricultural ES. In this perception, agricultural ES resulting from both natural and anthropogenic components are aggregated into the contribution to human well-being (Figure 1A). This perception reduces soils to “contributors” rather than “providers” of ES (see Adhikari and Hartemink, 2016 and Greiner et al., 2017 for reviews), which relegates soil ES to the “supporting” category (MEA, 2005). This perception prevents soils from being captured specifically and explicitly (McBratney et al., 2014; Adhikari and Hartemink, 2016) in the complex chain connecting ES to human well-being (Costanza et al., 2017; Potschin-Young et al., 2018).
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FIGURE 1. Two alternative representations of soils in agricultural systems and their outcomes that regard soils as (A) contributors to agricultural ecosystem services or (B) providers of soil ecosystem services.


Ponge (2005, 2012) suggested applying to soils the assumption of interdependence with overlying activities. By assuming that soils interact with their overlying environment (i.e., both influencing their overlying environment and being influenced by it), they can be perceived as an “integral component” of the system considered. Thus, for agricultural systems, soils are one of the elements that define the system. In this perception, soil ES can be differentiated explicitly from agricultural ES and defined as the natural part of the contribution to human well-being, in contrast to the anthropogenic part that results from land use and management practices. In line with some recent literature (Costanza et al., 2017; Therond et al., 2017), the contribution to human well-being results from interactions between the soil component (and ultimately soil ES) and anthropogenic components (Figure 1B). This perception of soils as co-suppliers of the contribution to human well-being can be a solution to correcting the perception of soils by considering them as direct “providers” of ES and as an explicit subject in ES assessment. Furthermore, this perception is in line with recent classifications of ES (CICES, 2018; IPBES, 2018), which promote soil ES to the merged category “regulating and maintenance.”

Finally, beyond these ecosystem concepts lies the need to clarify the perception of soils in ES assessment. Indeed, in line with the relatively recent reintroduction of the “geodiversity approach” [i.e., “the natural range (diversity) of geological, geomorphological and soil features” (Gray, 2008; Gray et al., 2013; Alahuhta et al., 2018)], which emphasizes the role of soil features in providing ES, the concept of soil ES is emerging (Birgé et al., 2016; Jónsson and Davíðsdóttir, 2016; Su et al., 2018). Thus, we suggest splitting the agricultural system into an anthropogenic component as an external driver (including both land use and management practices as land management, and policy action as a societal response) and a soil component as natural assets (including both inherent and dynamic properties) in order to highlight the proper role of soils in ES assessment (Figures 1A,B). This perception is more in line with the recent classification and provides the opportunity to (i) capture soil ES better in the complex chain connecting soil ES, contributions to human well-being and governance and (ii) better assess the role that soils can play in territorial planning processes.



A Common Language for Mutual Understanding
 
Soil ES Lexicon

Barnaud and Antona (2014) and Danley and Widmark (2016) reported that a broad range of stakeholders used the ES concept and argued that its wide adoption creates ambiguity in its meaning. Reporting stakeholders' feedback about operationalization of ES, Carmen et al. (2018) and Jax et al. (2018) identified the need to adapt language to each stakeholder as one of the crucial principles to frame and shape action on land management across scales of governance. Considering these findings, we suggest a common lexicon for soil ES (Table 1) based on the ES literature.


Table 1. Definition of key terms used in this framework of soil ecosystem services assessment.
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Clearly distinguishing the terms “contributions” and “services” is necessary to (i) clarify relations between environmental and anthropocentric spheres and (ii) provide a common support bridging science, social and policy arenas (Figure 2), as emphasized by IPBES (2018) goals and Potschin-Young et al. (2018). First, unlike Potschin-Young et al. (2018), the term “contributions” is preferred to “benefits,” as proposed in the latest discussions of IPBES (Díaz et al., 2018), thus avoiding the trend toward purely economic considerations. In this article, “contributions to human well-being” is defined as the perceived societal expectations (positive and negative) underpinned by soil ES and anthropogenic components when setting up territorial planning (Table 1). Second, in line with Costanza et al. (2017) and Therond et al. (2017), “soil ES” is considered as the share of soils in the “contributions to human well-being.” Defined as contributions to human well-being resulting from direct expression of soil processes (Table 1), “soil ES” meets the need to match the social language with natural features that are usually studied in the research arena (scientific language) (Table 1). Among “soil ES,” we distinguish “current” and “potential” soil ES. “Current soil ES” is defined as the current soil ES provision observed under current agricultural systems, while “potential soil ES” is defined as the potential soil ES provision that could be expected under alternative agricultural systems. Furthermore, according to territorial planning objectives (e.g., balance between urban development and protection of natural landscapes, maintaining human well-being) in a context of urbanization and limited land area, the objective of promoting high soil ES provision is crucial. Thus, to satisfy this need stated by stakeholders, “potential soil ES” is considered as the maximum soil ES that can be obtained in a given context.
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FIGURE 2. Conceptual model connecting social, scientific and policy arenas, and anthropocentric and environmental spheres. Solid arrows indicate the effects of causal links and clarify the connections between the two terms “contributions” and “soil natural assets” (i, ii, iii); dotted arrows indicate the stepwise integration of soil ecosystem services in the decision-making process.


As Díaz et al. (2018) discussed, the concepts of “services” and “contributions” can be seen from context-specific (i.e., local scale) to general (i.e., global scale) perspectives and aim to be incorporated into policy and practice. To this end, “governance scale” is defined as the policy scale at which “contributions” could be incorporated and considered in a regulatory way. “Governance” meets the need to match the planning objectives to be achieved (social language) with consistent policy tools at a given territorial scale (policy language).

The definition of soil ES retained (Table 1) and the use of the term “soil processes” is similar to Boyd and Banzhaf's (2007) perception of a service that contributes to human well-being and clarifies somewhat in a territorial planning context the concept of intermediate and final services discussed by Fisher et al. (2009) and Robinson et al. (2013). Thus, aligning largely with previous studies (Dominati et al., 2010; TEEB, 2012; Haines-Young and Potschin, 2013; Robinson et al., 2013), supporting services from the general ES assessment framework (MEA, 2005) are considered as “soil processes” rather than “soil ES.” Consequently, “soil processes” are defined as interactions among soil natural assets underlying soil ES (Table 1). These interactions are classified into four processes (i.e., cycling, storage, transfer and biotic web) (Figure 2) and define the basis of our soil ES operational model, in which processes underlying soil ES are quantified by simulation models or pedotransfer functions. As soil ES can be supported by several soil processes (Figure 2), distinguishing the two terms avoids the problem of double counting (Fu et al., 2011) in subsequent economic valuations.

Finally, although the concept of soils as a natural capital initially defined by Costanza et al. (1997) is broadly embodied in the ES approaches that consider soils (Robinson et al., 2013; Dominati et al., 2014; Smith et al., 2017), the term “soil natural assets” (Table 1) is preferred to “soil natural capital.” This asset also refers to intrinsic characteristics of soils derived from soil formation that are use- and time-invariant at the human scale and to characteristics of soils susceptible to change due to land use and climate change that are use- and time-variant at the human scale (Table 1, Figure 2). To define these soil characteristics, the terminology of Robinson and Lebron (2010) is retained, namely “inherent properties” and “dynamic properties,” which Dominati et al. (2010, 2014) spread widely as a basis for defining “natural capital.” Thus, “soil natural assets” are defined as both inherent and dynamic properties (Table 1), which refer to any soil properties used to define and compare soils.



A Conceptual Model to Bridge Science, Social, and Policy Arenas

The science-policy arena, through international initiatives (e.g., TEEB, IPBES, the Convention on Biological Diversity), recognizes the need to produce usable science-based knowledge to move toward sustainable governance of ecosystems (Díaz et al., 2015; Tengö et al., 2017). Despite the progress made on ES definitions and conceptualization, this knowledge still plays a limited role in decision making during planning (Carmen et al., 2018; Saarikoski et al., 2018). This suggests that simply increasing the amount of soil ES knowledge does not always improve understanding or integration of soil ES into decision-making processes. Thus, developing a conceptual model for using soil ES knowledge adapted to multi-stakeholder planning contexts is crucial to perform decision-relevant assessment and support sustainable regional governance at multiple scales.

The conceptual model proposed is divided into three components (or arenas). The policy arena (in the anthropocentric sphere), which refers to governance, includes considerations related to territorial, national or global policy and planning constraints. The social arena (in the anthropocentric sphere) refers to considerations related to human well-being and ES. Lastly, the scientific arena (in the environmental sphere) considers soil processes and soil natural assets. Using this structure as a basis, the model suggests a series of steps to integrate soil ES into the territorial planning process (Figure 2). This model can first be used as a basis for implementing soil ES in a regulatory context. The iterative step from “contributions” to “governance” allows evaluation of the potential to consider contributions by using currently available regulatory tools and thus determine the contributions that could be effectively implemented and the corresponding governance scale. The model can also be used as the basis of a soil ES assessment methodology. The steps from “contributions” to “soil natural assets” clarify the connections between the two terms by answering the following questions: (i) Which soil ES are related to the given “contributions”? (ii) Which model of soil processes can quantify the given soil ES? and (iii) Are the data required to model the steps from soil process to soil natural assets available? These connections constitute the steps to structure the soil ES assessment, thus putting theoretical concepts into operation.

This conceptual model is in accordance with the frameworks of Potschin and Haines-Young (2011, 2016) and Dominati et al. (2010, 2014), as they appear suitable for disentangling relations among soils, soil ES and human well-being. A stepwise “cascade model” is useful for supporting multi-stakeholder understanding of soil ES (Spangenberg et al., 2014) and using related knowledge, which builds an argument for using them in decision making in a structured way.

The conceptual model developed (Figure 2) shows interconnections between science, social and policy arenas, including causal effects among the main elements of our assessment framework (Figure 2). Although “soil ES” has progressively acquired status as a scientific concept (Barnaud and Antona, 2014), the language used is more a social language that places “soil ES” at the interface between the scientific and social arenas. The anthropocentric sphere includes both social and policy arenas, which are connected through “contributions.” These “contributions” bridge a gap in implementation from the social to policy arenas, in line with other authors (Primmer et al., 2015; Bouwma et al., 2018; Dick et al., 2018; Saarikoski et al., 2018), through planning decisions. Also, through “soil ES,” “contributions” bridge the gap in implementation from the social to scientific arenas, in line with reviews of Grêt-Regamey et al. (2017) and Dick et al. (2018). Thus, “contributions” connect, in a practical way, the soil ES concept to its potential degree of integration in planning strategies, defining which governance scale corresponds to the planning objective and which policy tools integrate knowledge about soil ES. Finally, “driving forces,” particularly through human-induced factors, connect the policy and scientific arenas through potential impacts on soil natural assets. “Driving forces” also connect the policy and social arenas as co-suppliers of “contributions” to soil ES (Figure 1). This connection bridges the two knowledge systems (i.e., science-based knowledge as a decision-support tool and policy-based knowledge as a tool to support policy instruments) described by Carmen et al. (2018).





PROPOSAL OF AN OPERATIONAL MODEL TO ASSESS AGRICULTURAL SOIL ES


Ecosystem Services Provided by Agricultural Soils

Soil ES that can be provided by agricultural soils were selected (Table 2) based on studies related to soil ES, including global reviews (Adhikari and Hartemink, 2016; Jónsson and Davíðsdóttir, 2016; Greiner et al., 2017), methodological frameworks (Robinson et al., 2013; Dominati et al., 2014; Lescourret et al., 2015; Birgé et al., 2016; Calzolari et al., 2016) and existing ES typologies (MEA, 2005; COM, 2006; Zhang et al., 2007; Ruhl, 2008; CICES, 2018; Díaz et al., 2018). Within agricultural systems, soils and their interactions with other ecosystem components (e.g., land use, management practices, climate, hydrology) can provide a set of ES, as conceptualized by Dominati et al. (2010, 2014).


Table 2. Soil ecosystem services (soil ES) developed in the assessment framework, underpinning soil processes, indicators, governance scales, and parallels with common ecosystem services (ES) frameworks.
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Twelve soil ES (Table 2) were identified in seven IPBES (2018) ES categories (excluding cultural ES), corresponding to nine CICES (2018) ES classes. These soil ES support certain major challenges addressed in territorial planning and their scale of governance (i.e., local, national or global) (Table 2). This list relates soil ES to underlying soil processes and suggests indicators derived from model outputs used to quantify soil ES.



Agricultural Soil ES Assessment

We start from a conceptual model of soil ES (Figure 2) that focusses on agricultural systems and intends to estimate soil ES. The associated operational model to assess soil ES (Figure 3) focusses on agricultural system management, particularly on the relation between soils and land management. This allows one, using dedicated models, to (i) estimate impacts of land management on soil processes and thus on soil ES and (ii) predict the evolution of multiple soil ES. Results from this modeling framework will indicate which agricultural system provides both the largest contribution to human well-being, given the objectives of territorial planning, and the lowest environmental impacts. Applying this operational model requires three successive steps and is illustrated by an example in which two soil types and three land management types are considered.


[image: Figure 3]
FIGURE 3. Workflow of the operational model for assessing agricultural soil ecosystem services (ES).



Define Agricultural Systems as a Combination of Soil and Land Management

As shown previously, the agricultural system is split into two components: (i) soils, with their physical, chemical and biological properties, and (ii) land management, which includes land use (i.e., cropping or grassland) and management practices (e.g., crop rotation, fertilization, grazing density, and timing) (Figure 1) observed at the spatial extent of the planning area. Soil natural assets (Table 1) have inherent properties, which may vary spatially, and dynamic properties, which vary greatly both spatially and temporally, due to disturbance or changes caused by agricultural land management, which modify soil processes and subsequently the soil ES they provide (Groffman et al., 2009; Burkhard et al., 2012; McFero Grace and Skaggs, 2013; Durán et al., 2017).

For the operational model, agricultural systems are described by all possible pairs of soil types (i.e., observed in the field or clustered into groups) and land management types (i.e., commonly observed in the field) in the planning area. Soil types and their associated properties (i.e., inherent and current dynamic properties, which are initial input data of the models considered) in the planning area are extracted from a soil database. Land management types may be (i) existing types, identified by analysis of agricultural censuses or specific surveys, or (ii) alternative types, selected or designed in the territorial planning procedure. Combinations of soil type and land use and management type define either existing or alternative agricultural systems (Figure 4).


[image: Figure 4]
FIGURE 4. An example of application of the operational model to consider soil ecosystem services (ES) as decision support information in territorial planning.




Modeling and Comparison of Current and Potential Soil ES

To estimate the “current state” of soil ES provision, only currently existing agricultural systems are considered, and soil ES prediction models are selected to quantify them (Figure 4). The “potential state” of soil ES provision is estimated by the maximum of ES modeling predictions for all existing or alternative agricultural systems (Figure 4). This assessment enables evaluation of possible gains and/or losses in overall soil ES provision under several planning scenarios.

Models that simulate carbon, nitrogen, water and energy flows at the field scale (not described in this article) are used to predict soil ES values. Using agricultural system characteristics as inputs, model predictions are processed to calculate one indicator value per soil ES for each agricultural system. Two key classes of indicators can then be defined: “current soil ES” (soil ES indicator value provided by a real pair of soil type and land management type) and “potential soil ES” (maximum soil ES indicator value provided by a real pair or by an alternative pair corresponding to the same soil type combined with another land management type observed at the planning scale).

Subsequent analysis of these modeling results allows one to (i) determine potential soil ES, (ii) compare current and potential soil ES indicator values, (iii) evaluate the multiservice provision ability of each agricultural system defined and (iv) display these results in a map (GIS data processing).



Mapping Soil ES and Integrating Them Into Territorial Planning

Mapping ES can be a useful and powerful tool for raising awareness and support decision making (Grêt-Regamey et al., 2017; Maes et al., 2018). For territorial planning purposes, stakeholders may require both qualitative and quantitative knowledge: simple qualitative information may capture strengths and weaknesses of a given area better, while more quantitative information is needed to evaluate expected results from alternative agricultural systems.

The last step of the operational model is therefore to develop a sequential mapping approach that describes at the territory scale both current and potential soil ES states (Figure 4). First, a map showing the current soil ES value can be drawn using semi-quantitative classes to identify areas with low and high provision of soil ES. Second, a map showing the difference between the current soil ES value and the potential soil ES state may identify areas with high expectations of increased soil ES if actions are implemented. Finally, a map showing the potential soil ES enables the potential provision of soil ES and the existing soil ES demand to be compared within the territory.

Finally, full implementation of the operational model would enable two potential assessment perspectives:

• Assessment of the current state of provision of a given soil ES. Here, soil ES assessment aims to answer the following questions: What are the values of soil ES at various planning scales? How are these values spatially distributed (areas of low or high provision)? and How does this spatial distribution correspond to social needs?

• Assessment of different territorial planning scenarios in which gains or losses of soil ES are compared. Here, soil ES assessment aims to answer the following questions: Under different conditions (i.e., land-use change scenarios), what gains or losses of soil ES provision can be expected? and Which soils are best suited to provide a given soil ES and under which land management conditions?





TOWARD AN OPERATIONAL TOOL

In a planning context, the soil-centered assessment framework and the associated conceptual (Figure 2) and operational models (Figure 3) raise four key methodological issues:

• Data availability. Values of soil natural assets underpinning current and potential soil ES can be obtained in three ways: (i) direct measurements (if no data exist), (ii) soil databases (as minimum data set providers) and (iii) modeling (i.e., predicted from soil properties).

• Data homogeneity. As soil ES assessment is highly time dependent, it must consider both land management and climatic conditions. To do so, soil ES values must be integrated over cropping periods to consider interactions between land use and soils properly. If soil ES are modeled, simulation periods must capture climatic variability; so, simulations of several years or decades are recommended, depending on the agronomic and pedoclimatic contexts.

• Data operability. Fully integrating soil ES assessment in planning processes requires tools that are accessible and compatible. Mapping soil ES at the territory scale appears to be an appropriate tool that territorial planners and stakeholders can easily understand to help compare scenarios and identify land management that enhances soil ES.

• Data transferability. The range of potential soil ES values defines the validity domain (i.e., ranges of spatial scale and soil types) of the assessment. Depending mainly on the resolution of available data, transferability of one assessment to another also depends on boundary values of potential soil ES.



PERSPECTIVES AND CONCLUSION

There is growing demand to assess ES from agricultural systems for the purpose of territorial planning (Birgé et al., 2016; Ruhl, 2016). Planning strategies can involve spatial distribution of different land uses (e.g., definition of urban, agricultural or natural protection areas) and, for agricultural areas, be based on a variety of land management options, such as “land sparing” (separate areas of high-intensity agriculture and wilderness) or “land sharing” [low-intensity agriculture interspersed with natural features (e.g., hedgerows, ponds, wetlands)] (Legras et al., 2018). Consequently, the assessment framework proposed provides a basis for integrating the soil ES concept into the land management decision making process, mainly for the following points.

By combining biophysical approaches and connecting environmental and anthropocentric terms, the assessment framework tends to provide the holism required by Primmer et al. (2015), Schleyer et al. (2015), and Loft et al. (2015) in the ES approach, integrating multiple modes (i.e., hierarchical, scientific-technical and adaptive collaborative) and scales (i.e., vertical and horizontal knowledge production, sharing and policy integration) for governance of ES.

Because it is soil-based, the framework contributes to emerging knowledge about how ES provided by agricultural systems depend upon soil characteristics by assessing the testable hypothesis that optimal soil/land use combinations that maximize soil ES do exist. Scientific understanding of assessment framework components (Table 1, Figure 2) and how they emphasize soil ES may encourage decision makers to follow the soil ES approach in land planning (Swinton et al., 2007). In addition, its combined biophysical approach provides a decision-support tool that allows estimation of potential provision of soil ES due to land planning strategies and differentiation of land management options and the soil ES they may provide (i.e., trade-offs and synergies) (Loft et al., 2015; Ruhl, 2016; Bommarco et al., 2018; Kim and Arnhold, 2018).

As a process-based assessment, the workflow of the operational model (Figure 3), can help define a monitoring dataset that decision makers can use to assess the effectiveness of land management strategies on soil ES provision and thus the success or failure of policy instruments (Loft et al., 2015; Rabot et al., 2017). Feedback from this monitoring could help inform policy design and encourage decision makers to implement a particular land management option (Primmer et al., 2015; Baveye, 2017; Legras et al., 2018).

Finally, these insights address the new paradigm of a shift from conserving nature to using it sustainably (Loft et al., 2015; Legras et al., 2018). This change in perception involves considering both societal needs (i.e., demand for soil ES) and conservation of natural assets (i.e., supply of soil ES). Because it does so by producing knowledge, this soil ES assessment framework supports the nature-based solutions approach, which aims to conciliate socio-economic development goals with beneficial outcomes for both society and the environment (European Commission (EC), 2015; Faivre et al., 2017; Lafortezza et al., 2017). As an agricultural soil-based assessment, the framework includes a soil security dimension (McBratney et al., 2014) by considering the resilience and sustainable use of soils (i.e., conserving soil natural assets) and provides a tool that addresses soil ES trade-offs (Kim and Arnhold, 2018) through the ability to arbitrate land management strategies effectively (e.g., supply vs. demand, land sharing vs. land sparing).

Agroecosystems provide services that must respond to both human needs and environmental constraints. Because they lie at a critical interface in the biosphere, soils contribute greatly to provision of these services. To address the increasing demand for consideration of these services in territorial planning, the evaluation framework proposed takes into account scientific, social and policy considerations. This assessment framework is based on both a conceptual model and an operational model. In this framework, soils are considered as providers of ES, and are therefore better positioned in the chain of decision. On this basis, the operational framework proposed allows identification of land use and management practices that optimize soil ES. Further development and applications have already begun to (i) define soil-indicator thresholds using both empirical data and modeling and (ii) improve the soil ES model's operability (i.e., in its tool forms, as maps and matrices) to improve usability and acceptance through interdisciplinary work among soil scientists, urban planners, decision makers and economists.
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