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ABSTRACT

Globally, soils are subjected to various management practices and stressors which can lead to degradation. This makes their protec-
tion essential for sustaining many functions and services as well as maintaining the overall life support system of Earth. National
monitoring programmes are increasingly implemented to evaluate the state and trend of soils, a move which has been advocated by
the Mission Soil in Europe. In soil science, frameworks have been established to interpret and communicate soil monitoring results,
concentrating on the concept of quality, a term which can be interpreted in many ways. This paper explores the multifaceted mean-
ing of soil quality, addressing its implications for future soil health assessments. It achieves this by focusing on the context of the
Mission Soil. Soil health is a holistic concept embracing emergence, complexity and highlighting long-term vitality and resilience.
In contrast, soil quality is often viewed through the lens of its capacity to meet specific human needs and functions, typically in a
shorter timeframe. The concept of quality is assessed through indicators where the choice of framework significantly influences
selection and interpretation. However, selecting appropriate soil indicators across Europe is challenging due to diverse climate, to-
pography, geology and soil types, resulting in varied soil processes. Therefore, establishing clear principles and criteria for soil indi-
cator selection is essential. Our paper identifies four distinct frameworks for soil quality assessment: ‘Fitness for Purpose’, ‘Free from
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Degradation’, ‘External Benchmarking’ and ‘Value Assessment’, with each possessing a unique role and application. Notably, the

‘Free from Degradation’ framework is emphasised for its alignment with soil protection efforts and its relevance to soil threats. This
makes it particularly suitable for pan-European assessments conducted by the European Union Soil Observatory (EUSO).

1 | Introduction

Soils play a crucial role in providing a mixture of ecological and
non-ecological functions (Blum 2005) essential for environmen-
tal sustainability and human activities. Ecological functions
range from biomass production, earth system regulatory pro-
cesses which protect humans and the environment and serving
as a habitat for biodiversity. Conversely, non-ecological func-
tions relate to the physical support for human infrastructure, the
provision of raw materials and the preservation of cultural her-
itage (Blum 2005; Ritz et al. 2009; Baritz et al. 2021; European
Environmental Agency 2023; Haygarth and Ritz 2009; Robinson
et al. 2017; Smith et al. 2021; Shokri et al. 2024). These functions
have significantly influenced the communication strategies of
the European Union (EU) and the United Nations (UN) with
respect to soil management.

The growing acknowledgment of the importance of soils to
plants and humans has led to the development of various frame-
works which articulate the relationship between soils and so-
ciety. These frameworks often highlight the concept of value,
which can be defined as ‘a means to assess the positive or neg-
ative qualities of events, objects or situations’ (Edwards-Jones
et al. 2000). The chosen perspective on value can be anthropo-
centric—focusing on the utility of soils—or biocentric, recog-
nising the intrinsic value of nature (Robinson et al. 2014). This
distinction affects how soil quality and health are perceived.
Quality is often associated with anthropocentric perspectives
and health is linked to a more holistic understanding of the role
of soils in ecosystems. Kibblewhite et al. (2008) aimed to dis-
tinguish between soil quality and health, suggesting quality is
more aligned with a ‘reductionist’ approach based on specific
indicators of soil properties. In contrast, health is seen as a more
holistic and ‘integrated’ concept encompassing the complexity
and emergence within soil systems. Consequently, the inter-
pretation of the significance of soil can differ depending on the
philosophical lens applied, leading to many diverse frameworks
which highlight its importance, value or quality.

This paper focuses on identifying various approaches to soil
assessment within quality frameworks, with the overall aim of
improving the understanding of indicator selection and inter-
pretation for specific purposes. It deploys the Driver-Pressure-
State-Impact-Response (DPSIR) model, categorising indicators
into leading, concurrent and lagging types, before considering
these indicators based on tiers of development or suitability for
soil quality assessment. This structured approach facilitates the
selection of indicators for monitoring which align with relevant
scientific and policy directions. Additionally, the paper exam-
ines the European Union Soil Observatory (EUSO) assessment
framework in relation to quality considerations, positioning
it within the context of the Directive on Soil Monitoring and
Resilience (also known as the Soil Monitoring Law [SML];
European Commission 2023). The frameworks discussed in this

paper aim to support ongoing initiatives to safeguard soil re-
sources and foster sustainable environmental practices through-
out Europe.

1.1 | Common Soil Assessment Frameworks

Soil resources are regularly subjected to ongoing measure-
ment and review, influenced by the requirement to incorpo-
rate a broader range of soil functions, increased stakeholder
interest, evolving legislation, changing societal priorities
and the integration of soils into wider ecosystem evaluation
frameworks (e.g., Natural Capital accounting) (SEEA 2024;
Karlen 2011). This evolution reflects a growing recognition
of the multifaceted roles soils play in environmental and eco-
nomic situations.

Soil scientists adopt various framing terms to investigate soil.
These range from soil quality (Taychinov 1971; Warkentin and
Fletcher 1977; Parr et al. 1992; Blinemann et al. 2018; Faber
et al. 2022), soil health (Haberern 1992; Pankhurst 1997,
Kibblewhite et al. 2008; Lehmann et al. 2020), soil protec-
tion (Blum 2005) and concepts related to natural capital
and ecosystem services (Haygarth and Ritz 2009; Robinson
et al. 2014; Dominati et al. 2010; McBratney et al. 2014). These
terms have been developed and refined over many decades, in-
dicating a rich academic discussion surrounding soil science.
The references to the foundational studies listed above high-
light the historical context and the progressive understanding
of the significance of soils across both ecological and socio-
economic frameworks.

Harris et al. (2023) advocate for a whole system approach to
soil health assessment, emphasising the need for a hierarchical
framework which reflects the organisation and development of
soil ecosystems, in other words, ‘embracing interrelated signs
of life, function, complexity and emergence’. Despite the aspi-
ration for integrated soil health assessments, the current lack of
a standardised measurement framework means that there is a
reliance on ‘reductionist’ indicators. However, measurements
such as bulk density, soil organic matter (SOM) and pH, are
accepted as they provide valuable insights into soil quality and
emergence (Biinemann et al. 2018). At this juncture, we provide
a pragmatic approach that orients towards achieving healthy
soil, but recognising that although soil health assessment, in an
integrated way (sensu Kibblewhite et al. 2008), is the ideal ambi-
tion, we rely on a ‘reductionist’ soil indicator approach to assess
soil health practically.

The EU's evolving definition of soil health highlights a recog-
nition of the ability of soils to sustain ecosystem services, tran-
sitioning to a more comprehensive understanding of soil as a
vital living system. The EU Mission ‘A Soil Deal for Europe’
(Mission Soil), aims to improve soil health by identifying and
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Summary

« We outline various methods for evaluating soils
through frameworks which can be categorised within
the broader concept of quality.

« We emphasise the importance of a clearly defined
suite of indicators and their interpretation tailored to
specific objectives.

We introduce the methodology of the European Union
Soil Observatory (EUSO) and the selection of pan-
European indicators as components of the developing
draft Directive on Soil Monitoring and Resilience (Soil
Monitoring Law, SML).

« We clarify our definition of soil quality and discuss
its significance for effective communication and in-
formed decision-making.

addressing soil degradation (Panagos, Borrelli, et al. 2024).
This provides one approach (geared towards restoring soils to
a minimally acceptable condition) among various frameworks
which exist for assessing soil, including soil tilth (the physical
condition of soil in relation to its suitability for planting and
growing crops) (Karlen 2011); fertility (Blum 2005; Frossard
et al. 2006); land capability (Bibby et al. 1991; USDA Natural
Resources Conservation Service 2024a, 2024b), and soil secu-
rity (McBratney et al. 2014). All of these frameworks use indi-
cators to monitor the status and changes in soil resources. They
collectively contribute to a more nuanced understanding of
soil health and its critical role in sustaining ecosystem services
across various spatial scales, functions and stakeholder priori-
ties (Lehmann et al. 2020).

1.2 | Use of Indicators for Soil Health Assessments

Indicators are defined as ‘metric(s) derived from parameters
that describe the state of the environment, assessing its impact
on human beings, ecosystems and materials’ (OECD 1993;
Faber et al. 2022). Soil indicators, encompassing physi-
cal, chemical and biological aspects, serve as the primary
means through which frameworks assess soils (Biinemann
et al. 2018; Kibblewhite et al. 2008). The selection of soil indi-
cators is undertaken with specific objectives in mind, aiming
to reflect the condition or performance of a soil in its capa-
bility or capacity to deliver particular functions or ecosystem
services. These indicators are frequently used at the field
scale to assess whether pH and nutrient concentrations are
suitable for cultivating specific crops, and at broader scales,
such as nationally, to evaluate soil functionality in the context
of constructing new policies (Reynolds et al. 2013; Orgiazzi
et al. 2017). No single indicator can provide the entire spec-
trum of multifunctional characteristics of soils. Therefore, a
diverse set of indicators is typically required (Nortcliff 2002).

Previous research highlights the complexity and diversity of
soil indicators used for analysis and evaluation, necessary for
both habitat-specific and purpose-driven indicators (Blinemann
et al. 2018; Ritz et al. 2009; Merrington et al. 2006; Loveland and

Thompson 2002; Corstanje et al. 2017). These indicators are es-
sential for accurately reflecting soil conditions and guiding policy
development, management practices and interventions (Head
et al. 2020). The careful selection and aggregation of relevant in-
dicators are vital for improving policy guidance and promoting
sustainable environmental practices (Biinemann et al. 2018).

However, selecting suitable soil indicators on a pan-European
scale poses significant challenges; ranging from the variability
in climate, topography, geology and soil types, which leads to
a different balance of drivers and soil processes across differ-
ent pedo-climatic zones. Consequently, there is a pressing re-
quirement for the establishment of clear principles and criteria
for the selection of soil indicators. Further details on the syn-
thesis of these selection criteria can be found in the Supporting
Information provided (Section S1, Tables S1-S5).

2 | Quality Concepts to Assess Soils
2.1 | The Paradigm of Quality

Quality is a concept that is frequently sought after yet chal-
lenging to articulate. The pursuit of quality is a common ob-
jective across numerous fields, including education (Cheng
and Ming 1997), healthcare (Busse and Panteli 2019), business
(Forker et al. 1996), manufacturing (Gunasekaran et al. 1994),
and environmental studies (Johnson et al. 1997). The signifi-
cance of quality lies in its influence on decision-making pro-
cesses and the actions which follow. These are often guided by
how quality is perceived. Harvey and Green (1993) argue that the
notion of quality is comparative in two respects: it is contingent
upon the evaluator and their perspective. Consequently, the eval-
uation of quality differs based on who is making the assessment.
The authors emphasise that ‘this is not a different perspective on
the same thing but different perspectives on different things with
the same label’. Additionally, interpretations of quality can differ
based on particular viewpoints, which may range from absolute
or intrinsic quality, to meeting a specific standard or achieving
a consistent level. Thus, ‘some conceptualisations of quality are
rather more ‘absolutist’ than others’ (Harvey and Green 1993).
Furthermore, quality is inherently subjective, involving compar-
isons of what is deemed ‘better’ or ‘worse’. This subjectivity is
particularly relevant for soils, as it informs quality framing, oper-
ationalization and indicator selection.

The term ‘quality’ varies in meaning based on the context,
which can often result in misunderstandings. It may refer to
excellence (the level of distinction or superiority), a standard
(the assessment of how good or poor something is) or a charac-
teristic (a specific attribute of an item) (Cambridge Dictionary
Online 2024). An aspect frequently overlooked in the drive to
streamline to as few soil indicators as possible is that the quality
of a soil attribute for one function may not equate to quality for
another function. Harvey and Green (1993) provide an in-depth
analysis of the quality concept, categorising its applications into
five groups: (1) exception, (2) perfection, (3) fitness for purpose,
(4) value for money and (5) transformative.

A summary of these categories is presented below, with further
details available in Table S6.
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1) Define the goal

—

5) Improvement

Assessment of where and how to
improve and implementation of actions

T

Achieving healthy soils that are
managed sustainably by 2050

2) Monitoring and assessment

Total quality management,
Soil Descriptors

l

3&4) Standard, benchmark and value frameworks for quality assessment

Fitness for purpose
Quality framed in terms of the extent to
which a soil meets the specifications of
user for a defined purpose

Free from degradation
Quality is framed as absence of
degradation, hence a binary
choice is made according to a
degradation threshold

External benchmarking
Comparison of performance
against best in class (e.qg. living
labs) to drive continual
improvement

Value Assessment
Quality is equated with level of
specification and that this is
directly related to value

Soil quality thresholds must be defined for

Assessment approach
PP the function (purpose) and customer

Must define thresholds for
degraded and non-degraded soils

The boundary for the upper
percentile must be defined to
consider best practice

Soil, soil services or functions are
valued on some scale

Interpretation Relative scale with thresholds for indicators

Binary choice with an indicator
threshold to differentiate
degradation

User performance compared to | Value assignment and cost/benefit
performance of best practice  |or return on investment determined

Relativism of quality Absolute threshold

Absolute threshold

Relative to desired outcome Relative to value specification

Target stakeholders Soil managers

Policy makers

Soil managers Policy makers

Cornell score card

E |
xample Gugino et al., (2009)

Soil degradation processes
Panagos et al., (2024)

U.N. SEEA
UN et al., (2021)

Soil health benchmarks
Feeney et al., (2023)

FIGURE1 | The total quality management (TQM) framework for continuous improvement and various quality approaches in soil monitoring and

management.

« Exception, which can be without a standard (1a). An ex-
ample of this is often adopted in branding, where, for ex-
ample, Champagne is viewed as higher quality than other
sparkling wine because it comes from the Champagne
region of France. Exception can also be with a standard
(1b), where the high-quality product exceeds a high stan-
dard such as ultra-pure water compared to tap water in a
laboratory.

 Perfection (2), where zero defects (2a) are desirable but not
feasible in practice. Therefore, a threshold is set that deter-
mines an acceptable level. In the context of water quality, a
‘true zero defects’ analogy might be zero E coli per 100 mL
of water, or an acceptable threshold (<50 mg nitrate/L of
water). Another strand of perfection is that of Consistency
(2b). This does not rely on analysis of outputs but develops
a quality culture at every stage in a process to get things
right first time. For example, maintaining all the processes
to produce tap water so that it is appropriate for consump-
tion when it comes out of the tap.

« Fitness for purpose (3), where quality is defined through a
function or use, for example, isotonic water may be consid-
ered as superior quality to non-isotonic water by an athlete
for the purpose of rehydrating the body.

» Value for money (4), which is related to the level of specifi-
cation and cost (e.g., bottled water vs. tap water).

» Transformative (5), where this is characterised by a fun-
damental change in nature, a qualitative change (e.g., ice
turning to liquid water).

Ultimately, the choice of quality category impacts its descrip-
tion, how it is specified, and the techniques, indicators, and their
interpretation which are favoured for assessment. Therefore,
the definition and category of ‘quality’ largely determine the ap-
proach, criteria, choice of indicator(s) and the required thresh-
olds used to define it. Based on the categories above and in
(Table S6), approaches to soil assessment will generally fall into
categories (2a), (2b), (3) and (4).

2.2 | Total Quality Management

In previous research, Beckford (2010) discussed the evolution of
quality assessment, emphasising a shift towards systems thinking
and the integration of total quality management (TQM). This shift
in paradigm is crucial for achieving continual quality improve-
ment, as TQM can use various quality framings to improve out-
comes. However, Beckford (2010) cautions against reductionism,
where focusing on a single aspect may lead to stagnation in qual-
ity improvement once a standard is met. Historically, many busi-
nesses adopted a reductionist approach in the mid-20th century,
but the adoption of systems thinking now encourages a holistic
understanding of interactions within a system.

Beckford (2010) highlights that general systems theory, which
includes concepts from cybernetics and systems dynamics, leads
towards a comprehensive approach to quality. It suggests that all
quality framings should be viewed through a TQM lens. This also
applies to sustainable soil management as outlined in the Mission
Soil which should embrace continual improvement. The various
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quality concepts outlined in Section 2.1 (2a, 2b, 3 and 4) are con-
textualised within the framework of TQM illustrated in Figure 1.
In this context, the quality objective is: (i) articulated (e.g., the
Mission Soil aims to achieve sustainably managed healthy soils
by 2050), (ii) identifies the suitable monitoring framework and
indicators relevant to the specific quality framework and (iii)
improves the execution of actions, typically through recommen-
dations and interventions. The TQM framework aligns with the
Drivers, Pressures, State, Impact and Response (DPSIR) model,
which is discussed later in this paper. The representations in
Figure 1 provide concrete solutions to real-world challenges,
often reflecting the viewpoints of many stakeholders.

The Mission Soil aims to standardise TQM, focusing on Living
Labs, co-creation and co-design in order to address and over-
come barriers (European Commission 2021). Hence, when as-
sessing quality, various aspects need to be considered. These
range from: (i) articulating the desired outcomes, (ii) consid-
ering how to improve communication, (iii) determining vital
stakeholders to communicate with, (iv) identifying the required
motivations to effect change, (v) measuring and monitoring the
system and (vi) seeking to overcome barriers and constraints.
Addressing these challenges is important for making an impact
and providing insights which align with the practical objectives
of the Mission Soil.

2.3 | Assessment Frameworks in the Context
of Soils

Within the TQM framework (Figure 1), four quality framings
from Section 2.1 are identified in Boxes 3 and 4 with key char-
acteristics in the table below each row. These are ‘Fitness for
Purpose’ (3, Table S6); ‘Free from Degradation’ (2a, Table S6);
‘External Benchmarking’ (2b, Table S6) and ‘Value Assessment’
(4, Table S6). Each framing addresses a particular problem, and
these are explored in subsequent sections.

2.3.1 | Soil Quality in the Context of ‘Fitness
for Purpose’

The concept of ‘fitness for purpose’ requires the definition of
quality is intrinsically linked to its intended use. This neces-
sitates a clear identification of the purpose, including a speci-
fication of the target stakeholders suitable for that purpose.
Furthermore, it is essential to establish and demonstrate the
criteria for assessing fitness. In the context of soil-related re-
search, initial quality frameworks were primarily focussed on
food production, reflecting growers' perspective on purpose.
The assessment of fitness was based on the suitability of soil for
crop cultivation, one example of which is the development of
the Cornell Comprehensive Assessment of Soil Health (CASH)
framework (Norris et al. 2020). The evaluation of indicators
is grounded in their relevance to crop production objectives.
Fitness is quantified by assigning scores between 0 and 100 to
soil based on indicators categorised into three groups: ‘More is
better’, ‘Optimum curve’ and ‘Less is better’ (Svoray et al. 2015).

In terms of the ‘who’, Harvey and Green (1993) differentiated
fitness for purpose from two viewpoints: that of the customer

and that of the institution's mission. In the context of soil, ‘cus-
tomer’ can be interpreted as the user (e.g., grower or forester),
while ‘mission’ may be interpreted as the aspect of societal and
public goods with respect to the role of soil in providing various
ecological and social benefits. Ongoing research aims to develop
broader frameworks based on fitness for purpose which account
for diverse land uses and the provision of a much wider set of
ecosystem goods and services than just agricultural production,
for example, soils’ ability to store carbon, infiltrate water, sup-
port biodiversity, etc. (Robinson et al. 2014; Harris et al. 2023).

2.3.2 | Zero Defects Soil Quality Assessment as ‘Free
From Degradation’

The ‘zero defects’ approach emphasises the importance of main-
taining soil health through addressing degradation threats (e.g.,
loss of SOM, pollution, compaction and erosion) (Blum 2004).
This approach contrasts with a quality framework that focuses
on exceeding high standards. Instead, it defines quality through
meeting minimum required standards. In the context of the EU,
soil quality is characterised by the absence of significant an-
thropogenic degradation, as outlined in the EU Soil Protection
Framework, which has provided broad consensus among many
stakeholders.

Soil degradation threats (e.g., salinization and erosion) are crit-
ical factors which can diminish the ability of soil to provide es-
sential ecosystem services (Stolte et al. 2016; Baritz et al. 2021;
Hussain et al. 2023; Shokri et al. 2024). These threats adversely
affect the physical, chemical and biological characteristics of soil,
hindering its optimal functionality. Addressing these challenges
has been a longstanding problem for EU Member States and this
has been previously articulated in the Thematic Strategy for Soil
Protection in 2006 (European Commission 2006). Consequently,
the first version of the directive suggested adopting a ‘free from
degradation’ perspective rather than a ‘fitness for purpose’ ap-
proach for pan EU scale.

Currently, the EUSO evaluates soil quality as a binary condi-
tion—either soils are degraded or not—based on specific thresh-
olds for soil threats (Panagos, Broothaerts, et al. 2024). A soil
that remains within tolerable degradation levels is considered
acceptable and does not require restorative measures. However,
this framework does not explicitly require a definition of opti-
mal soil quality nor the degree of health, limiting the effective-
ness of this approach to a minimum standard. The threat-based
approach aligns with the EU’s operational concepts, particularly
the DPSIR framework (OECD 1993), which assesses the impacts
of drivers and pressures on soil condition and informs policy
responses aimed at preventing degradation and restoring soil
health. The absence of a fitness for purpose approach at pan-EU
scale also means that the diverse functional capacities of soils
are not formally recognised, and remains an area for future de-
velopment, especially at more localised scales.

2.3.3 | Value Assessment

Despite its long history, Value Assessment needs to be further de-
veloped, as highlighted by Obst et al. (2016). Existing frameworks,
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such as those for natural capital and green accounting, do incor-
porate soils. However, these require further refinement, as noted
in the SEEA (2024) and by Dominati et al. (2014). The primary
objective of these frameworks is to recognise the economic value of
soil resources, particularly the services and products they support.
Green accounting serves to emphasise the importance of natural
capital stocks and the ecosystem services provided by nature, fa-
cilitating comparisons between natural solutions and engineered
alternatives. The maintenance of natural capital is deemed essen-
tial for human economic activity and well-being throughout the
EU. This perspective is reflected in the EU's Biodiversity Strategy
to 2020 and its 7th Environment Action Programme (European
Environment Agency 2019), which explicitly identify the conser-
vation and improvement of natural capital as a key policy objective.

2.4 | External Benchmarking

Benchmarking is a progressive methodology which is viewed
as a dynamic element of TQM (Juran and Godfrey 1999). This
concept allows for multiple interpretations, necessitating a clear
definition of specific intent. These interpretations can be cate-
gorised through the following channels: (i) indicating a thresh-
old within a specific population, (ii) serving as one or more
objectives or a target derived from the mean, median or other
percentiles of a distribution or (iii) establishing external bench-
marks for goal-setting, providing a foundation for management
objectives based on the achievements of others in comparable
situations, each of which is examined further below. This allows
for the promotion of ongoing dialogue and continuous improve-
ment of soil conditions (Feeney et al. 2025).

External benchmarking provides context for measurements
taken at a specific location by comparing them to similar mea-
surements from equivalent soils under the same land use and
management practices. This differs from target setting scenarios
(i) and (ii), which could lead to undesirable outcomes, such as
conforming to the average of a population of degraded soils. Soil
managers can assess the position of their soils within a broader
population, providing relevant context. This allows them to

identify whether their soils fall at the lower or upper end of the
desirable range. If they find themselves at the lower end, they
can investigate the underlying causes and pursue improvements.
By establishing realistic and achievable goals, they can foster a
cycle of monitoring and continuous improvement. The funda-
mental concept of external benchmarking is based on the belief
that the established goals are attainable, given that they have
been successfully met by others operating in comparable envi-
ronmental conditions. In the context of local soil management,
this methodology seeks to mitigate the adverse effects linked to
inflexible targets (Matson et al. 2024) and redirect the conversa-
tion and culture towards strategies for continual improvement.

External benchmarking serves as an alternative approach to
ensuring consistency (2b) in the sense of developing a quality-
centred culture which is frequently adopted by practitioners. In
this context, benchmarking proves beneficial for soil managers,
enabling them to assess their soil performance indicators (e.g., soil
organic carbon [SOC]) in relation to similar indicators gathered by
other soil managers dealing with comparable soils and land uses.
Figure 2 illustrates the results produced using a benchmarking
tool (SOD 2024; Feeney et al. 2023, 2024). The distribution in this
figure is provided for medium-textured loamy soils under arable
management. The solid blue line represents a measurement for
a farm field on the same soils taken by a soil manager. The per-
formance is typical but falls below the median and indicates sub-
stantial room for improvement. It is then the responsibility of the
soil manager to analyse their practices, compare with others and
consider improvements to move themselves progressively up the
distribution. Through analysis of the performance of soil indica-
tors (categorised as below typical, typical and above typical) and
comparing them with those performing at a higher level (above
typical), soil managers can identify best practices and implement
strategies for continuous improvement.

In this framework, benchmarking is inherently connected to
a specific landscape type as well as a designated time period.
There is a consensus that adopting a combination of bench-
marks and goal setting for management provides a robust,
practical and insightful methodology. This has been recently

Number of observations

T

20 30 40
SOM (%)

Mid-point (5.6)

Your value (5) is within typical range

[l Below typical (<4)
Typical range (4-10)
Above typical (>10)

FIGURE 2 | Example output from the soil fundamentals (SOD) tool (SOD 2024), as outlined in Feeney et al. (2023), illustrating soil organic mat-
ter (SOM) distribution. The data represents a medium loam soil under cropland management, derived from the UK Countryside Survey monitoring

dataset (Robinson et al. 2024). In the graph, the blue vertical line marks a value of 5, which falls within the typical range. The black dotted line in-

dicates the mid-point value of 5.6. The red section of the curve shows SOM levels below the typical range, the orange section represents the typical

range and the blue section indicates values above typical based on the data collected to date.
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implemented across Europe (Drexler et al. 2022; Feeney
et al. 2023; Gutierrez et al. 2024). External benchmarking serves
as a holistic approach to goal setting, effectively aligning imme-
diate performance objectives with overarching improvement
strategies. Benchmarking can be forward-looking by using mod-
elling methods to estimate the ‘maximum achievable level’ of
soil indicators under optimal management conditions, provid-
ing aspirational benchmarks that guide long-term improvement.
Modelling also enables scenario testing, helping soil managers
evaluate the impacts of different practices and identify areas for
potential improvement. When combined with external bench-
marking, modelled results can highlight knowledge gaps by re-
vealing practices that exceed expected performance. However,
the effectiveness of modelling varies by indicator stability, being
more suitable for stable metrics like soil organic carbon (SOC)
and more challenging for variable indicators such as soil nutri-
ent losses.

As discussed, various methods for conceptualising soil quality
are available. Nevertheless, it is important to note that there is
no definitive ‘correct’ or ‘incorrect’ viewpoint of implementing
different frameworks.

3 | Indicator Selection

Identifying and addressing societal challenges and policy ques-
tions can provide appropriate context for monitoring soils. One
of the overarching frameworks used by policy makers within
the EU to assess such activities and address important environ-
mental challenges is the drivers, pressures, state, impact and

Driving Forces

Environmental Drivers
(Climate change and land
use change)

Economic Sectors
(Agriculture, forestry,
industry, construction)

(societal) response model of intervention (DPSIR) framework
(Figure 3). This framework aligns with TQM described earlier
in the paper.

3.1 | Policy and Asset Management: The Role
of the DPSIR Framework

The DPSIR framework was designed to describe relation-
ships and interactions between society and the environment
(Gabrielsen and Bosch 2003). It is a conceptual model which has
previously been adopted by the European Environment Agency
(EEA) to assess the pressures and risk of failing to meet environ-
mental quality objectives (Hall and Voulvoulis 2008). It has also
been used for a range of other activities such as assessing pres-
sures from agricultural land use and evaluating the impacts of
this on surface water, ground water and pollution (Giupponi and
Vladimirova 2006; Bradley and Yee 2015). Over time, DPSIR has
extended to further improve understandings between driving
forces, pressures, states, impacts and responses (extension of the
PSI model developed by OECD 1993) (EEA 2023).

3.2 | Indicators as Part of the DPSIR Framework

The DPSIR framework is evaluated by investigating a range of
soil indicators which can provide the foundations to subsequent
research and analyses. These indicators are associated with
measures related to environmental pressures (P); indicators
connected to environmental conditions which correspond to a
state (S), and indicators which are connected to a society and

Responses

Social Drivers
(Community structure, social
relations, social media)

Agricultural, forestry and
construction policy. Land use
policy to prevent degradation

influence

Pressure

Environmental Pressures
(Pesticide, atmospheric emission,
compaction)

benefits
or costs

affects

Soil State
(pH, SOC, BD etc...)

generate

Impacts

Natural capital, Soil Functions
and Ecosystem Service Delivery
(e.g. biomass production, nutrient

recycling and water and climate

regulation, gene pool...)

Human behaviour
(Trends, eating habits, recreation,
transport choices)

(Health, population demographics)

Human wellbeing
(Lifespan, happiness, economic

Regulation of pollutants, water
abstraction, agricultural
interventions to prevent

degradation

Intervention implementation.
Grants for habitat and soil
restoration

Human State

influences

Mitigation of effects

status)

FIGURE 3 | The drivers, pressures, state, impact and (societal) response model of intervention (DPSIR) conceptual framework (adapted from

Bradley and Yee 2015).
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their response(s) to environmental change(s) (R). These can be
individual or collective actions to help adapt, mitigate or even
prevent human-induced negative impacts on the environment.
Moreover, these can be used to halt or reverse already inflicted
environmental damage.

Indicators can be further categorised according to a temporal
chronology. This considers leading (inputs), concurrent (pro-
cess conditions) and lagging (outcomes) indicators (Juran and
Godfrey 1999). For example, in the context of soil organic carbon
(SOC), a leading indicator might be the Fraction of Absorbed
Photosynthetically Active Radiation (FAPAR). This provides the
energy bound for primary production of SOM by plants, which
can potentially drive the soil food web. A concurrent indicator
might describe the redox status of the soil, and a lagging indica-
tor is soil carbon concentration, the outcome of the system in-
puts and processing.

Using such a framework, condition (state) lagging indicators are
assessed in relation to the SML list of descriptors, emphasising
the need for a logical sieve selection tool or expert knowledge
to identify metrics associated with leading, concurrent or lag-
ging indicators. It highlights that these indicators may show
varying levels based on their status—whether they are estab-
lished indicators, limited in scope or still under development. In
this regard, the Inter-Agency and Expert Group on Sustainable
Development Goals (IAEG-SDGs) introduced a tiered system for
soil indicators in their 2019 report (SDG Reporting 2024). This is
further elaborated in Section S3.

The DPSIR framework requires careful consideration of various
factors to ensure that selected indicators effectively address soil
threats and inform future policies. Initially, the OECD (1993)
and Lehmann et al. (2020) identified three primary factors for
selecting appropriate measures: policy relevance, analytical
soundness and measurability. This foundational approach was
further refined by UKSIC (Merrington et al. 2006) and Bone
et al. (2014), which introduced additional criteria for evalua-
tion. A comprehensive set of criteria has been synthesised in
the Supporting Information, culminating in an indicator table
(Table S1) that aligns with previous templates established by
Black et al. (2008).

4 | Indicator Selection in the Context of the
Mission Soil

Launched in 2019, the EU Green Deal highlights the vital role
of healthy soils in achieving various environmental and agricul-
tural targets, including sustainable farming, biodiversity resto-
ration and climate neutrality (Panagos et al. 2022; Montanarella
and Panagos 2021). The EU Soil Strategy for 2030 and the pro-
posed SML are significant milestone advancements in soil pro-
tection efforts within EU policy. The EU Mission ‘A Soil Deal
for Europe’ (Mission Soil) aims to enhance soil health and sus-
tainable land management through the establishment of 100
Living Labs and Lighthouses, which will facilitate innovation
and knowledge sharing regarding soil health.

To support these ambitious goals, a systematic and harmonised
soil monitoring framework is essential at EU level, accompanied

by measurable indicators that assess soil health. This framework
is critical for identifying areas requiring remediation and eval-
uating the effectiveness of restoration actions. The ‘free from
degradation’ framework is deemed suitable for pan-European
assessments, while a ‘fitness for purpose’ approach is recom-
mended for localised management strategies (Stone et al. 2016).
These measures are intended to inform policymakers about nec-
essary interventions and enhance soil health across the EU.

The EU Soil Observatory (EUSO), hosted by the European
Commission's Joint Research Centre (JRC), has introduced
the EUSO Soil Degradation Dashboard (European Union Soil
Observatory (EUSO) 2024; Panagos, Broothaerts, et al. 2024).
This tool serves to monitor soil conditions across the EU using
a set of 19 carefully selected indicators (Table 1). These indica-
tors are based on their relevance and data availability, reflecting
key soil degradation processes identified in scientific literature
(e.g., Biinemann et al. 2018; Stone et al. 2016). Each indicator
has defined EU-wide thresholds that determine whether soils
are classified as degraded or non-degraded, adhering to a ‘one
out, all out’ principle which aligns with a free-from-degradation
approach.

The dashboard represents a significant development in the spa-
tial assessment of soil health at the EU level, providing valuable
insights for policymakers regarding areas that require interven-
tion to maintain soil health. While inherent uncertainties with
the dashboard have been acknowledged (Panagos, Broothaerts,
et al. 2024), it is positioned as a crucial tool for informing fu-
ture actions. Future plans for the dashboard include regular up-
dates to enhance the assessment of soil degradation processes
(Pravilie et al. 2024), with the addition of new indicators ad-
dressing challenges such as diffuse pollution and biodiversity.
Furthermore, existing indicators will be refined to account for
varying pedo-climatic conditions, leading towards collabora-
tion with Mission Soil funded projects to ensure comprehensive
and accurate monitoring (see also Panagos, Borrelli, et al. 2024;
Panagos, Broothaerts, et al. 2024).

5 | Current and Future Development Under the
Mission Soil

As a result of the SML, new data and information on soil indi-
cators will become available as well as new data collected from
current and future Mission Soil projects, further LUCAS survey-
ing campaigns (Land Use/Cover Area Frame Survey soil mod-
ule; Orgiazzi et al. 2017) and reporting data from Member States.
Living Labs created within the Mission Soil, alongside estab-
lished soil monitoring programs, have an important role to play,
as they can provide best-practices for sustainable land and soil
management from the bottom up and may seek to apply ‘fitness
for purpose’ approaches such as score cards or ‘external bench-
marking’ to improve the health of soil (Figure 1). This may also
include additional or more bespoke indicators (Stone et al. 2016).

The work presented here emphasises the importance of un-
derstanding various frameworks to optimise their application
and integration in practice. The ‘free from degradation’ ap-
proach is particularly effective at large scales, such as national
levels, while the ‘fitness for purpose’ framework is also more
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TABLE1 | Soil degradation indicators included in the EUSO Soil Degradation Dashboard with their respective thresholds and data sources.

Soil degradation processes

Indicator

Threshold

References

Soil erosion

Soil pollution

Soil nutrients

Loss of soil organic carbon
(SOC)
Loss of soil bio-diversity

Soil compaction

Salinization

‘Water erosion
‘Wind erosion
Tillage erosion
Harvest erosion
Post fire recovery
Copper excess
Mercury excess
Zinc excess
Cadmium excess
Arsenic excess

Nitrogen surplus

Phosphorus deficiency

Phosphorus excess

Distance to max
SOC level

Potential threat to
biological functions

Packing density

Secondary

Erosion rate >2tha-!year~!
Erosion rate >2tha~!year!
Erosion rate >2tha~!year™!
Erosion rate >2tha !year~!
Recovery rate <1
Cu concentration >100mgkg!
Hg concentration >0.5mgkg™"
Zn concentration >100mgkg™!
Cd concentration>1mgkg™!
P (X>45mgkg™)> 5%

Agricultural areas where N
surplus >50kgha~!year™!

P deficiency <20mgkg™!
P excess > 50mgkg!

Distance to max SOC level >60%

> Moderately-High level of risk

Packing density >1.75gcm™3

Areas in Mediterranean

Panagos et al. (2020)
Borrelli et al. (2017)
Borrelli et al. (2023)
Panagos et al. (2019)
Vieira et al. (2023)
Ballabio et al. (2018)
Ballabio et al. (2021)

Van Eynde et al. (2023)

Ballabio et al. (2024)
Fendrich et al. (2024)
Grizzetti et al. (2023)

Ballabio et al. (2019)
Ballabio et al. (2019)
De Rosa et al. (2024)

Orgiazzi et al. (2016)
Panagos, De Rosa,

et al. (2024)
Siebert et al. (2013)

salinization risk
Loss of organic soils

Peatland degradation risk

Soil sealing Built-up areas

region where >30% is
equipped for irrigation

Peatlands under hotspots UNEP (2022)
of cropland
No threshold (all built-up areas) Copernicus (2018)

Source: Available from: https://esdac.jrc.ec.europa.eu/euso/euso-dashboard-sources.

appropriate at the local level. External benchmarking, which
involves using distributions to establish context and goals, is
more versatile and applicable across multiple scales, facilitating
the integration of different approaches. Additionally, valuation
methods, such as green accounting to payments for ecosystem
services, are also multiscale and provide valuable insights which
extend beyond soil science to address ecological trade-offs com-
prehensively. Overall, these frameworks can be adaptable to
many scales, stakeholders and objectives, highlighting their
multifaceted utility. The challenge, however, is to bring them to-
gether into a seamless tool set, preferably through an online and
interactive platform, to enhance accessibility and soil literacy in
line with the Mission Soil. An approach to help stakeholders as-
sess soils is required that perhaps begins with field observation,
using a spade as necessary, before resorting to standard labora-
tory analysis and more sophisticated diagnostics if needed. This
still needs to be developed.

Currently, the EUSO Soil Degradation Dashboard reveals that
over 62% of EU soils are experiencing some form of degradation

(Panagos, Broothaerts, et al. 2024), with many soils affected by
multiple degradation types. The primary issues identified in-
clude a loss of soil biodiversity affecting 33% of the EU, water
erosion impacting 19% and a reduction in soil organic carbon
(SOC) affecting 14%. Certain indicators, such as post-fire recov-
ery and peatland degradation risk, have limited data coverage,
while others, like tillage and harvest erosion, are restricted to
arable areas. Among the areas with available data, the highest
rates of unhealthy soils are observed in post-fire recovery (75%),
loss of SOC (53%) and loss of soil biodiversity (37%). The Mission
Soil projects aim to improve the EU's soil indicator frameworks
by employing quality approaches, thereby establishing effective
communication pathways to engage stakeholders, including pol-
icymakers and practitioners like farmers and foresters, in pro-
moting healthy soil practices.

The collaboration effort centres on three primary areas of focus,
with the first being the refinement and updating of indicator-
related datasets. As new datasets emerge, both the indicator
list and the EUSO Soil Degradation Dashboard will be updated
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https://esdac.jrc.ec.europa.eu/euso/euso-dashboard-sources

concurrently. The initial emphasis will be on developing in-
dicators which require enhancement, particularly soil water
holding capacity, while also addressing significant knowledge
gaps such as soil biodiversity, diffuse pollution and organic
contaminants like Polycyclic Aromatic Hydrocarbons (PAHs)
and Benzene, Toluene, Ethylbenzene and Xylenes (BTEX) com-
pounds. Additionally, the collaboration will tackle emerging
issues, including microplastics and Per- and Polyfluoroalkyl
Substances (PFAS), as well as subsoil compaction, as outlined
in the Mission Soil Implementation Plan and the descriptors
in the SML. Currently, many indicators from the Mission Soil
Implementation Plan and descriptors from the proposed SML
are being integrated into the existing EUSO Soil Degradation
Dashboard. However, these indicators are expected to undergo
further development and updates in the coming years, driven by
enhanced data availability and increased scientific collaboration.

Secondly, the development of accepted indicator thresholds for
quality frameworks is essential, requiring refinement based on
local factors such as soil type, climatic context and land cover.
Tailoring these thresholds to local conditions and quantifying
the interactions among indicators can significantly reduce uncer-
tainties and improve the relevance of the indicator framework.
Successful implementation will depend on integrating recent
research findings from initiatives like the Mission Soil, partic-
ularly those derived from field experiments and assessments.
Furthermore, the Mission Soil is expected to generate new research
and propose indicators that will inform the revision of the SML
post-2036, reflecting advancements in knowledge. Additionally,
the current binary approach to assessing soil degradation should
transition to a more nuanced extent mapping method, which
considers the distribution and severity of soil threats, providing a
more comprehensive understanding of soil health.

Finally, though there is not yet consensus in the soil science com-
munity, the development of a composite soil health index has been
proposed as a critical area of focus (Lehmann et al. 2020). Such an

Free from degradation

EUSO Soil Health
Dashboard

'/\ |

“EU SOIL

(OBSERVATORY
o TN

JOINT RESEARCH CENTRE
EUROPEAN SOIL DATA CENTRE (ESDAC)

System of
Environmental
Economic
Accounting

index would aim to integrate various individual soil health indi-
cators into a unified value or range. An initial attempt at creating
such an index is documented by Privilie et al. (2024). It is im-
portant to recognise that soils experiencing multiple degradation
processes will obtain different index values compared to those
affected by a single process, necessitating consideration of the se-
verity of degradation. The formulation of these indexes should ex-
amine the significance of each indicator and its compliance with
established thresholds. Furthermore, incorporating pedo-climatic
conditions is essential for achieving a comprehensive understand-
ing of soil health across the EU and its Member States. Ultimately,
this composite soil health index has the potential to serve as an
effective communication tool for policymakers and the public.

Figure 4 illustrates the various efforts that can contribute to the
overarching goal of sustainably managing healthy soils by 2050.
It highlights the progress made since 2012, when, at the time,
the focus was on a degradation-free approach. This progress has
led to the creation of the EU Soil Observatory and the EUSO Soil
Degradation Dashboard. Through continuous engagement with
EU Mission Soil projects and the development of ongoing Living
Labs, EU soil science can effectively collaborate and incorporate
quality frameworks, leading to better use of the EU SML. The
figure (adapted from Panagos et al. (2022); Panagos, Borrelli,
et al. (2024)) attempts to show the development of these multi-
ple efforts including quality frameworks and indicate how they
will all contribute to the goal of achieving sustainably managed,
healthy soils by 2050.

Although soil protection efforts have led to the development
of ‘free-from-degradation’ approaches, primarily at national
and European levels, these methods still need further develop-
ment and refining. For local-level management, the ‘fitness-for-
purpose’ and ‘external benchmarking” approaches also require
further development within current Mission Soil activities.
Various approaches are being tested and ongoing, with Matson
et al. (2024)'s work showing examples of this. Value approaches

n
L]
SOILO-LIVE
Soil Health

BENCHMARKS

2030 sustainably managed
healthy soils

Fit For Purpose =~ == == == =— — — — >
Ext Benchmarking = — — — — — — — >
Value Assessment =~ — @ — @ — @ — @ — — — »

FIGURE4 | Timeline representing key stages of development of the Mission Soil in the EU adapted from Panagos, Borrelli, et al. (2024). Quality

framework development is added with the purpose of achieving sustainably managed healthy soils by 2050. Value assessment is developing concur-

rently under United Nations green accounting efforts (SEEA 2024).
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are being developed as part of the EU's commitment to natu-
ral capital accounting (European Environment Agency 2019)
and the System of Environmental and Economic Accounting
(SEEA 2024).

6 | Conclusions

This review has outlined the absence of a uniform definition of
quality and has emphasised the utility of various interpretations.
Moving forward, the selection and interpretation of indicators
will be critical, as this will be influenced by the chosen framework.
Given Europe's diversity in climate, topography, geology and soil
types, establishing clear principles and criteria for selecting ap-
propriate indicators is essential. Quality and soil frameworks are
divided into four primary approaches: fitness for purpose, ab-
sence of degradation, external benchmarking and value assess-
ment. Three key challenges for the future are identified: (i) the
necessity to refine and update datasets related to indicators in the
European Union Soil Observatory (EUSO), (ii) the establishment
of accepted thresholds for indicators or methods for scoring con-
tinuous indicators, coupled with their interpretation within the
relevant quality framework to ensure flexibility regarding land
use, habitat or soil type and (iii) the creation of a composite soil
index that encompasses the extent and severity of quality, health
or degradation. Clearly presenting the concept of quality is essen-
tial for effective communication and informed decision-making,
as well as for ensuring that resource allocation and subsequent
actions are properly managed. As the Soil Monitoring Law de-
velops and monitoring occurs at various scales, the creation of
fitness-for-purpose assessment tools for soil managers, such as
scorecards or soil benchmarking, will be increasingly important
for examining soils at local levels, with the ultimate aim towards
achieving healthy soils throughout the EU by 2050.
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