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ARTICLE INFO ABSTRACT

Keywords: Human societies face six existential challenges to their sustainable development. These challenges have been
CaPaQFY previously addressed by a myriad of concepts such as soil conservation, soil quality, and soil health. Yet, of these,
Condition only soil security attempts to integrate the six existential challenges concurrently through the five biophysical
g:gi':lhty and socio-economic dimensions of capacity, condition, capital, connectivity and codification. In this paper, we
Connectivity highlight past and existing concepts, and make a proposal for a provisional assessment of soil security. The
Codification proposal addresses three roles of soil: soil functions, soil services and threats to soil. For each identified role, we
Utility indicate a potential, but not exhaustive, list of indicators that characterise the five dimensions of soil security. We

Soil health
Soil quality

also raise issues of quantification and combination of indicators briefly. We found that capacity and condition are
theoretically easier to measure and quantify than connectivity and codification. The dimension capital might be
conveniently assessed using indicators that relate to the economic value of soils. The next step is to test this
proposal for which we make recommendations on potential study cases and examples. We conclude that the five
dimensions of soil security can potentially be assessed quantitatively and comprehensively using indicators that
characterise each role, but also found that there is need for further work to devise an operational measurement
methodology to estimate connectivity of people to soil.

1. Introduction

Human societies face seven existential challenges to their sustainable
development, namely, Food, Water and Energy security, Climate Change
Abatement, Biodiversity Protection Ecosystem Services Delivery and
Human Health. The challenges have something in common: they are
global, interrelated and usually difficult to address. Soils play a key role
in all these challenges through the provision of food, water, biodiversity
and support for ecosystem services. They too, however, are under
pressure of a growing world population and sustained human impacts
upon the planet (Amundson et al., 2015).

Ideas of soil utility began around agricultural capability and broad-
ened to ideas around what soil can do. These ideas are reflected in the
concept of ecosystem services. The ecosystem service approach, first
recognised in the early 1980’s (Braat and de Groot, 2012; Ehrlich and
Ehrlich, 1981; Mooney and Ehrlich, 1997), has since developed into a
framework which measured value via ‘supporting, provisioning, regulating
and cultural’ services (Schwilch et al., 2016). Most commonly, soil is
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referred to as provider of a significant ‘supporting’ service recognised as
natural capital, estimated by its inherent and manageable soil proper-
ties, and enabled by its ongoing soil forming processes. This supporting
service can be degraded and lost when exposed to soil degradation
processes (Dominati et al., 2014) such as erosion, salinisation, decline in
biodiversity. Of the three other services, ‘provisioning’ is delivered by soil
through biomass production and the provision of raw materials for
humans and animal to build infrastructure. The ability of soil to provide
nutrients, remediate/store contaminants, mitigate floods, store carbon,
recycle waste and regulate pest and disease contribute to its ‘regulating’
service. Soil also provides ‘cultural’ services enabling recreation and
sustain aesthetics, heritage and cultural values (Dominati et al., 2014;
McBratney et al., 2017b).

The delivery of these services is linked to the soil’s ability to provide
a suite of functions. There have been a number of definitions of soil
functions and organisations into categories (Baveye et al., 2016; Blum,
2005; Commission of the European Communities, 2006; McBratney
et al., 2012).
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Essentially, soil functions are defined as “bundles of soil processes that
underpin the delivery of ecosystem services” (Biinemann et al., 2018;
Kopittke et al., 2022). Over time, the literature identifies several soil
functions which are commonly recognised, namely: biomass production,
nutrient cycling, water cycling, carbon storage and cycling, protecting
biodiversity, providing recreation, store of history and the provision of
building materials. The recognition that soil provides these functions
and supports these services has recently introduced the idea of soil being
multifunctional, soil does many things simultaneously (Kopittke et al.,
2022). Historically, the focus has largely been on the soil’s ability to
provide food, fibre and biomass for energy, but recently it has been
recognised that this focus and management of soil for this one function
comes at the expense of others, decreasing its ability to provide the other
functions critical to planetary health (Kopittke et al., 2022) and in
extreme cases lead to catastrophic degradation related to soil threats,
including erosion, acidification, salinisation, and structural decline.

These changing foci over time has led to the development of a myriad
of concepts that recognise that soil degradation can have an impact on
agricultural productivity and ecosystem services: examples are soil
conservation, soil quality, soil health, soil protection and soil security.
They all attempt to put soil at the centre of the problem and do justice
towards the need to maintain and manage the soil condition, yet perhaps
only the concept of soil security has been advocated as anchored to the
societal challenges faced by humanity.

Soil security has been defined as the maintenance and improvement
of the world’s soil resource to produce food, fibre and fresh water,
contribute to energy and climate sustainability and maintain the
biodiversity and the overall protection of the ecosystem (Koch et al.,
2013). This involves maintaining and optimising soil’s structure and
form; diversity of organisms; nutrient cycling capacity; ability to act as a
substrate for plant growth; ability to regulate, store and filter fresh
water; and capacity to sequester carbon dioxide from the atmosphere. In
order to secure soil, we need to be able to assess both its current state
and optimal biophysical state (McBratney et al., 2014). These are soil
condition and capacity, respectively. Together, they constitute soil
capability. A soil’s capability may change over time, primarily through a
change in condition. Further, in order to determine the suitability of a
soil for a particular purpose, we must also be able to assess the value
placed on the soil by society, the actors who influence its use and how
the use is regulated. These value-laden criteria are, respectively, capital,
connectivity, and codification.

Soil security address conceptually the existential challenges outlined
above in a systematic way, thus aiming at resolving overlaps between
the existing concepts spanning soil research. To date, however, the
literature lacks a quantitative framework which can relate the di-
mensions of soil security to indicators, functions, services and threats to
soils. The aims of this paper are therefore:

1 To highlight the past and present concepts related to soil security.

2 To identify concepts that are useful to assess soil security compre-
hensively and quantitatively.

3 To use the concepts identified as useful and propose a nascent pro-
visional framework to assess soil security.

2. Past and existing concepts of soil value and care

Beginning in the early- to mid- twentieth century, concepts have
arisen to define how society values and cares for soil. These have been
described by McBratney et al. (2017a) and is summarised in Box 1 of
Supplementary Material.

A large number of concepts have been developed over the years to
describe and define the idea of valuing soils. According to Robinson
et al. (2012), soil quality, health and change are recently developed,
emerging and evolving conceptual frameworks. The terms soil health
and soil quality have been used by many almost interchangeably, to
mean “fitness to support crop growth without becoming degraded or
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otherwise harming the environment” (Karlen et al., 1997, p.6), which also
equate soil health with dynamic, as opposed to inherent, soil quality.
Doran (2002) also used the terms interchangeably, referring to “soil
quality or health” (p. 121). According to Robinson et al. (2012), soil
quality is a measure of soil natural capital, and soil change recognises
that soil natural capital is not a fixed quantity. In a recent publication by
the EEA, soil health assessment was linked to threshold of threat value,
which in turn depend on the soil condition. In order to meet the global
existential challenges described above, we recognise the need of a
broader concept that encompasses the economic, social and policy as-
pects of soil, which is clearly defined, and enables us to measure and
quantify the degree to which soil is being valued and cared for. It is also
important that this broader concept recognises the place of earlier
concepts of caring for soil. Some concepts inevitably overlap.

Fig. 1 shows the location of the various prior concepts in relation to
soil functions, soil services and threats to soil and the five soil security
dimensions of soil security: capability, condition, capital, connectivity,
and codification. Many of the concepts described above are relatively
narrow in scope, generally focusing on biophysical attributes of soil
(condition and capacity dimension). Few concepts span several di-
mensions, and many of them overlap one with another. The soil security
concept covers the entire space.

3. Processes, functions, services and threats

The use of the terms soil processes, functions, services and threats are
ubiquitous in the literature, often interchanged but not clearly defined
(Baveye et al., 2016). This lack of clarity may reflect the field of
research, for example processes and functions are commonly used by the
soil science community, whereas services are used in the disciplines of
ecological or environmental economics. A distinction between proper-
ties along with processes and functions needs to be addressed to improve
communication across these disciplines, which all contribute to under-
standing soil security. We recognise that soils:

1 result from a clearly defined set of soil forming (pedological) pro-
cesses, and

2 these contribute to regulating processes assembled as functions, and
that

3 these functions can be impacted by particular degradation processes
which are labelled soil threats.

This will provide a conceptual framework to make the distinction
between soil processes, functions and services that can be described,
evaluated and monitored using soil properties and/or functions.

The soil-forming factors result in unique patterns of soil that reflect
the local effects of climate, organisms, relief, parent materials, and time.
Fig. 2 shows a series of processes affecting soils, which vary in space and
time according to soil-forming factors. A suite of pedological processes
have been recognised, including the addition, transformation, trans-
location and losses from a soil. However, natural processes, land use
change and human induced management will impact on the soil change
and soil processes (Yaalon and Yaron, 1966). While these changes are
reflected in the soils’ observed properties or attributes (often measured
as masses, volumes or rates), these evaluations are made using in-
dicators based on criteria that reflect values or utility judgements. The
translation of properties to indicators is used to assess the soil functions
and threats to soil that occur with or without direct human intervention.

4. One size does not fit all: absolute vs relativistic (genosoils vs
phenosoils) assessment

4.1. Soil function potential

Soil functions and soil-based ecosystem services are often evaluated
in absolute terms according to the fulfilment of some conditions or the
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Fig. 1. Scope of existing soil value and utility concepts in relation to roles and dimensions. The white shaded areas illustrate the range of dimensions and roles which
each concept is perceived to cover and do not indicate the relative importance of the terms. The soil security concept attempts to cover the whole space.

distribution of indicator values within a study area (can this soil perform
X function satisfactorily?) (Rabot et al., 2022; van der Plas et al., 2016). It
is rare to see soil functions being evaluated with respect to the individual
soil intrinsic potential (to which degree is this soil performing X function
given its capacity?) (Vogel et al., 2019). Vogel et al. (2019) defined the
intrinsic potential of a soil as “the maximum a soil can offer based on its
inherent properties with respect to various individual soil functions” and is
captured by the capacity dimension in the soil security framework.
Quantifying the soil function potential considering the constraints of the
soil’s inherent properties (i.e. slowly evolving or resulting from
long-term pedogenetic processes like particle-size distribution), site
conditions (e.g. climate, relief), while assuming optimal condition of
more dynamic properties which can be modified by management
(related to soil condition) (Vogel et al., 2019), may set feasible man-
agement targets without other socio-economic limitations. On the con-
trary, assessing the soil potential independently of soil properties
(Bouma et al., 2017) may set targets that are too ambitious for the
pedological setting. The fulfilment of the soil function relative to its
potential is calculated as the ratio (or difference) between the current
function performance and the soil function potential (based on mea-
surements of the indicators). Within the soil security framework, this
would for example correspond to the ratio of condition to capacity for a
particular soil function.

4.2. The quest for the ideal soil

An absolute assessment of soil functions is made against an ‘ideal’
soil, but therein lies the problem ‘what defines ideal?’. This can be done in
several ways. One being the characteristics of our most productive or
resilient soil. Often, this is seen as some kind of mollisol or chernozem.
However, this primacy is probably only really defined for the function
biomass production and not necessarily for other functions, such as
preservation of cultural heritage. A second way of defining ideal is to
back propagate a mathematical relationship between soil properties and
the maximum expression of a soil function. For example, on the average,
biomass production is maximised around pH 6.5-7 and drops off above
and below those figures, but it may well be that biomass production will
be maximised at varying pHs (sometimes outside the 6.5-7 range)
depending on the particular soil via a whole suite of interacting
characteristics.

The concept of a reference state or condition is widely established for
assessing the ecological condition of freshwater ecosystems (Stoddard
et al., 2006), but this is currently not the case for soil systems. The
comparison of current soil functions with a reference state often relies on
chronosequences. For example, Teixeira et al. (2020) investigated the
variation of soil functions along a secondary forest succession, taking
recently abandoned agricultural plots and primary forest as the starting
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Fig. 2. An illustration of the relationship between the dominant soil process affecting soil formation and the soil properties that are used to describe the soil itself.
The translation from soil properties to equivalent soil indictors is based in value judgements that in-turn are used to evaluate if a soil has the capacity and condition to

perform a soil function, i.e. its capability. Capability = Capacity + Condition.

point and reference respectively. These reference states, however, are
defined for local conditions and not in absolute terms. In the case that we
could specify a reference soil system that represents a secure soil,
distance-based methods could be applied to integrate several indicators
into an overall similarity/dissimilarity integrative index (Legendre and
Legendre, 2012), an approach proposed for environmental assessment
(Tran et al., 2019).

4.3. Genosoil vs phenosoil assessment

Soil functions are context-dependant in time and space (Hoffland
et al., 2020) according to the soil inherent properties, climate conditions
and land use. Droogers and Bouma (1997) and later Rossiter and Bouma
(2018) acknowledged the effects that current and past management can
have on soil functions and capability with the concepts of genoform or
genosoil (Huang et al., 2018) (i.e., genetic soil type or dominant soil
class in a detailed soil map at the level of soil series or equivalent) and
phenoform or phenosoil (i.e., permanent variant of the genoform,
physico-chemical properties as a result of soil management with a sub-
stantial effect on soil functions). In the relative approach, we can take a
soil in its ‘natural’ or pristine condition and measure its ability to
function, provide services or mitigate threats. We can then compare in a
relative way this soil with a soil of interest with similar pedogenesis
which may have a different land use history. The relative approach
probably requires more information and soil understanding (because it
recognises many kinds of soil) and is likely to produce assessments
which are more suitable for guiding stewardship, particularly if reme-
diation or regeneration is required.

5. Approaches to quantification

In the soil science literature, there are multiple approaches for
assessing and quantifying soil functions and soil-based ecosystem

services (e.g. Calzolari et al. (2016)) and potential threats to soils (e.g.
Orgiazzi et al. (2016); Troldborg et al. (2013)). Greiner et al. (2017)
divided the quantification approaches of soil functions into three
groups:

1 Indicator approaches,
2 Static approaches,
3 Dynamic approaches.

Within each of these approaches, the assessment of soil functions and
soil-based ecosystem services can be done for a set of locations or
mapped across a region. Indicator approaches estimate soil functions
using one-dimensional proxies (i.e. a single soil property). Static ap-
proaches apply simplified empirical rules to quantify the general capacity
of a soil to perform a function, without considering land use or manage-
ment (Greiner et al., 2017). Dynamic approaches comprise environ-
mental and biophysical models that characterise soil processes and
account for spatial and temporal changes in land use, management, and
environmental conditions. Alternatively, we also distinguish between
simplified empirical models and process-based dynamic models to
quantify soil functions.

Similarly, the numerous frameworks for assessing threats to soil also
range from mapping indicators, knowledge-based approaches, to
empirical or process-based models that can incorporate multiple sce-
narios of climate, land use change, and management (van den Akker and
Hoogland, 2011). These approaches can present the assessment of
several soil functions, soil-based ecosystem services, or threats to soil
individually, or these can be integrated into a composite index. For
example, Gardi et al. (2013) quantified and mapped a composite index
of the potential threats to soil biodiversity at the scale of Europe. They
aggregated seven indicators of relevant pressures based on weights
assigned by a panel of experts.

We aim to develop composite indices for assessing the different
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dimensions of soil security, and we will therefore explain integrative
approaches with more details. General steps for quantification of com-
posite indices of soil functions, services or threats to soil involve
(Andrews et al., 2002a, 2002b):

1 Selection of a minimum dataset (MDS) of indicators,
2 Transformation of indicator values into unitless scores,
3 Integration of scores into composite indices.

5.1. Selection of minimum dataset of indicators

Indicators are characteristics that can be correlated, or are thought to
be correlated with soil functions, services and threats of interest. These
characteristics were sometimes referred as ‘indicator variables’, ‘in-
dicators’, ‘metrics’, ‘surrogates’ and ‘proxies’. The existing body of liter-
ature on physico-chemical and biological soil attributes and
environmental conditions used as indicators of soil functions is practi-
cally boundless. Some reviews explain in detail the suitability of a soil
attribute or set of related properties as indicator of soil quality and soil
functions (e.g. soil structure (Rabot et al., 2018), soil organic carbon
(Liptzin et al., 2022; Vogel et al., 2019), soil organic matter (Hoffland
et al., 2020)) given their relationships with other soil properties and key
role supporting the soil processes. In the field of soil ecology, ecosystem
functions are often characterised via a quantitative assessment of func-
tional genes related to nutrient cycling and enzyme activity (Chen et al.,
2020). For a list of potential indicators of soil quality and of soil func-
tions we refer to the comprehensive reviews by Schoenholtz et al.
(2000), Stone et al. (2016), Greiner et al. (2017), van Leeuwen et al.
(2017), and Biinemann et al. (2018).

Multiple criteria have been proposed for the selection of potential
indicators (Doran and Zeiss, 2000; Schoenholtz et al., 2000): 1. the in-
dicators should be easy measure or possible to estimate with pedo-
transfer functions, 2. inexpensive, 3. sensitive to variations in
management, 4. relevant across sites or over time, 5. useful and
comprehensible for different stakeholders, 6. helpful in revealing
ecosystem processes, 7. rationally linked to the soil function and easily
interpretable, for example, if it is difficult to distinguish whether the
value of an indicator means better or worse performance it should be
discarded (Llovet et al., 2021).

The soil properties included in the minimum dataset (MDS) vary
according to the soil functions being assessed and the land use (e.g., soil
remediation projects, Volchko et al. (2014)). Indicators can be direct
measurements or estimated with pedotransfer functions or mechanistic
models (Greiner et al., 2017).

From the list of potential indicators, there are several methods to
select the MDS, which are not mutually exclusive, including: literature
review, expert knowledge and stakeholder perceptions, “logical sieve”, or
statistical methods for dimension reduction. In the “logical sieve” (Ritz
et al., 2009; Stone et al., 2016), a preliminary selection of potential in-
dicators from the literature is scored by stakeholders and experts based
on scientific and technical criteria. The scores are then used to rank and
prioritise the final indicators. Alternatively, when the purpose is to
assess the effect of a management treatment on soil functions, statistical
analysis (e.g. analysis of variance (ANOVA)) can be used for identifying
which indicators are more sensitive to management (Llovet et al., 2021).
Dimension reduction or ordination analyses (e.g. Principal Components
Analysis (PCA)) are often applied for selecting the variables explaining
most of the variability of the dataset and for eliminating redundant in-
formation (Andrews et al., 2002a).

5.2. Transformation of indicator values into unitless scores
The next step in the assessment is to transform the indicators of soil

functions, services or threats to soil into an ordinal scale or unitless
scores. The transformation from indicator values to scores can be
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through linear or non-linear transformation functions. Some (Andrews
et al.,, 2002a; Wienhold et al., 2009) have suggested calling the rela-
tionship between suitability or utility and the value of the indicator
variable as ‘scoring function’ or ‘scoring curves’. To avoid confusion, we
would prefer to retain the word function to operate as in the term soil
function — an operation that soil performs, and propose here instead a
new term, namely, utility graph — utility suggesting that the indicator
gives an indication of the ability to do something (useful) and employing
the word graph in the common definition “a diagram showing the relation
between variable quantities, typically of two variables, each measured along
one of a pair of axes at right angles”- and not the more rarefied mathe-
matical definition.

Classical shapes for utility graphs are upper asymptotic sigmoid
curve (“more is better”), lower asymptote (“less is better”’), Gaussian op-
tima (“mid-point optima”)(Andrews et al., 2002a), although other forms
may be of the binary type (0-1), stepped or categorical.

Many assessments compare different land uses or management
practices (e.g. conservation agriculture vs conventional agriculture
(Ghaley et al., 2018); conventional agriculture vs. biochar application
(Llovet et al., 2021). The comparison between different land uses may
require setting different utility graphs by land use, e.g. available phos-
phorus is related to productivity in forest stands and agricultural fields
but the threshold level to fulfil the function nutrient storage differ
largely equates with the recognition of different phenosoils. The per-
formance of a soil function, service or potential risk of a soil threat will
vary depending on the status of other functions/services/threats, and
these relationships will be specific to the local management, climatic
and pedological context (Schroder et al., 2016). This interdependence
may be accounted for in the selection of the MDS, simplified empirical
models adapted to site-specific conditions (e.g. C saturation equations
for different dominant mineralogy (Six et al., 2002)) or parameterizing
and shaping the utility graphs (Wienhold et al., 2009). Otherwise, the
trade-offs and synergies can be quantified afterwards with correlation
and co-occurrence analysis (Zwetsloot et al., 2020) or Bayesian net-
works (Vrebos et al., 2020).

5.3. Integration of scores into composite indices

The utility graphs provide sub-scores for individual soil functions/
threats to soil or their components, which can be integrated into a single
index and later assigned into categories of overall soil functioning/
potential threat (Volchko et al., 2014). There are multiple methods for
weighing and integrating the sub-scores, e.g. equal weights for each
component, with weighted summation or with a fuzzy algebraic sum.
The weights for integrating soil function scores or pressures of potential
threats can be produced by expert knowledge (Gardi et al., 2013;
Orgiazzi et al., 2016) or perception of the importance of individual
function/pressures by the different stakeholders (e.g. (Manning et al.,
2018); Mendes et al. (2021)), or calculated from the variation explained
by relevant eigenvectors on PCA methods (Andrews et al., 2002a). An
overview of methods for developing composite indices (weighing, ag-
gregation) can be found in the OECD handbook (2008) or Greco et al.
(2019).

The functional delivery of a soil is conditioned upon synergies and
trade-offs between functions. For example, a change in soil management
practice to improve primary production can negatively reflect on
another soil function, such as carbon storage or provision of habitat for
soil biodiversity. How the synergies and interactions between functions
vary with land use, climate and soil type can be accounted for by
modelling the multifunctionality of a soil. In the literature, several lines
of work have accounted for interaction between functions, for example
statistical modelling with Bayesian belief networks (BBN), multi-criteria
decision modelling, and co-occurrence networks with correlation
studies.
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6. A comprehensive proposal

Having highlighted the various approaches to soil ‘value’ assessment,
we recognise approaches from previous attempts at soil valuation
including concepts of soil functions multifunctionality, ecosystem ser-
vices, soil quality and soil health. We recognise that the European
concept of soil function is unique to soil science and has been developed
ultimately to protect or secure soils. We also recognise the more general
concept of services which were first manifested as ecosystem services;
and finally, there has been a long history of studies and practices con-
cerning soil degradation which may be efficiently assessed under the
general heading threats to soil.

We now put forward the outlines of a comprehensive approach to soil
security assessment. The aim of here is to present a systematic approach
to the quantitative evaluation of soil security based on three (partially
overlapping) roles:

1 Soil functions a collection of activities that soil can perform (arising
originally from the European Commission framework).

2 Soil services a wider set of activities that soil can perform arising from
the soil’s ability to meet the six global existential challenges; this
includes more than ecosystem services.

3 Soil threats (more correctly threats to soil) which also arise from the
seminal European Commission framework. These are evaluated
separately from soil functions to assess the resilience or buffering of
the soil to external perturbations by virtue of use or location. How-
ever, we attempt to assess the resilience of soil, rather than the
vulnerability or potential risks to soil.

By evaluating soil under these three roles, we hope to obtain a more
complete picture of a particular soil or soilscape to support humanity,
planetary functioning and its own existence. For each of the three roles,
we outline the key categories under which each evaluation will be
considered and review how they have been evaluated previously. In our
outline assessment framework, we explicitly assess each sub-category of
the role for each of the five dimensions of soil security. Potential
methods that can be used for quantification approach, and combinations
of multiple scores into composite index are also discussed.

6.1. Soil functions

6.1.1. Our definition

The ability of a soil to produce (and continue to produce) a particular
outcome. A widely accepted definition is that soil functions are “(bundles
of) soil processes that underpin the delivery of ecosystem services” (Biine-
mann et al., 2018; Glenk et al., 2012). The only hesitation we have with
the terminology is the potential and actual confusion with the term soil
functions with a mathematical meaning.

6.1.2. A comprehensive set of functions

There is no overall agreement on the list of functions between
various sources, for example some literature aggregates nutrient, carbon
and water cycling, as a single function while others disaggregate these
into individual functions. Generally however, there is agreement around
seven categories of soil functions (European Commission, 2006). The
production of ‘biomass’ where soil provides the support for roots to
explore for nutrients and water, enable the provision of food, fibre and
aboveground biomass. The ‘building’ function identifies soil as
providing raw material for both humans and animals to provide support
for the building of roads, buildings and facilities. Collectively, these
functions relate to provisioning services and these goods and services
provided predominately have a direct economic value. Soil’s ability to
cycle ‘nutrients’, as well as store ‘carbon’, which is nature’s contribution
to the regulation of climate change. The ability for soil to store, regulate
and filter ‘water’ is also enhanced by its function of storing and reme-
diating contamination. These three functions share a relationship with
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regulating services and more commonly are accounted as having an in-
direct economic value. Soil also provides a function to protect and
preserve ‘biodiversity’, which as a myriad of genes that can also be used
to secure human health through the provision of the next generation in
pharmaceuticals. Decisions around preserving this resource for future
use, e.g. biodiversity, and climate mitigation, means they also can be
valued as an option. The ability of soil to support natural environments
for ‘recreation’ and a store and preservation of our ‘history’ services our
cultural heritage service. Here, value is recognised for its ‘existence’ or is
‘bequested’ to other individuals or future generations, i.e. as passive
values.

Several frameworks recognise that the soil serves as “physical and
cultural environment for humankind” (Blum, 2005; European Commis-
sion, 2006), but we consider that different aspects of the historical,
cultural and spiritual function of soils are comprehended by, and depend
on the performance of other functions: directly (source of raw materials,
archive of archaological artefacts) and indirectly through the sense of
place and that results from the habitat, biomass and regulating func-
tions, and hence is reflected in the connectivity dimension of each
function. In addition, we want to put emphasis in the distinction be-
tween regulating the water cycle, the nutrient cycle and filtering and
degrading contaminants. Thus, we propose to quantify the soil security
dimensions of functions recognizing that the soil is:

1 A producer of food and biomass.

2 A store of carbon.

3 A habitat for, and of, biodiversity.

4 A store and regulator of nutrients.

5 A store, purifier and regulator of water.
6 A filter and remediator of contaminants.
7 A source of raw materials.

8 An archive of archeological artefacts.

The valuation of soil functions and soil-based ecosystem services
(SES) builds on the concept of natural capital (Dominati et al., 2010;
Robinson et al., 2009). In the framework proposed by Jonsson et al.
(2017), soil supporting functions (soil formation, nutrient cycling, water
cycling and biodiversity pool) are considered intermediary between the
soil natural capital and the benefits that society obtains from the final
ecosystem services and goods provided by soil. Therefore, support
functions cannot be valued economically. However, there is some
overlap between soil functions as defined in this proposal and SES, and
hence we take the economic valuation of SES as a proxy of the capital
dimension of soil security. A comprehensive review of the methods for
economic valuation of SES and soil functions can be found in Jonsson
and Davidsdottir (2016).

All these soil functions are inter-connected, and each unit of soil has
the potential to provide all the functions simultaneously to differing
degrees, depending on its land use, and the inherent soil’s properties and
processes, ascribing a soil as multi-functional. This multi-functionality
and inter-connectedness provide many challenges to evaluate their
value and their classification to the value classes described earlier. For
each identified function, we indicate potential, but not exhaustive, in-
dicators that characterise the five dimensions of soil security.

i. A producer of food and biomass. Soil is the primary medium for
biomass production as well as the basis for agriculture providing feed for
livestock and providing humans with 98.8% of daily calories (FAO,
2004; Kopittke et al., 2019). Soil facilitates plant growth by providing
crops with essential nutrients, water, oxygen, root support as well as
serve as a buffer protecting plants roots from drastic temperature fluc-
tuations. The availability and security of food and biomass are funda-
mentally dependant on the capability of the soil which will determine
the limiting factors of agricultural productivity.

Capacity Biomass production is the main soil function that signifies a
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direct relationship with crop yields, dry matter and biomass cover
(Fischer et al., 2002; Mueller et al., 2010; Shepherd, 2003; Shepherd and
Park, 2003). Intrinsic properties selected that indicate the capacity of a
soil to support agriculture are the genosoil’s available water content
(AWCQ), rootable soil depth, texture (neither highly sandy or clay) or
cation exchange capacity (CEC) (Vogel et al., 2019).

Condition From previous studies (Drobnik et al., 2018; Jaggli et al.,
1998; Vogel et al., 2019), indicators considered are carbon content, soil
structure, air capacity, plant available water, bulk density, hydraulic
conductivity, pH, exchangeable cations (EC), earthworm abundance,
species diversity and the abundance of macro and micro biodiversity.

Capital Soil directly contributes approximately AUD$ 63 billion per
year to the Australian economy (Jackson et al., 2018) and approximately
€ 1675 billion in Europe (Scarlat et al., 2015) largely through biomass
production. The valuation of food, feed and fibre is commonly assessed
at the farm gate using yield value as a direct approximation. Gross
margins for production and market prices, although indirect, are
indicative of the value of soils to produce biomass.

Connectivity Consumers are becoming increasingly critical of the
quality of their food, (Grunert, 2005) yet unaware of the ecological
footprint of dietary choices (Marlow et al., 2009). Attitudes and will-
ingness to pay for sustainably produced foods can give indication of the
societal connection towards food production and its source.

Codification Overarching regulations or incentives placed on biomass
production and overall soil conservation directly or indirectly are to be
observed.

ii. A store of carbon. Soil organic carbon (SOC) stocks is estimated to
range between 504 and 3000 PgC in the first metre of soil (Scharlemann
et al., 2014). Soils act as a source or sink of carbon from the atmosphere
depending on the balance between aboveground and belowground C
inputs into the soil and C losses due to microbial decomposition of soil
organic matter or erosion.

Capacity Indicators are the outputs of i) empirical models based on
the concept of SOC saturation in the fine mineral fraction developed for
different land uses and climatic zones (Feng et al., 2013; Hassink, 1997;
Six et al., 2002; Wiesmeier et al., 2015), ii) data-driven models (Chen
et al., 2019; Lugato et al., 2014) and iii) mechanistic and simulation
models (Lugato et al., 2014). There is a divergence of opinion on
whether the potential for long-term carbon storage should be estimated
based on SOC pools of slow turnover time and mineral-associated SOC,
or establishing references for the maximum SOC levels by soil type (e.g.
SOC storage in genosoils in relatively natural conditions) or with
modelling (Barré et al., 2017).

Condition As a dynamic property, current SOC content, has been
widely used as indicator of overall soil condition. The current status of
the C storage function is generally assessed with different indicators of
SOC storage and SOC properties: SOC stocks (Vogel et al., 2019), SOC
concentration (Llovet et al., 2021), SOC chemistry and fractions sensi-
tive to management (e.g., particulate organic carbon) (Hoffland et al.,
2020).

Capital The methods for valuating carbon storage or C sequestration
include market price of carbon quotas, market cost of C sequestration
technologies, or choice experiments. The value of carbon storage can
range from $ 20 to 268 kg ha! yr’1 (Jonsson and Davidsdottir, 2016).

Connectivity The society’s perception of the importance of main-
taining the soil carbon storage may be assessed by the awareness of its
role for mitigating and adapting to climate change, and indirectly due to
its positive influence on soil fertility and food quality production (Cal-
vet-Mir et al., 2012). Other indicators are knowledge and training,
cultural and technical skills for implementing C sequestration practices.

Codification There are several international directives and legal in-
struments destined to enhance the function of C sequestration, from the
United Nations Framework Convention on Climate Change (UNFCCC) to
the 2015 Paris Agreement (Hannam, 2021). An indicator of carbon
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storage codification could include the assessment of how effectively
these policies are implemented, or the number of projects and or area
contracted to carbon farming.

iii. A store and regulator of nutrients. Soils are a reservoir of nutrients
providing plants with essential macro- and micro- nutrients needed for
optimal growth. Soil stores nutrients left by the breakdown of organic
matter and weathering of minerals. Nutrients are regulated by storage,
transformation and translocation and has been considered a primary
limiting factor of agricultural productivity in Africa and India (Pathak,
2010; Stewart et al., 2020).

Capacity Two aspects are within scope: (i) nutrient mobilisation ca-
pacity, which refers to the capacity of soil to provide available nutrients
(mineral type) and (ii) nutrient buffering capacity (CEC and clay con-
tent) (Vogel et al., 2019).

Condition Vogel et al. (2019) suggests that the current nutrient stock
is not to be considered as an indicator. Dynamic properties to assess the
current state include soil organic matter, pH, and abundance of func-
tional microorganisms that assist in mineralisation.

Capital The evaluation of the soil nutrient balance has been previ-
ously linked with farm economics and may be considered an indicator of
capital (De Jager et al., 1998; Van den Bosch et al., 1998) as well as the
cost to replace nutrients which can simply be measured by the cost of
fertiliser applications.

Connectivity Soil fertility is highly valued amongst farmers as nutrient
demand has intensified. The scale in which best management practices
are adopted by farmers to reduce nutrient mining is a suggestive indi-
cator for the connectivity dimension.

Codification As for codification, any regulations and policies enforced
to prevent soil nutrient depletion such as limits of nutrient extraction
and the replenishment of soil nutrients are to be assessed. Policies which
incentivise fertiliser addition are common in many jurisdictions.

iv. A store, purifier and regulator of water. Soil has the ability to regulate
water, whether as storage, run off or even drainage. Aside from water
regulation, soil also purifies the water as it percolates through the profile
through adsorption and precipitation (such as metals, pollutants), or
through transformations of nutrients (i.e. denitrification process).

Capacity The capacity of a soil to regulate and purify water can be
assessed with the soil water balance of the genosoil and its water holding
capacity. The ability of soil to store water also depends on other factors,
including porosity that can be linked to particle sizes (in particular clay
content).

Condition The current ability of soil to regulate and purify water can
be assessed through its AWC and current organic carbon content.
Furthermore, as nitrate and phosphate are the main elements of concern
within water bodies, denitrification capacity and phosphorus sorption
capacity can be utilised as indicators.

Capital The global water market was valued at $12.86 billion in
2020, and expected to grow up to $ 22.97 billion (Fortune Business
Insights, 2020) which seems to be underestimated. The water cycling
function assessed with the replacement cost method has an economic
value of $ 62 — 126 kg ha™! yr~!, while clean water provision was valued
at$ 34— 101 ML™! (Jonsson and Davidsdottir, 2016). The willingness to
pay for improvement of water quality as well as the avoided flood cost
could be utilised as another measure of capital.

Connectivity There is a high connectivity with increasing consumer
preference on safe drinking water (i.e. purified bottled water fortified
with nutrients). Perceptions on the importance of soil functions, spe-
cifically water quantity regulation and water quality maintenance and
enhancement were good predictors of compost use by Romanian farmers
(Petrescu-Mag et al., 2020). However, under increasing climatic vari-
ability, a poor management could affect the soil’s ability to function at
its capacity, i.e. waterlogging can increase the rate of denitrification
causing excess N loss.
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Codification Various legislating bodies have been established to
monitor and maintain water quality worldwide, i.e. Water Framework
Directive (EU), Clean Water Act (USA), and National Water Quality
Management System (Australia). With water scarcity occurring world-
wide, management on water usage has also been implemented, i.e.
green-blue water allocation policy.

v. A habitat for, and of, biodiversity. Soil is a habitat for micro- and
macro-organisms, with more than 40% of living organisms in terrestrial
ecosystems associated directly with soil (Decaéns et al., 2006). Relating
soil biodiversity and function is a challenging research topic (Nannipieri
et al., 2020).

Capacity There is a common belief that ‘more is better’ for soil
biodiversity. Thus, the capability of soil biodiversity can be evaluated
based on its genosoil’s biodiversity. Soil pH buffering capacity can be
used as another measure as the existence of a particular group of
biodiversity.

Condition There are more than 200 methods that could be used to
measure soil biodiversity (Griffiths et al., 2016). In an EU soil program,
three indicators were used to represent taxonomical groups and func-
tional levels (Bispo et al., 2009): 1) abundance, biomass and species
diversity of earthworms, representing macrofauna; 2) abundance and
species diversity of Collembola for mesofauna; and 3) microbial respi-
ration for microbes. pH could also be utilised as another measure as it
affects the group of microbes that exists on certain environmental
conditions.

Capital While conservation biologists believe that every species has
intrinsic value, the capital of biodiversity pool function is difficult to
quantify. There has been a discussion on the ecological values and
ecosystem services provided by soil fauna, however no monetary value
was given (Decaéns et al., 2006). An estimate based on expert opinion
has been attempted with a global value of $ 2.1 trillion per year based on
the services that they provided (van der Putten et al., 2004). For agri-
cultural land, a value of $ 430 ha_lyr_1 has been estimated (Jonsson and
Davidsdottir, 2016).

Connectivity There is an increased awareness of soil biodiversity, in
particular people see earthworms as ecosystem engineers. Citizen sci-
ence projects such as identifying earthworm or other soil-living fauna
communities, and Tea Bag Index (Keuskamp et al., 2013) can be a way of
boosting connectivity. The measure of awareness would be the number
of citizen science projects or participations per unit area of a particular
soil.

Codification The UN Convention on Biological Diversity (CBD) in
1993 stressed the conservation of biological diversity, sustainable use of
biological diversity, and fair sharing of benefits coming from biological
diversity. Nevertheless, there is no policy yet related to soil biodiversity.
Soil biodiversity is indirectly addressed on specific legislation on soil
protection in some EU countries or regulations promoting
environmentally-friendly farming practices (Turbé et al., 2010).

vi. A filter and remediator of contaminants. Soils denature pollutants and
remediate heavy metals by filtering contaminated wastewater and
immobilising organic contaminants into the soil matrix (Allen et al.,
1994) and eventually breakdown of the contaminants (Yong, 2000).

Capacity The soil potential for contaminant sorption and filtration
depends on the CEC, mineral type, reactivity via reduction/oxidation
poise and hydrology measured by deep drainage (Mulligan and Yong,
2004). The mineralogy of the soil will influence the natural presence of
some contaminants.

Condition The efficacy of the soil to naturally attenuate contaminants
is dependant on numerous dynamic factors such as the organic matter
content and microbiology. Soils with a higher presence of biochar are
found to be more effective at eliminating both inorganic and organic
pollutants (Hu et al., 2020). Within the complex microbial-biodiverse
community of the soil, there exists host populations of organisms that
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assist in the decomposition of contaminants (Geerdink et al., 1996;
Rajendran et al., 2003).

Capital Estimated global value of waste treated by soil is US$ 180
billion per year (Costanza et al., 1997; de Groot et al., 2002; McBratney
et al., 2017b). For our approach, we consider monetising the benefits of
soil towards the remediation of all forms of pollutants; inclusive of
heavy metals, plastics, pesticide/fertiliser chemicals, organic and inor-
ganic compounds. This is encompassed by the costs to treat contami-
nated soils, the value of soil free from contaminant as well as the market
value of brownfields which can be evaluated to estimate capital.

Connectivity According to a study conducted by Brevik et al. (2020),
key social determinants of human health in the soil includes soil
pollution. This presents a useful indicator to develop a questionnaire for
assessing the link between the medical community to soil toxins and
human health (Soil Health Institute, 2018).

Codification An assessment of the environmental policies, regulations
and incentives in place designed to prevent and regulate soil pollution
(Glaesner et al.,, 2014; Heuser, 2022) can be used to quantify
codification.

vii. A source of raw materials. The extraction of raw materials consists of
the removal of components of soils that are in high concentration,
usually accumulated in layers. This function is linked to many tradi-
tional customs such as production for building, pottery, or using peat as
a fuel source. However, modern large-scale extraction of sand for con-
crete production (Gavriletea, 2017) and peat for agricultural production
(Alexander et al., 2008) have an enormous environmental impact. This
function, unlike others generally reduces soil security and is therefore
questionable.

Capacity The main consideration is the natural quantity and quality
of the material. Sand, clay and stone content will be the main indicators
of quantity and mineralogy analysis is the main one for quality. For peat
extraction, indicators will include the thickness and composition of the
peat layer.

Condition Indicators such as soil strength or bulk density, and SOC
content are generally used to measure the departure from the original
soil and to monitor its recovery after sand extraction (Seguel et al.,
2017). For peatlands, the thickness of the remaining peat layer is a key
indicator (Alexander et al., 2008). A comparison of phenosoil created by
soil material removal and a genosoil will help estimate the impact of
removal activities.

Capital Most of the extracted materials have a well-defined market
value. Smaller scale extractions to generate products such as pottery also
have a well-defined market value. The cost of reducing other functions
could also be quantified.

Connectivity For mass-scale extraction, the connectivity is removed
and tends to zero. Small extractions are usually tightly related to cultural
traditions where connectivity is high.

Codification In many countries, extractions are poorly regulated; or it
is generally considered as mining activity. There might be some re-
strictions to extract from protected areas, but mining regulations usually
prevail.

viii. An archive of archeeological artefacts. Soils play a role in the pres-
ervation of a number of environmental remains, buried archaeological
sites and are the support of cultural landscapes, but they also act as the
medium for their degradation. This function was defined in Blum (2005)
as a “non-ecological” function, which was labelled as “geogenic and cul-
tural heritage”. This function was more thoroughly described in Blum
et al. (2022). The recent definition from the EU Commission kept the
concept of heritage but is larger including the notion of cultural land-
scape: Concealing and protecting archaological remains; as a record of
land use and settlement patterns (cultural landscapes), see a discussion
in Pirnau et al. (2022).

Capacity Preferential conditions of the soils increase its capacity to
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store archeological remains, mostly pH drainage and redox potential for
archaological materials. Depending on the remains, the soil conditions
(either waterlogged, anaerobic or desiccating) and pH level (acidic or
alkaline) will change the capacity of the soil to preserve the remains.

Condition Land use and climate change can affect the decay process
and even change the nature of these processes (Davidson and Wilson,
2006) and this may affect in particular material sensitive to soil in-
dicators such as skin, textile, etc. Soils of today in good conditions may
results from past land management practices (Golding and Davidson,
2005). Condition can be manipulated to slow degradation and preserve
artefacts.

Capital The loss of this function resulting from threats (urban
development, mineral extraction, climate change, drainage, etc.) is
difficult to monetise for societies. There is an important economic
impact of having soils with high physical and cultural heritage (tourism,
education, quality of life, job creation, construction).

Connectivity Connectivity is enhanced through a sense of belonging to
the Earth in many societies, such as pre-Columbian, in opposition to
western societies where myths come from the sky. Also in pre-Greek
societies: “mother Earth” (as discussed in Blum et al. (2022)). Lahmar
and Ribault (2001) provide many examples of connectivity of societies
and religions to soils. Presence of human and cultural artefacts enhances
connectivity and seeks to secure soil.

Codification The codification can be assessed via the presence of

Table 1
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multiple levels of policy: global (e.g. the UNESCO World Heritage
Convention), national, regional and site-specific management. Legisla-
tion for protection of cultural landscapes also exist, such as in France
(bocages, etc.).

6.1.3. Summary of soil functions

By way of a summary, a tabulated list of potential indicators and
utility graphs for soil functions for each of the soil security dimensions is
presented in Table 1. The properties shown in the Table 1 are meant to
be indicative and not a complete nor a definitive set of indicators.

6.2. Soil services

6.2.1. Our definition

Soil services are amenities that a soil can facilitate for the ongoing
aid of humanity and planetary functioning. They are deliberately a
longer list than simply ecosystem services but also recognise that soil
offers assistance to a number of global existential challenges: ecosystem
services respond to biodiversity and environmental challenges but there
are desired soil services for energy, water and food security and for
human health.

6.2.2. A comprehensive set of services
Soil services are not synonymous with soil functions — they probably

Indicative list of indicators and utility graphs for a range of soil functions for each of the soil security dimensions. (/') represents an increasing utility graph, (\\) a
decreasing one, (N) a mid-point optimum, (0,1) as binary, and W as categoric al. The list is illustrative and not exhaustive. Note that some of the utility graphs (,/,\.)

might not exactly follow a straight line relationship, but could potentially be sigmoid (/~, ) or trapezoidal shape(/ , \) based on certain threshold value.

Functions

Capacity

Condition

Capital

Connectivity

Codification

A producer of
food and
biomass

A store of carbon

A store and
regulator of
nutrients

A purifier and
regulator of
water

A habitat for, and
of, biodiversity

A filter and
remediator of
contaminants

A source of raw
materials **

An archive of
archaological
artefacts

Genosoil’'s AWC (,);
rootable soil depth (,7);
clay (); silt (,*); sand
(\); CEC ()

Genosoil’s carbon content
(/); Mineral-associated
OC in the fine fraction (mg
Cg~ 1) as function of fine
particles (<20 pm)
content (/)

Genosoil’s clay content
(/); CEC (,/); mineral
type (

m

Genosoil’s clay content
(), AWC ()

Genosoil’s biodiversity
(/); pH buffering
capacity (/)

CEC (/); mineral type (
m-l)"; redox poise ();
deep drainage (/)

Sand, clay and stone
content (); thickness of
peat layer (,); depth to
bed rock (/)

pH buffering (N), redox
poise (); specific heat
capacity (/)

Carbon content (,);
AWC (,7); bulk density
(N); macro and micro
biodiversity (,); pH
(M); EC ()

OC content (/); OC:clay
ratio (/)

OC content (,/); AWC
(); pH (N); microbial
abundance (/)

AWC (); OC content
(/); Ksat (\);
denitrification capacity
(/); nutrient sorption
capacity (/)

Microbial abundance
(/7); biodiversity ();
PH (M)

Biochar (/); microbial
abundance (/)

Soil strength or bulk
density (/); OC content
(V9]

pH (N), soil temperature
(\), redox potential (\)

Yield value (); gross
margin ($ ha') (”); market
prices (),

Carbon credit market price
(/); market cost of negative
emission technologies (\.);
cost of implementation C
sequestration (\,)

Nutrient replacement cost
(\J); Cost of fertiliser
applications (\\)

Clean water value (/);
water market value (/);
willingness to pay for water
quality (); avoidance of
flood costs (\,)

Ecosystem services value
(/); willingness to pay to
protect mesofauna
abundance (/)

Cost to treat contaminated
soil (\); value of soil free
from contamination (/);
market value of brownfields
QY]

Market price of material (/)

Cultural heritage value (/)

Awareness of sustainably
sourced foods (,7); willingness to
pay for sustainably source foods

(9]

Presence of carbon market (0,1);
stakeholder’s perception of the
importance of maintaining the
soil carbon storage from surveys
(/); level of training and
knowledge on C sequestration
practices (/)

Desire to implement BMP (i.e.
nutrient management) (/)

Desire to implement BMP (i.e.
improving drainage) (,/);
awareness on safe drinking water

()]

Awareness in participatory
project involving non-expert, i.e.
Tea Bag Index (/)

Awareness of the impact soil
pollution has on human health
(); soil pollutant related
medical research (/)

Proximity to site (\); extraction
scale (\.)

Sense of belonging in earth ()

Regulations and incentives on
feed, fibre, and food production
(0,1); regulations and
incentives to conserve soil (0,1)

International-local directives
on carbon storage regulation
(0,1); policies and incentives
for carbon farming (0,1)

Regulations for extracting and
replenishing soil nutrients
(0,1); fertiliser bounties (M)

Regulations on water usage and
water quality (0,1); soil water
conservation (0,1);
implementation of green water
and blue water allocation
policy (/)

Regulations around soil
protection (0,1)

Environmental policies
regulating soil pollution (0,1)

Policies regulating extraction
and restoration (0,1)

Legislation for cultural
landscape (0,1)

* Categorical level to be determined;.
™ Positive values contribute negatively to soil security; Abbreviations. AWC: Available Water Capacity; BMP: Best Management Practices; CEC: Cation Exchange
Capacity; EC: Exchangeable Cations; OC: Organic Carbon.
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have a higher level of generalisation. Perhaps more elegantly, a set of
soil functions could be constructed to be used in various combinations to
measure any particular soil service — but that notion has not been
developed here. We do recognise that there is some overlap with eval-
uation of soil security dimensions via soil functions. Here, we consider
the following comprehensive set of services:

1 Environmental/ecosystem maintaining.

2 Climate change mitigation and adaptation.
3 Water securing.

4 Biodiversity protecting.

5 Human health mitigating.

6 Food and nutrition securing.

7 Energy securing.

i. Environmental / ecosystem maintaining. Soils provide a great number
of services that directly maintain or enhance the ecosystem. These ser-
vices are broad and a few examples of these include: soil formation,
biological control of diseases through the absorption of pathogens, soil
stabilisation through erosion control and sediment retention (Comer-
ford et al., 2013), amongst others.

Capacity Soil formation governs the landscape, biological pop-
ulations present and determines soil physical, chemical, and biological
properties. These factors can be assessed by the five soil forming factors;
climate, organisms, relief, parent material and time (Jenny, 1994) and
are summarised by any comprehensive soil taxonomy, e.g. Soil Taxon-
omy, World Reference Base, at an appropriate categorical level, e.g. the
family.

Condition Soils serve in the retention and regulation of a variety of
fungal, bacterial, and viral pathogens and pests of plants and animals
through a series of biotic and abiotic attributes (Mazzola, 2002). Dy-
namic soil properties such as soil temperature, pH, organic carbon
content and exposure to sunlight has also been proven to influence both
pest and pathogen survival (Anderson and Sutherland, 1989; Glenn and
Dilworth, 1991; Menzies, 1963).

Capital Soil is evaluated based on the market price and the biological
control of pests and diseases are evaluated by the both the avoided cost
to restore the ecosystem from an outbreak and provisional expense
which is the anticipated expense of the biological control (Jonsson et al.,
2017).

Connectivity There is an increasing awareness of the public to protect
ecosystems although there is a disconnection to the direct conservation
of soil often not seen as a priority (Eusse-Villa et al., 2022). A survey in
sustainably marketed goods to determine whether soil conservation is
recognised as integral to environmental sustainability which is exten-
sively used in marketing towards the growing consumer demand for
sustainability.

Codification Overarching policies established to protect entire eco-
systems may be assessed. This includes the presence/absence of regu-
lations regarding deforestation, mining, and soil pollution/
contamination around the world.

ii. Climate change mitigation and adaptation. Soil has an essential role in
climate change mitigation and adaptation through its role in the global C
cycle. Human activities through land use change and intensive agricul-
ture have accelerated soil C loss. It is estimated that soils contributed
around 60% of total NoO emissions (Tian et al., 2019). This in turn
caused about 3.7% of the global increase in radiative forcing due to
anthropogenic greenhouse gas emissions (Kopittke et al., 2021).

Capacity The capacity of the soil to climate change mitigation and
adaptation relies on soil carbon; and thus, indicators for capacity of soils
as a store of carbon are applicable here.

Condition Similarly, the amount of carbon in the soil would reflect its
condition. In addition, the ground cover would be an indicator of soil
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condition related to albedo and radiative forcing.

Capital Similar to soil functions and carbon store and threats of
decarbonisation, now there is a growing recognition of soil carbon as a
greenhouse gas offset and market for soil carbon is growing.

Connectivity Climate change has boosted soil carbon as a nature-
based negative emission technology. There has been a boost in the
number of popular articles on soil carbon, which reflect that connec-
tivity is high. This is discussed on the function of soil as a carbon store
and decarbonation threat. Other measures might include the awareness
of green energy (smart appliances and solar powered), and shift in
preference towards improved vehicle efficiency,

Codification Under international climate agreements, targets on
reducing greenhouse gases emissions have been discussed in Kyoto
Protocol, as well as under the Paris agreement. The local implementa-
tion of regulations to achieve these targets could serve as an indicator.

iii. Water securing. The pore system of soils has the capacity to accept
and store water which can then become available to plants when rainfall
is not available. Also, within soils exists different mechanisms that allow
them to immobilise solutes or suspended materials, acting as a filter
(Keesstra et al., 2012).

Capacity The volume and architecture of the pore system (size and
distribution of pores) are what mainly control this service. Direct in-
dicators would be available water content and hydraulic conductivity.
Simpler to measure soil indicators would be bulk density, organic carbon
content, structural form (pedality) and particle-size distribution.

Condition Compaction and loss of organic carbon directly affect
water mobility and the capacity of the soils to store it. Changes in bulk
density, soil organic, structure and the resulting changes in available
water content and hydraulic conductivity are the main indicators. These
can be assessed via a phenosoil — genosoil comparison.

Capital For a particular location, improved water storage could
reduce the need of irrigation and dams and their associated infra-
structural costs. The increased value of stored water could be assessed
through irrigation water prices. At larger scale, filtering plays an
important role in groundwater quality, and could be quantified via cost
of flood mitigation.

Connectivity In general, it is an “invisible” service and its connectivity
is probably generally small. Farmers are aware of the importance of soil
water storage, which directly affects their production, which would
result in high connectivity. Measurement may be possible via ques-
tionnaires around water quality and availability and soil capacity and
condition or via measuring the uptake of water conservation practices.

Codification This can be measured by the presence of soil-based water
conservation practices. Some countries give benefits to farmers to
improve the quality of their soils, including the water storage capacity
(by increasing SOC and improving physical properties).

iv. Biodiversity protecting. “Soils are a reservoir of biodiversity. They pro-
vide habitat for thousands of species regulating for instance pest control or the
disposal of wastes” (Dominati et al., 2010), but the soil service of pro-
tecting biodiversity comprises soil biodiversity (addressed in the soil
functions role) and aboveground biodiversity. Soils sustain aboveground
biodiversity directly, through specific interactions between soil and
aboveground organisms (e.g., food webs, ground-nesting pollinators),
and indirectly by enhancing ecosystem functioning (Lavelle, 2012;
Parker, 2010).

Capacity Inherent properties like soil texture influence the soil’s
ability to constitute suitable habitats, influence the aeration and soil
hydric regime that affect the soil microbial communities, and soil meso-
and macro-fauna. The relationships between plant communities, soil
inherent properties and soil services (van der Plas et al., 2016) are
characterised by strong feedback loops while the vegetation community
co-evolves with soil during ecosystem succession (Havlicek and Mitch-
ell, 2014).
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Condition A soil’s potential to protect the soil biodiversity for site-
specific conditions is strongly driven by dynamic properties inter-
connected with soil biota like soil structure and the spatial organisation
of the mineral particles (aggregates, porosity), biodiversity and soil pH.

Capital While the value of soils as biodiversity pool has been esti-
mated (van der Putten et al., 2004), it may not be straightforward to
assess the contribution of soil to the value of overall ecosystem biodi-
versity. A possible proxy could be valued with the willingness to pay for
soil management projects directed for biodiversity conservation
(Pearce, 2007).

Connectivity The connectivity of the society with the service of
biodiversity conservation may be higher for vertebrates, animals with
whom humans feel are more similarities, than with soil fauna and
biodiversity with whom an emotional link is missing. The level of
knowledge and awareness of the relevance of soils for maintaining
overall ecosystem biodiversity could be assessed with surveys.

Codification Policies directed to protect aboveground biodiversity do
not suffice for preserving soil biodiversity whereas most soil policies do
not focus on biodiversity conservation (Zeiss et al., 2022). Policies that
protect soils in their integrity may be most effective to guarantee the
contribution of soils to biodiversity protection according to their
capability.

v. Human health mitigating. Soils are a medium where biochemical
transformation can affect human health directly through the provision
of clean air and water, or indirectly through emission of gases (CO,
CH,). Soils also mitigate anthropogenic and biological material transfer
to humans. In Nieder et al. (2018, pg vii), the authors give a list of the
nefarious effects of soils that directly affect humans, most of them depict
harmful impacts, in particular, due to direct or indirect contact with soil
(geophagia, contact with potentially toxic natural and anthropogenic
dusts, micro- or macro-nutrient deficiency, toxic elements, radon).
These negative effects that soils cause to humans have been conveyed by
terms such as “disservice” (Power, 2010) or disamenity (Simpson, 2011).

Capacity Intrinsic biogeochemical factors (natural conditions and
environmental geochemistry) and soil hydric regimes generally affect
the ability of the soil to mitigate human health. Specific indicators
include concentration of trace elements (e.g., to assess microelement
supply and toxic elements to micro-organisms), soil texture and agri-
cultural production (e.g., for airborne dust Se and Pb), or thorium,
uranium, potassium and caesium (e.g., for radionuclide).

Condition In addition to the ability of the soil, a number of anthro-
pogenic additions affect this service water infiltration, regulation of
pests and pathogens, erosion control, nutrient and added micro- and
macro-elements, industrial organic substances. A combination of natural
factors and man-made pollution, for example human faeces which
contaminate the soil and enable transmission of eggs from parasitic
worms (e.g. helminthiasis), or man-made release of radionuclides (e.g.
nuclear waste, tests, accidents). Crop yield may be an indicator for micro
and macro-nutrient deficiency.

Capital There is a possibility to monetise discoveries from soil-borne
pathogens and diseases. The production capital of soils depleted in trace
elements in diminished- human communities cannot live on crops which
render hidden hunger due to micronutrient depletion. The capital of
polluted soil by radionuclides is low and can be assessed by cost of
removal or remediation, with recent examples on the soils surrounding
Fukushima in Japan.

Connectivity Geo-/pedo-phagia eating soil/clay arising from medici-
nal/physiological and nutritional factors. Higher fulfillment provides
higher connectivity, but this is mostly in the case of local consumptions
of food from soils. There has been improved connectivity as human
health was introduced to the sustainable development agenda by United
Nations, addressing both malnutrition, and hidden hunger issues
(Oliver and Gregory, 2015). Overall, measurement of the awareness by
local populations of links between medical conditions and soil condition
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or capacity is required.

Codification The presence of health regulations which specifically
recognise soil agency in human health. All regulations related to carbon
storage in soils and unintentional man-made formed organic substance,
regulations against or soil and groundwater pollution.

vi. Food and nutrition securing. Currently, it is estimated that securing
the food provided by soil requires approximately 1600 million ha of
production land for crops and a further 3200 million hectares of soil
dedicated to permanent grasslands and pasture (FAO, 2021). This
equates to nearly 40% of the land mass prioritised for food security
leaving the rest to provide for the other soil functions described earlier
(Kopittke et al., 2022). This is further complicated by the need for the
soil to continue to provide the required nutritional balance providing the
emerging focus beyond calorie intake to ensuring nutritional security
(Hwalla et al., 2016).

Capacity [Land suitability assessment has a long history that would
be analogous to assessing the soil’s capacity to produce food or land that
should be reserved as conservation or to lessen the impact of degrada-
tion. The versatility index (Kidd et al., 2015) assesses and maps soil
properties that evaluate the diversity of food production. Some of the
indicative property that can be potentially used include rootable soil
depth, and CEC.

Condition Having access to land that is capable of producing food and
is in good condition is affected by sufficient access to management
strategies and resources to secure food production and are adaptable to
the impacts of climate change and other external forces (Chivasa, 2019;
Pozza and Field, 2020). Some of the potential indicators include pH,
available water capacity EC and micronutrient content. The increasing
demand on food is impacting soil’s condition through land intensifica-
tion and further degrade the soil’s condition and impacts its ability to
also provide other soil functions (Lal, 2020; Landis, 2017; Squire et al.,
2015).

Capital Deriving value aligned with food security directly can be
measured by the value of the commodity produced (Kidd et al., 2015)
but undervalues the other functions that the soil also provides, or misses
the value derived from non-monetary sources such as ‘care’ (Pozza and
Field, 2020). More complex approaches based on soil data derived from
digital soil mapping protocols has the potential to translate selected soil
indicators into measures of capital, as well as value linked to peoples
connectivity (Richer-de-Forges et al., 2019; Robertson et al., 2012).
Land tenure has strong impact how land is valued and its subsequent
sustainable management (Hartvigsen, 2014; Obeng-Odoom, 2012). If
tenure is short or insecure, farmers will be less likely to invest time and
money into soil conservation, new technology, and sustainable cropping
systems (Besley, 1995; Fraser, 2004; Lovo, 2016).

Connectivity The connectivity the food producer has with their land is
serviced by having developed education capacity building strategies
(Pozza and Field, 2020). The well-established consumer connection to
land through a value beyond monetary is exemplified by the terroir
concept and has the potential to expand to other commodities where soil
condition or ‘health’ have the potential to be recognised (Chan, 2012;
Lambot et al., 2017; Nesto, 2010; Turbes et al., 2016) and used as in-
dicators. The implementation of certification schemes creates a link
between connectivity and codification by providing a form of gover-
nance and may assist with sustainable management.

Codification The delivery of certification programs linked to food
products and trends in environmental certifications is driven by con-
sumer demands to ensure that their products are produced sustainabil-
ity. The inclusion of soil indicators supporting this and recognising the
provenance of the food products may be indirectly linked to this
approach. The implementation of land classification systems such as;
Land Environments of New Zealand classification (Manaaki Whenua -
Landcare Research, 2019), Biophysical Strategic Agricultural Land
(NSW Government, 2019), and the Provisional Agricultural Land
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Classification in England and Wales (Natural England, 2019), and the
need for on-farm best practice soil management plans (Kidd et al., 2015)
are increasingly requiring soil indicators which can similarly we used to
assess the codification.

vii. Energy securing. Soils have both direct and indirect impacts on
available energy. The depletion of conventional fuels, such as petroleum
products and environmental concerns are the driving forces into
exploring renewable source of energy. Large quantities of biomass are
being produced globally, which can be potentially transformed into
biofuels.

Capacity indicators for energy security will include all those which
would define biomass production (if biomass is seen as a source of
renewable energy.) — primarily available water, pH and nutrients.
Secondarily, we could consider those soil indicators that are likely to
contribute to carbon neutrality.

Condition Indicators in phenosoils which might differentiate would
include reduced available water, structure, pH and nutrient changes and
possible compaction (bulk density). Contamination might not be an
issue — as the purpose of production is not for human consumption.
Secondarily, storage of heat energy (e.g., soil temperature at 50 cm) and
differential emission of greenhouse gases (especially methane, nitrous
oxide) would be indicators.

Capital The capital value of soil for energy production is related to
biomass production. The negative capital of greenhouse gas production
and reduced value of ecosystem services under biomass energy pro-
duction could also be estimated.

Connectivity This could be measured inter alia by consumers desire to
use energy. The public’s attitude to energy versus food production
preference for genosoils and phenosoils could also be measured.

Codification This could be quantified by measuring regulations
around (a) energy production versus food production, (b) limits on
greenhouse gas production.

Table 2
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6.2.3. Summary of soil services

By way of a summary, a tabulated list of potential indicators and
utility graphs for soil services for each of the soil security dimensions is
presented in Table 2. This list is illustrative and not exhaustive or
definitive.

6.3. Threats to soil

We prefer the terminology ‘threats to soil’ over the shorter ‘soil threats’
because the latter suggests that the soil is a threat to humanity or the
planet. There are instances of course where this is the case, e.g. dust from
soil, soil naturally high in lead - so there are threatening or hazardous
soils. Philosophically we can ask if these should be secured if they are
seen to be part of the ‘natural’ environment? Threats to soil have been
long recognised but the list has grown over the decades and now are
synonymous with a range of soil degradation processes, some of which
are ‘speeded up’ natural processes.

6.3.1. Our definition
Threats to soil is a set of soil-degrading processes which reduce soil
functionality and service ability and the existence of soil itself.

6.3.2. A comprehensive set related to soil process

When we consider threats to soil, the capability relates to that which
makes the soil vulnerable to the threats. This can be assessed based on
how resilient / buffered the soil is against the threat. Such a consider-
ation is related to concepts of soil fragility, soil vulnerability and soil
resilience. The inherent fragility (Clunes et al., 2022) of a soil that has
little resilience causes that any anthropic pressure reduces one or several
functions severely to a point from which it cannot recover and becomes
unstable. A soil with higher resilience will overcome anthropic pres-
sures, but its ability to perform soil functions may decrease progressively
while its fragility will increase, perhaps reaching a point of no return

Indicative list of indicators and utility graphs for a range of soil services for each of the soil security dimensions. (/) represents an increasing utility graph, (\\) a

decreasing one, (N) a mid-point optimum, (0,1) as binary, and m as categorical. The list is illustrative and not exhaustive. Note that some of the utility graphs (,/,\.)

might not exact! ollow a straight line relationshi )y ut cou! otentia € S1gMmOoll 5 or trapezoidal shapel 5 ased on certain threshold value.
igh ly foll ight line relationship, b 1d potentially be sigmoid (/~, "\) pezoidal shape( / \) based in threshold val

Services Capacity Condition Capital Connectivity Codification
Environmental Soil class ( Soil temperature (N); pH Market price of soil (,); Awareness and moral Soil integrity protection policies
maintaining (N); OC content (N); provision expense of an obligation to protect soil (,/); (0,1)

>

Current carbon content
(/); ground cover (/)

Genosoil’s carbon content
(/); specific heat
capacity (/)

Climate change
mitigation

(9]

outbreak (\,)

Soil carbon credit offset

consideration of soil
conservation (/)
Awareness of soil carbon
management practices (,);
awareness of green energy
(9]

Soil carbon policies (0,1)

Water securing

Biodiversity
protecting

Human health
mitigating

Food and
nutrition
securing

Energy securing

Genosoil’s carbon content
(/); structure grade (

-
Soil class (
m-l)*; Endemic soils

Genosoil’s concentration
of trace elements,
radionuclides, and
organic biocides (\.)

Rootable soil depth (,/);
CEC (")

AWC (,/); pH (N);
nutrients (/)

AWC (); OC content
(/); hydraulic
conductivity (,/); bulk
density (\.)

Soil structure, porosity,
pH (N); (functional)
biodiversity (/)
Concentration of
radionuclides, heavy
metals, exogenous
organic molecules (\,)

pH (M); EC (\J); ESP (\J);
bulk density (\);
micronutrient (/)

AWC (\); structure, pH
and nutrient changes,
bulk density (\,)

Costs of irrigation water
(\); water filtering value
(/); costs of flood
mitigation (/)
Willingness to pay for
biodiversity conservation
(9]

Value of nutritious
produce (/); health
expenses related to
deficiencies and toxicities
(QV]

Direct use valuation —
gross margin (); costs of
depletion (\,)

biomass production value
()

Awareness of productive
value of water (/);
implementation of water
conservation practices (/)
The awareness of the
ecosystem biodiversity
maintenance (/)
Awareness of source of food
related to food chain, i.e.
geophagia (/)

Implementation of BMP on
farms ()

Desire to use green energy
(); attitude to energy vs
food production ()

Water efficiency policies (0,1)

Existence of policies that protect
soils integrally (/); biodiversity acts
incorporating soil biodiversity (0,1)
Regulations related to carbon
storage in soils, man-made organic
substances, contamination
concentration limits (0,1)

Regulation of agricultural land, i.e.
prime agricultural land (0,1)

Regulations on energy production
versus food production (0,1);
regulation to limit greenhouse gas
production (0,1); competing land use
policy (0,1)

" Categorical level to be determined; Abbreviations. AWC: Available Water Capacity; BMP: Best Management Practices; CEC: Cation Exchange Capacity; EC:
Exchangeable Cations; ESP: Exchangeable Sodium Percentage; OC: Organic Carbon.
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after anthropic interventions (Clunes et al., 2022).
Here, we consider the following threats to soil:

1 (Accelerated) erosion.

2 Acidification.

3 Salinisation.

4 Decarbonisation.

5 Contamination.

6 Soil structural decline.

7 Habitat loss/degradation.
8 Soil sealing.

i. (Accelerated) erosion. Natural erosion has positive aspects in land-
scapes. The movement of soil and sediment transport via wind and water
is often responsible for the formation of fertile alluvial, colluvial and
loessic soils that support agriculture by increasing the rooting depth in
deposition sites. Anthropogenic erosion or human-induced erosion ac-
celerates and intensifies this process. The magnitude of accelerated
erosion affects the soil’s ability to perform its natural functions affecting
the productivity and stability of all ecosystems. Over time, erosion has
been associated with human interaction and is now recognised as a
major global threat (Lal, 2001; Montgomery, 2007; Pimentel and
Burgess, 2013).

Capacity Inherent soil properties that influence erosion susceptibility
include; dispersion ratio (Middleton, 1930) and aggregate stability
(Barthes and Roose, 2002), and particularly the shear strength of the soil
surface which will vary with moisture content and rooting density. A
surrogate such as surface cover is often used.

Condition Erosion is known to be accentuated in areas with unsuit-
able agricultural practices, harsh climates, steep topography, and poor
structural conditions. For water erosion, the revised universal soil loss
equation (RUSLE) uses the following soil characteristics to indicate in-
tensity of erosion; degree of slope, slope length and ground cover (Van
der Knijff et al., 2000). As for wind erosion, surface bulk density and soil
surface moisture are important indicators (Visser et al., 2004).

Capital Human induced erosion has affected 15% of the earth’s total
land area (Bridges and Oldeman, 1999). In 2016, the FAO global soil
partnership estimated a loss of 75 tons of soil per year from arable lands
at a value of USD$ 400 billion (Food and Agriculture Organization
[FAO], 2016). The method of avoided cost can also therefore be
attributed as a capital value.

Connectivity This threat is exacerbated by the current trajectory of
intensive land use or ameliorated through soil conservation practices.
Erosion has also become a growing research topic for both physical and
social scientists where the number of erosion research papers outside of
soil science can indicate connection across disciplines. Uptake of soil
conservation practices is an indicator of connectivity here.

Codification This dimension may be quantified by assessing number
of regulations enforced and incentives placed across all landforms and
environmental settings that directly and indirectly target erosion such as
the Good Agricultural and Environmental Conditions (GAEC) for land
framework in Europe.

ii. Acidification. While acid soils can be naturally formed the process of
acidification results from anthropogenic processes, including excess
application of fertilisers, crop removal, acid rain and exposure of acid
sulphate soils through drainage. Agricultural land management is a
significant factor affecting soil acidification (Koch et al., 2015) and with
the intensification of agricultural production and increased use of fer-
tilisers there is concern this will continue (Kopittke et al., 2019). While
topsoil acidity can be corrected, it is the subsoil acidification that is
extremely concerning, where remediation strategies are limited. A
comprehensive review of soil acidification, its impacts, management
and relationship to greenhouse gas fluxes is provided in Kunhikrishnan
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et al. (2016).

Capacity The pH buffering capacity of the soil will strongly affect the
soil’s ability to respond to the external pressures leading to its natural
pH change and would be an indicator of the soil’s capacity contributing
to its capability. This buffering capacity would be largely affected by the
clay content, mineral suite, and organic matter.

Condition The current pH of the soil reflects its condition where a pH
below 5.5, where up to 40% of Australia’s landmass has a pH < 4.0 being
classified as highly acidic (Kunhikrishnan et al., 2016) would be
considered as acid, affecting plant performance and the availability of
toxic elements, such as aluminium. Assessing the soils pH over a period
of time would confirm if acidification were occurring. A comparison of
genosoils and phenosoils would be critical in assessing this threat.

Capital In addition to measuring and mapping the current soil’s pH,
modelling the potential change in pH using the soil’s buffering capacity
and estimating the impact of soil acidifying practices (e.g. fertiliser
management) would enable changes in the soil pH to be predicted over
time. These pH values can then be translated into costs associated with
loss of productivity and/or amelioration (e.g. liming) to mitigate the
impact.

Connectivity The general acidification pressures on the soil are in
response to the soil’s management (e.g. addition of nitrogen fertilisers)
and its ability to recovery through remediation strategies such as liming.
Assessment of the soil’s buffering capacity and changes in its condition
through lime requirement models provide the connectivity needed to
predict the potential increase in soil pH with continued management
practices (Singh et al., 2003). Measurement of liming or fertiliser prac-
tice yield an estimate of human connectivity to this threat.

Codification Policies and regulations requiring the mapping and
monitoring of soil pH and change in the pH over time would be an in-
dicator addressing areas where soil acidification is occurring and
encourage the implementation of management strategies through
compliance.

iii. Salinisation. Soil salinisation is an important degradation process
consisting of the accumulation of soluble salts in the rooting zone of the
soil. Natural salinisation is mainly associated with arid and semi-arid
regions where evapotranspiration exceeds precipitation, which is not
enough to dissolve and leach salts. The source of the salts is natural
(parent material, groundwater and sea) but where the source is human-
induced excessive fertilisation or poorly designed irrigation with low
quality water (Vengosh, 2003) then we have threat of (accelerated)
salinisation.

Capacity The main indicator is the electrical conductivity of the
saturated paste extract (EC) and the exchangeable sodium percentage
(ESP) and the presence of surface efflorescence and halophytic plants.

Condition Changes in EC and ESP compared to natural conditions
(genosoil/phenosoil comparison) can indicate if management is pro-
moting the salinisation. Increasing development of columnar structure
may be an indicator of the ancillary process of sodification.

Capital Salinisation has a negative impact in crop production which
has direct economical impact that can be quantified. Some estimates
include AUD$ 200 - 300 million per year in Australia and $ 270-960
million in Pakistan (Sakadevan and Nguyen, 2010).

Connectivity In agricultural production, the effect of salinisation is
easy to observe (loss of production), hence farmers probably have a high
connectivity, therefore a survey of landholders on the effect of salini-
sation and mitigation practices would gauge connectivity.

Codification Potential indicators include regulations regarding fer-
tilisation and irrigation. Also, the existence of incentives to improve soil
already affected by salinity/sodicity is another possible indicator.

iv. Decarbonisation. Intensive agriculture has been the main cause of
soil decarbonisation. Estimates range from 30 to 50% of soil’s initial
organic carbon content had been lost after 10 - 20 years of cultivation.
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This rapid decline is due to the removal of native vegetation that
continually supply carbon into the soil and the rapid decomposition of
soils exposed to cultivation. Globally, it has been estimated that around
60 - 85 Pg SOC had been lost in agricultural soils due to intensive
cultivation (Padarian et al., 2022). Less discussed is the threat to inor-
ganic carbon (SIC) which accumulated in the soil as pedogenic car-
bonate or from parent materials. Agricultural practices, especially
ammonium-based fertilisation results in soil acidification that causes
the SIC loss (Zamanian et al., 2018).

Capacity The capability of the soil to store more carbon can be
determined based on process-based modelling or an empirical approach.
The capacity is controlled by extrinsic climate factors but probably the
most important intrinsic soil factor is the amount of adsorption or charge
which can be measured by the clay (and silt) content and mineralogy.
Clay (and silt) divided by CEC may be a good proxy indicator of potential
capacity.

Condition SOC and SIC content would reflect much of the soil con-
ditions. SOC can be audited with great confidence with proper sampling
methodology (de Gruijter et al., 2016). In addition, SOC fractions such
as mineral associated or particulate organic carbon would reflect the
amount of C protected and available for plant microbes. An empirical
approach is the ratio of SOC to clay that indicates the level of OC
saturation, with a value of 1/10 considered as a good ratio. Values lower
than a threshold that is climate and soil specific would be considered
degraded (Prout et al., 2020). Ratios for subsoils are less clear. Another
benchmark is a comparison with the level of SOC or SIC of a local
genosoil.

Capital The pursuit of net zero emission has boosted soil carbon as a
nature-based offset. There is a continuing demand for CO;, offsets, with a
value in Australia set around $ 15 per tonne CO» since 2019 to a market
price over $ 50 per ton CO; in 2022 (Wood and Reeve, 2022).

Connectivity Soil carbon has gained prominence in the world of
organic and regenerative agriculture. The adoption of regenerative
practices or carbon farming could be a measure of connectivity. In
addition, the labelling of organic or sustainable produce may indicate
the demand or awareness of produce grown on healthy soils.

Codification There has been various policies in soil carbon as part of
climate change mitigation. At the global level, the UNFCCC Kyoto Pro-
tocol recognised soil carbon as a sink. The most relevant at the country
level include the inclusion of soil carbon in the Nationally Determined
Contribution (NDC) emission reduction (Wiese et al., 2021).
Government-supported soil carbon offset schemes are another policy
mechanism that secures and enhances soil carbon.

v. Contamination. Contaminated soils are soils in which the chemicals
(inorganic and organic compounds) are at a concentration that cause
potential risks to humans and the environment. FAO estimated that soil
pollution affects the production of safe and sufficient food, compro-
mising global food security (Diaz et al., 2019). This threat is strongly
related to the disservice human health mitigating as it is a threat to soil,
but also to the environment and to the human (Morgado et al., 2018).
This threat occurs in nearly all cases as a result of man-made point or
diffuse sources (Gregory et al., 2015).

Capacity The diversity of organisms is one of the main indicators of
soil vulnerability to contamination, as greater diversity usually means
more toxicological processes acting within the soil. Other indicators
would involve soil organic and inorganic adsorption characteristics.

Condition Pollutants induce changes in all kinds of biota, related to C,
N, P, and S cycles and their sensitivity to contamination. N-deposition
affects pH and hence biodiversity. Earthworms and springtails are sen-
sitive to metals and could be used as indicators. Metabolic quotient and
microbial respiration are indicators of Cu and Zn pollution. The fate of
pollutants is also determined by a number of pore-scale processes abiotic
degradation, redox processes, precipitation and ion exchange, amongst
others, but a number of indicators related to soil biological and chemical
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properties can be used.

Capital The capital value of contaminated soils depends on the
financial consequences of ignoring the pollution and its effect or the
financial consequences or management consequences for de-pollution. It
depends on the destination of the land and the connectivity. Economic
loss due to soil pollution and contamination in terms of increased use of
agrochemicals, unsafe food and polluted water (indirect loss of
biodiversity).

Connectivity Soil waste dumps (industrial and household) polluting
soils, coal gas, petrol station, pesticides decrease connectivity. Connec-
tivity can be assessed by the ability of human population to assess
contamination (Lopez-Aguilar et al., 2022) and their willingness to
mitigate it.

Codification Many governance and legal frameworks to tackle soil
pollution have been developed including a soil protection framework in
the EU, an International Code of Conduct on Pesticide Management
(Pesticide Code), adopted by FAO Member Nations in 2013, Global
Action Plan on Antimicrobial Resistance, International Code of Conduct
for the Sustainable Use and Management of Fertilisers (Fertiliser Code).

vi. Soil structural decline. Soil structural decline refers to the destruction
of aggregates and loss of soil structure resulting from several processes
like loss of organic matter, irrigation or leaching of saline-sodic soils
(Bethune and Batey, 2002), compaction caused by traffic of agricultural
machinery (Batey, 2009). This threat has cascading effects on several
soil functions (water regulation, habitat for biodiversity, carbon storage)
(Rabot et al., 2018) and is related to other threats (e.g., accelerated
erosion, decarbonisation).

Capacity The soil’s inherent fragility and resilience to structural
decline will vary with the stage of soil development and soil type. Soil
physical properties in interaction with environmental factors (climate
and relief) will determine the soil’s susceptibility to irreversible loss of
functionality linked to compaction caused by machinery traffic (Batey,
2009; Ward et al., 2021). Aggregate stability of genosoils would serve as
a good indicator of inherent soil structural stability.

Condition This dimension is probably the most relevant for estimating
the resilience to soil structural decline, as soil structure is a dynamic
attribute itself that results from the interaction between biotic and
abiotic soil components (organic matter content, porosity, aggregate
stability, soil meso- and macrofauna). Multiple field visual estimates,
laboratory analyses and semi-automated imaging techniques can be
applied to estimate the current condition of soil structure in relation
with several soil functions (Rabot et al., 2018). A comparison between
genosoils and phenosoils would indicate the quantum of change.

Capital The method of avoided costs or replacement costs could be
applied to quantify the (loss of) capital associated to soil structural
decline. The effects of soil compaction and structural decline on farm
yield loss was estimated to be $2 billion annually for the USA and $ 0.8
billion for Canada for the year 1990 (Lal, 1991).

Connectivity This dimension can be assessed by surveying the
knowledge of farmers on the effects of soil compaction on yield decline.
Another indicator could be the number of workshop days spent by soil
users on soil structure mitigation and extension programs.

Codification Policies and incentives for reducing the traffic of agri-
cultural machinery (e.g., no tillage) and the loss of carbon are relevant
indicators.

vii. Soil sealing. Soil sealing, unlike some of the other threats to soil is
not an accelerated natural process. It is the loss of soil resources due to
covering by impermeable material. Soil sealing was identified as one of
the main soil degradation processes in the Soil Thematic Strategy (Eu-
ropean Commission, 2006) as future generations would not be able to
see the healthy soil comes back within their lifetime (European Com-
mission, 2012). Soil sealing driven by urban sprawl is characteristic of
numerous cities nowadays as a phase of a country’s development
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towards modernisation.

Capacity The capacity of soil to be resilient to soil sealing can be
measured using the identification of soil property that prevents the
occurrence of soil sealing in the first place, i.e. shrink-swell capacity,
linear shrinkage. Soil sealing directly influences the soil’s functions (i.e.
food and biomass production, biodiversity and potential carbon
sequestration (Seto et al., 2012; Tobias et al., 2018)) and its regulating
services (i.e. prohibiting water infiltration and causing stronger surface
run-off (Du et al., 2015; Scalenghe and Marsan, 2009)). Parameters that
could be used include legacy land use data. Other proxy indicators that
measure water infiltration rate could also potentially be used, i.e. clay
content and aggregate stability.

Condition The current land use type and land take rate (Ronchi et al.,
2019) can be used to identify urban expansion. Another possible proxy
index is common urbanisation intensity index (CUII), which measure the
urbanisation intensity for a spatial unit during a certain time span,
which could be an effective method to reflect the dynamics of soil
sealing due to urban sprawl (Li et al., 2018).

Capital The occurrence of soil sealing can be linked to population
growth and economic development. However, perhaps the valuation of
soil should be linked to its ability to provide ecosystem services, and the
implementation of land sealing fees.

Connectivity Raising awareness of decision-makers, planners and
residents about the value of soil for creating life quality in urban areas by
providing ecosystem services, at the same time underlining the negative
consequences of aland management approach with limited protection of
soil resources.

Codification The use of land is nearly always a trade-off between
various socio-economic and environmental factors, i.e. housing, trans-
port infrastructure, energy production, agriculture, and nature protec-
tion (European Commission, 2012). To promote sustainable soil
management, various strategies and policies could be adopted, including
the implementation of land use and spatial planning approach, i.e. urban
growth boundaries setting (Gennaio et al., 2009), and the pursuance of
brownfield regeneration.

viii. Habitat loss/degradation. Aside from providing various ecosystem
services, soils are habitat for many species. Habitat loss and degradation
can be defined as a decline and loss of habitat for both above- and
belowground species. In the recent decades, due human activities (i.e.
agriculture and urbanisation), habitat loss is occurring at alarming rate.
This threat can potentially be linked to the inability of soil to perform its
functions.

Capacity Because the interactions between soil biota and soil matrix
are fundamental, the loss of habitat for the ground-foraging mammals
means a reduced ability to perform ecosystem services. Indicators that
contribute to greater food and biomass production (one of the main
drivers) could potentially be used, i.e. carbon and pH (buffering).

Condition The habitat loss essentially affects the biodiversity. Hence,
any indicators related to habitat biodiversity could potentially be uti-
lised, including tree density and species richness despite that the above
ground biodiversity is more widely reported than those below ground
(Jeffery and Gardi, 2010). Changes in soil faunal and microbial diversity
of phenosoils versus genosoils would be direct indicators of condition.

Capital From the decision maker’s point of view, habitat loss can be
linked to loss of ecosystem services, which is essentially a negative
balance on the natural capital accounting book. Another approach is to
introduce the environmental costs (i.e. habitat loss fees) into final
products which are shared within producers and consumers.

Connectivity To prevent further disruption in soil, there needs to be a
connection between producers and consumers. This could be measured
by assessing the accessibility / transparency of the origin of the com-
modities linked to land degradation and for food production

Codification The implementation of land use planning would assist in
reducing habitat loss within the environment.
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6.3.3. Summary of threats to soil

By way of a summary a tabulated list of potential indicators and
utility graphs for threats to soil for each of the soil security dimensions is
presented in Table 3. Once again, this list is indicative and not
exhaustive.

7. Modelling approaches
7.1. Selection of a minimum dataset of indicators

In the literature, once a set of potential indicators is defined and
samples have been collected, it is common to use numerical methods to
further refine the set of indicators, generating what is usually referred to
as minimum dataset (MDS). For instance, Andrews et al. (2002b) used
PCA to select the MDS, discarding correlated and irrelevant indicators
for a given function. As Andrews et al. (2002b) reported, the largest
limitation of this approach is that the final MDS (and hence the resulting
security score) is management and site-specific. This makes the assess-
ment and comparison of the soil security status in space and time
challenging.

To address this limitation, we propose the use of a carefully curated
MDS. This implies measuring a suite of soil properties that describe soil
as an entity. When compiling Tables 1-3, we utilised some 65 unique soil
properties that we propose as a starting potential dataset (PDS). Many of
these properties are routinely measured or can be predicted using
pedotransfer functions and soil spectral calibration models. This set can
then be used within our proposed soil security framework or others, such
as the comprehensive (global) soil classification system developed by
Hughes et al. (2017) which uses a suite of 23 soil properties with a large
overlap with our proposed PDS. This PDS also coincides with many of
the soil properties used in methods to assess soil quality (Biinemann
et al., 2018). These soil properties mostly encompass the capacity and
condition dimensions but possibly can be extended to assess the rest of
the dimensions. A major difference with previous approaches are the
economic, social and policy indicators and the comparison of phenosoils
and genosoils for a particular evaluation.

7.2. Transformation of indicators into scores using utility graphs

To easily compare and integrate different indicators, it is necessary
to convert them to a common space. In the literature, this is usually done
by mapping a soil indicator to a score using a mathematical function (e.
g. Andrews et al. (2002b); Volchko et al. (2014)). Here, we reiterate that
we refer to such a mathematical function as a “utility graph” to avoid
confusion with the more extant “soil function*. The utility graph repre-
sents the relationship between a soil indicator and a target score that
depends on the function, service or threat.

The shape of the utility graph will be defined, as a first attempt, by
expert knowledge to depict well-known responses reported in the liter-
ature. For example, Volchko et al. (2014) use “more is better”, “opti-
mum”, and “less is better” to describe the general shape. In Table 1-3, we
used a similar approach to define four to six general shapes for each
indicator, namely “higher is better”, “optimum”, “less is better”, “bi-
nary”, and “categorical” (Fig. 3; utility graphs).

When multiple scores are available (assuming that they have not
been already integrated to generate a utility surface), it is necessary to
combine them into a single score. Andrews et al. (2002) used the ei-
genvalues of the relevant principal components (i.e. with eigenvalues >
1) normalised by their sum to assign a weight to each indicator score,
which are then added. We argue that this PCA approach may have been
misapplied. Using highly correlated indicators in a PCA overemphasises
their contribution to principal components (since they generally end up
in the same component), distorting the analysis result (Bernstein et al.,
1988; Wasfy et al., 2020). From a dimensionality reduction perspective,
this is not a problem, but it can be problematic if the PCA results are used
further (Robertson et al., 2001). This is the case in most current
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Table 3
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Indicative list of indicators and utility graphs for resisting a range of threats to soil for each of the soil security dimensions. () represents an increasing utility graph,

(\J) a decreasing one, (N) a mid-point optimum, (0,1) as binary, and W as categorical. The list is illustrative and not exhaustive. Note that some of the utility graphs
(7, \\) might not exactly follow a straight line relationship, but could potentially be sigmoid (/~, ) or trapezoidal shape(/ , \) based on certain threshold

value.
Threats Capacity Condition Capital Connectivity Codification
Accelerated Aggregate stability (/); Degree of slope (\.); slope  Avoided cost of erosion (/)  Collaboration of farmers, Regulations and incentives to
erosion soil surface shear length (\); ground cover government agencies, prevent erosion (0,1); policies
strength (/) (/); bulk density (N) contractors (/); research papers to restore eroded land (0,1)
across disciplines (/)
Acidification pH buffering capacity pH (N) Loss of production (\\); cost  Implementation of BMP (,/); Regulation policy
(V4] of liming (\.) knowledge of pH optima (/) (0,1); liming incentives (/)
Salinisation Genosoil EC and ESP (\); Current EC (\.); ESP (\\) Impact on food production Farmers knowledge (0,1); BMP Regulations regarding
deep drainage (/) cost (\\) for irrigation (/') fertilisation and irrigation
0,1)
Decarbonisation Genosoil’s carbon Current carbon content Carbon credit offset () Adoption of agroecological - Carbon policies
content (/); ()] regenerative agriculture (/); implementation, i.e. Kyoto
awareness of produce grown protocol (); presence of
sustainably (/) carbon market (0,1);
Contamination Genosoil’s biodiversity pH(N); biodiversity() Cost of polluted soils and Awareness of proper way of Soil pollution protection act

Soil structural
decline

Soil sealing

Habitat loss/
degradation

(/); CEC ()

Vulnerability to
compaction by soil type/
texture class and climatic
zone, (\,)

Linear shrinkage (\\)

Genosoil’s carbon
content (,”); pH
buffering capacity (,);
redox poise (/)

Porosity (); carbon
content (/); COLE (linear
extendability) (/)

Land use intensity (\);
urban sprawl map (\);
amount of artificial
surface (\.)

Tree density (,); soil
species richness ()

clean up (\\)

Amelioration costs (\.)

Implementation of sealing
fees (7); payment for loss
of natural resources ()

Habitat loss penalties (/)

disposal for various compounds
()

Knowledge of farmers on
trafficability (/)

Attitude towards infrastructure
development vs ecosystem
services (\\)

Attitude towards food source
coming from responsible farmers
(9]

0,1)

Regulations on carbon farming
and no tillage practices (0,1)

Regulations on land use
planning (0,1); brownfield
regeneration (/)

Regulations on land use
planning (0,1)

*Categorical level to be determined; Abbreviations. BMP: Best Management Practices; CEC: Cation Exchange Capacity; COLE: Coefficient of Linear Extensibility; EC:
Exchangeable Cations; ESP: Exchangeable Sodium Percentage.

Water securing Salinisation A producer of food
(capacity) (condition) and biomass
(condition)
[}
o]
(&
(2]
AWC EC pH
Soil sealing Biodiversity
(codification) protecting
(capacity)
[0}
<]
3

Presence of land use
planning regulation

Stage of
soil development

Fig. 3. Examples of utility graphs across various roles and dimensions.
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approaches to assessing soil security where highly correlated indicators
are not discarded before performing a PCA and the distorted results
(eigenvalues and factor loading) are used to assign weights to the
different indicators. Since our approach uses a complete suite of in-
dicators, our proposed methods must be able to deal with challenges
such as multicollinearity and features with low variance.

7.3. Integration of various security scores

In the literature, most approaches generate a single score that reflects
various functions or services (e.g. Calvet-Mir et al., 2012; Mendes et al.,
2021), similar to what we consider in the intersection of capacity/-
condition and functions/services. Our proposal is a highly-granular,
integrative framework where we try to define independent scores for
each function, service and threat. However, the multiple scores can also
be aggregated at different roles and dimensions (Fig. 4) depending on
the purpose of the assessment.

Aggregation can be applied to each row and column of our score
matrix to obtain poly- and multi-scores, respectively or to the whole
score matrix to determine the pluripotency of the soil. At every level of
aggregation, the scores can be used to compare two locations or time
periods based on their Euclidean (or some other) distance considering
their overall security or focusing on specific aspects.

The most straightforward aggregation strategy is obtaining an
average score which gives a general overview of the soil security at a
specific location or time period. Since actions taken to increase soil se-
curity will most likely focus on priority areas, obtaining the minimum
score can be another useful aggregation strategy to identify the limiting
factor, also avoiding obscuring low-security scores.

It is worth noting that, although illustrative, reducing the complexity
of soil security to a single value is not generally recommended. While the
different categories were defined by trying to keep them independent
from each other, in reality, there are many interactions, and we should
move towards a framework that can account for them. In the literature,
several lines of work have accounted for interaction between soil func-
tions and could be extended to be used within our framework. Some
examples include statistical modelling with Bayesian belief networks
(Vrebos et al., 2020), multi-criteria decision modelling (Debeljak et al.,
2019), and co-occurrence with correlation studies (Zwetsloot et al.,
2020).

An example of multi-criteria decision modelling is the analytical
hierarchy process (AHP). The soil security score matrix has been
designed from a soil-centric perspective, without considering stake-
holders’ preferences. In reality, decisions have to be made, sometimes
decreasing the security in certain aspects to increase it in others. For
example, in general, food production has an implicit cost in terms of soil
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biodiversity (de Graaff et al., 2019; Tsiafouli et al., 2015). We need to
produce food to eat, so, how much biodiversity are we willing to sac-
rifice? These trade-offs and interactions can be accounted for using AHP.
This method is capable of solving a prioritisation problem by assigning
different weights to each cell of our soil security score matrix to fit
certain purposes. Each stakeholder can assign different weights to each
cell of the score matrix which then can be used to combine the security
scores. Of course, to successfully apply such an approach it is necessary
to gather a diverse group of stakeholders to avoid bias.

8. Discussion
8.1. Should genosoils and phenosoils be a target?

The short answer is it depends, but generally we are interested in
learning about soil change and resistance to change. Soil changes
through time impacted by human intervention and global change
responding to the natural pedogenetic processes. This is captured by the
concepts of genosoils and phenosoils. However, the interpretation of soil
change can vary from degradation to improvement depending on the
intended soil use or management objective. An analysis of the trade-offs
and synergies between functions, services, and resilience to threats, and
how these vary will benefit from the comparison of phenosoils to their
genosoils. Weighing and aggregation methods that incorporate the
preferences of different stakeholder groups (e.g., AHP), and the criteria
to choose the optimal management scenarios (e.g., all soil functions
fulfil a critical performance level, or selected functions are maximised)
will influence the assessment, and thus either genosoils or phenosoils
can result as the management target. Should there be an overall positive
improvement of phenosoils in comparison to the genosoils, then geno-
soils do not necessarily have to be the target. However, if there is a
negative contribution from phenosoils in comparison to the genosoils,
management interventions should be implemented to “return” the
phenosoil to its original state if possible. If phenosoil cannot be returned
to its original state, then in a logical sense this define it as a new
genosoil.

8.2. Aggregations

To assess how secure the soil is to support humanity and planetary
functioning, evaluation of these approaches needs to be aggregated.
There have been many studies focusing on soil multifunctionality
(Coyle et al., 2016; Schulte et al., 2015; Zwetsloot et al., 2020). How-
ever, there aggregations could be done in various ways, depending on
the purpose of the assessment.

Fig. 4. The overall soil security assessment
will consider a set of Functions, Services
and Threats evaluated for each of the soil
security dimensions. Each of the 15 cells in
the body of the table represent the appro-

»  Poly-capacity priate aggregation across dimensions for
each role (i.e. red arrow), and across roles
for each dimension (i.e. blue arrow). We
highlighted an example of aggregation of
function over all the dimensions to estimate
multi-functionality, as well as aggregation
of capacity across all roles to estimate poly-
capacity.

Poly-condition
Poly-capital

Poly-connectivity

Poly-codification

Pluripotency

Functions Services Threats
Capacity
Condition
Dimension  haaa
Connectivity
Codification v
ﬁz &( Multi-threat
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8.2.1. Aggregating roles over dimensions

The overall functional delivery of a soil is conditioned upon syn-
ergies and trade-offs between functions. How the synergies and in-
teractions between functions vary with land use, climate and soil class is
accounted for in the multifunctionality of a soil. Here, multifunctionality
refers to the fulfilment of all functions over the five dimensions of soil
security.

Similarly, the multitude of services provided by soils is accounted for
in the multi-serviceability. These services provided overlap with each
other. Hence, there is a need to assess it as a whole, i.e. soil acts as a sink
for carbon as part of its climate change mitigation services, but with this
service, it potentially affects the water cycle (water securing services)
and other services as well. Assessing multi-serviceability is similar to
evaluation of the ecosystem services provided by soils.

The multi-threat of a soil refers to the evaluation for each threat to
soil each combined over all dimensions. The combination can be esti-
mated via one of several approaches; the most likely of which are the
AHP, the minimum or average operator from fuzzy sets. For a multi-
threat evaluation, the dimensions are assessed for their resilience to
the threat.

8.2.2. Aggregating dimensions over roles

Although multi-functionality has previously been estimated (Coyle
et al., 2016; Schulte et al., 2015; Zwetsloot et al., 2020), it is not defined
in the same way as we propose. Here, we can extend the concept to
consider more dimensions than condition and capacity (Fig. 4). So, we
can also define and estimate multi-serviceability and multi-threat. In the
same manner, we can aggregate the dimensions across the roles. This
gives us a number of previously unrecognised concepts, which here we
prefix the term poly- suggesting ‘many’. So, we have poly-capacity,
poly-condition, poly-capital, poly-connectivity and poly-codification.

It remains to be seen if these concepts are useful. For example, do the
scores which give a soil a high score, for say functions and services, also
give a high score for surety (low threats)? Where the scores diverge
across the roles does this indicate potential interventions? It will be
interesting to see whether poly-codification is possible. The value or
deficiency of these concepts will only be revealed when real-world case
studies are evaluated.

8.2.3. Pluripotency

Each of the multiple soil functional, soil service and threat to soil
combinations can be fused to give a grand assessment. Likewise, a
similar evaluation can be made by combining the poly-capacity, poly-
condition, poly-capital, poly-connectivity and poly-codification evalu-
ations. Hopefully, the combination of horizontal marginal combinations
(multi-) and the vertical marginal combinations (poly-) will yield the
same overall aggregation which can be considered a comprehensive
view. It will be useful to drill down to highlight the functions, services or
threats to soil and the dimensions which are the most limiting to soil
security; this will suggest management or policy options for enhancing
security.

8.3. Resilience

Resistance contains the notion that the soil through its properties
which bestow functionality, service, or threat is difficult to change
throughout a disturbance (better termed buffered) whereas resilience
refers to the elasticity of capacity to recover, and together inform on the
sustainability of a particular use (Williams and Chartres, 1991) through
time. The genosoil-phenosoil duality allows us to estimate the magni-
tude of change and hence the resistance against decline in soil functions
and services. Resilience assessments are more difficult to document as
they require data from long-term soil experiments (e.g., North American
Long-Term Soil Productivity study (Powers et al., 2005)) but can also
rely on chronosequence studies after land use abandonment or resto-
ration (Kurganova et al., 2019; Teixeira et al., 2020). Soil resilience
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depends on soil type, climate, vegetation, land use, disturbance regime,
and temporal and spatial scale (Seybold et al., 1999), factors that also
influence the functions and services of genosoils and phenosoils. Thus,
genosoil and phenosoil comparisons could inform the trajectory and
thresholds in soil recovery, with some considerations: presence or lack
of hysteresis, the degree of recovery relative to the initial state (pre--
disturbance reference), the temporal scale of recovery and required
management practices. The presence of tipping points is hypothesised
but rarely observed or documented for soil systems (Kuzyakov and
Zamanian, 2019). In this proposal, the utility graphs of ability to buffer
threats to soil (Table 3) are most related to the resilience of soil prop-
erties, whereas the comparison between genosoils and phenosoils across
dimensions inform of the resilience of soil functions (Table 1) and ser-
vices (Table 2). In soil security, resilience can apply not only to condi-
tion, but to all dimensions. Resilience of capital, connectivity or
codification dimensions are of course more related to economic elas-
ticity and the plasticity of socio-political systems than to the soil itself.

8.4. How to implement the proposal?

The main purpose of this paper is to outline a detailed comprehen-
sive scheme for evaluating soil security. We can imagine an iterative
process the first step of which is to apply the outline proposal to a real-
world area of interest. An appropriate realistic area might be a small
river catchment (watershed) - at least a region with enough pedodi-
versity that might illustrate different states of the three roles - soil
functioning, serviceability, and threats - largely manifested via different
classes of soil and land use - so together reflecting different states of soil
security. Individual fields or farms are unlikely to demonstrate that level
of diversity.

An appropriate sampling approach would be a stratified random
design with strata defined by genosoils (soil-forming factors) and further
divided into various phenosoils (land-use history), In addition to soil
observations a range of stakeholders (inter alia landholders and man-
agers, local authorities and communities, NGOs) interested in the se-
curity of the soil within the area of interest would have to be recruited.
Their role is to evaluate success and to refine scoring functions and to
help assess weights for multi-attribute combination (e.g., by AHP). A
sampling design for their recruitment also needs to be considered.

Success of the evaluation system may be assessed by a number of
factors including:

1 Some biophysical modelling for the capacity and condition
dimensions

2 Economic modelling for the capital dimension

3 Stakeholder agreement for the connectivity and codification
dimensions

4 Sensitivity or redundancy of indicators

5 Time taken to complete the process

6 Ability to suggest ameliorative measures

This would then feedback into a new version of the indicators,
scoring functions, weights etc. When the framework is stable then an
appropriate digital tool for its application can be assembled. Finally, at
this stage we have chosen not to add ‘soil ecosystem services’ as a
separate role because i) there is a large number of soil ecosystem ser-
vices, ii) work is needed to measure and quantify many of them, and iii)
they are potentially possibly expensive to measure. As the science of soil
ecosystem services clarifies, we may be able to add this category as a
fourth role.

9. Conclusions

e In the assessment of soil’s ongoing value to humanity and planetary
functioning many overlapping concepts have been developed, but all
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are to some extent incomplete. Here we purposefully attempt a more
systematic and thorough assessment.

o Soil functions, soil services and threats to soil are three roles of soil to

consider concomitantly to gauge the ongoing ability of a soil to

support humanity and planetary functioning.

For each of the fifteen intersections of the five soil security di-

mensions and the three roles, we propose an indicative (and admit-

tedly inexhaustive) set of indicators and utility graphs to assess soil
security.

e Previous approaches to quantification and aggregation have been
constrained by the context of the applications which make them
difficult to compare as they involve some arbitrary definitions. We
suggest new systematic, algorithmic, and objective methods which
are transferable across time and space.

e We recognise various modes of aggregation beyond multi-
functionality, e.g., multi-service and poly-capacity.

e We have proposed a generic approach to, and outline framework for,
soil security evaluations which should now be tested and improved
in real-world situations locally and regionally.

Declaration of interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgement

We acknowledge the support of the Australian Research Council
Laureate Fellowship (FL210100054) on Soil Security entitled ‘A calcu-
lable approach to securing Australia’s soil’.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.soisec.2023.100086.

References

Alexander, P.D., Bragg, N.C., Meade, R., Padelopoulos, G., Watts, O., 2008. Peat in
horticulture and conservation: the UK response to a changing world. Mires Peat 3.

Allen, H.E., Huang, C.-.P., Bailey, G.W., Bowers, A.R., 1994. Metal Speciation and
Contamination of Soil. CRC Press.

Amundson, R., Berhe, A.A., Hopmans, J.W., Olson, C., Sztein, A.E., Sparks, D.L., 2015.
Soil science. Soil and human security in the 21st century. Science 348 (6235),
1261071.

Anderson, R.L., Sutherland, J.R., 1989. Soil-Pest Relationships. Agriculture Handbook 67
(680), 16.

Andrews, S.S., Karlen, D.L., Mitchell, J.P., 2002a. A comparison of soil quality indexing
methods for vegetable production systems in Northern California. Agr. Ecosyst.
Environ. 90 (1), 25-45.

Andrews, S.S., Mitchell, J.P., Mancinelli, R., Karlen, D.L., Hartz, T.K., Horwath, W.R.,
Pettygrove, G.S., Scow, K.M., Munk, D.S., 2002b. On-farm assessment of soil quality
in California’s central valley. Agron. J. 94 (1), 12-23.

Barré, P., Angers, D.A., Basile-Doelsch, L., Bispo, A., Cécillon, L., Chenu, C., Chevallier, T.,
Derrien, D., Eglin, T.K., Pellerin, S., 2017. Ideas and perspectives: can we use the soil
carbon saturation deficit to quantitatively assess the soil carbon storage potential, or
should we explore other strategies? Biogeosci. Discuss 2017, 1-12.

Barthes, B., Roose, E., 2002. Aggregate stability as an indicator of soil susceptibility to
runoff and erosion; validation at several levels. Catena 47 (2), 133-149.

Batey, T., 2009. Soil compaction and soil management - a review. Soil Use Manag. 25 (4),
335-345.

Baveye, P.C., Baveye, J., Gowdy, J., 2016. Soil "Ecosystem" Services and Natural Capital:
critical Appraisal of Research on Uncertain Ground. Front. Env. Sci.-Switz 4, 1-49.

Bernstein, I.H., Garbin, C.P., Teng, G.K., 1988. Exploratory Factor analysis, Applied
multivariate Analysis. Springer, pp. 157-197.

19

Soil Security 10 (2023) 100086

Besley, T., 1995. Property-Rights and Investment Incentives - Theory and Evidence from
Ghana. J. Polit. Econ. 103 (5), 903-937.

Bethune, M.G., Batey, T.J., 2002. Impact on soil hydraulic properties resulting from
irrigating saline-sodic soils with low salinity water. Aust. J. Exp. Agr. 42 (3),
273-279.

Bispo, A., Cluzeau, D., Creamer, R., Dombos, M., Graefe, U., Krogh, P., Sousa, J.,
Peres, G., Rutgers, M., Winding, A., Rombke, J., 2009. Indicators for monitoring soil
biodiversity. Integr. Environ. Assess Manag. 5 (4), 717-719.

Blum, W.E.H., 2005. Functions of Soil for Society and the Environment. Rev. Environ.
Sci. Bio/Technology 4 (3), 75-79.

Blum, W.E.H., Warkentin, B.P., Frossard, E., 2022. Soil, human society and the
environment. In: Geological Society, 266. Special Publications, London, pp. 1-8.

Bouma, J., van Ittersum, M.K., Stoorvogel, J.J., Batjes, N.H., Droogers, P., Pulleman, M.
M., 2017. Soil Capability: exploring the functional potentials of soils. Global Soil
Secur. 27-44.

Braat, L.C., de Groot, R., 2012. The ecosystem services agenda:bridging the worlds of
natural science and economics, conservation and development, and public and
private policy. Ecosyst. Services 1 (1), 4-15.

Brevik, E.C., Slaughter, L., Singh, B.R., Steffan, J.J., Collier, D., Barnhart, P., Pereira, P.,
2020. Soil and Human Health: current Status and Future Needs. Air Soil Water Res.
13, 1178622120934441.

Bridges, E.M., Oldeman, L.R., 1999. Global assessment of human-induced soil
degradation. Arid Soil Res. Rehabilit. 13 (4), 319-325.

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

Calvet-Mir, L., Gomez-Baggethun, E., Reyes-Garcia, V., 2012. Beyond food production:
ecosystem services provided by home gardens. A case study in Vall Fosca, Catalan
Pyrenees, Northeastern Spain. Ecol. Econ. 74, 153-160.

Calzolari, C., Ungaro, F., Filippi, N., Guermandi, M., Malucelli, F., Marchi, N.,
Staffilani, F., Tarocco, P., 2016. A methodological framework to assess the multiple
contributions of soils to ecosystem services delivery at regional scale. Geoderma 261,
190-203.

Chan, S.C., 2012. Terroir and Green Tea in China: the Case of Meijiawu Dragon Well
(Longjing) Tea. In: Augustin-Jean, L., Ilbert, H., Saavedra-Rivano, N. (Eds.),
Geographical Indications and International Agricultural Trade. Palgrave Macmillan,
UK, London, pp. 226-238.

Chen, Q.L., Ding, J., Zhu, D., Hu, H.W., Delgado-Baquerizo, M., Ma, Y.B., He, J.Z., Zhu, Y.
G., 2020. Rare microbial taxa as the major drivers of ecosystem multifunctionality in
long-term fertilized soils. Soil Biol. Biochem 141.

Chen, S., Arrouays, D., Angers, D.A., Chenu, C., Barre, P., Martin, M.P., Saby, N.P.A.,
Walter, C., 2019. National estimation of soil organic carbon storage potential for
arable soils: a data-driven approach coupled with carbon-landscape zones. Sci. Total
Environ. 666, 355-367.

Chivasa, N., 2019. Sustainability of food production support services offered by
Sustainable Agriculture Trust to subsistence farmers in Bikita District. Zimbabwe.
Jamba 11 (1), 526.

Clunes, J., Valle, S., Dorner, J., Martinez, O., Pinochet, D., Zuniga, F., Blum, W.E.H.,
2022. Soil fragility: a concept to ensure a sustainable use of soils. Ecol. Indic. 139,
108969.

Comerford, N.B., Franzluebbers, A.J., Stromberger, M.E., Morris, L., Markewitz, D.,
Moore, R., 2013. Assessment and Evaluation of Soil Ecosystem Services. Soil
Horizons 54 (3) sh12-10-0028.

Commission of the European Communities, 2006. Proposal For a Directive of the
European Parliament and of the Council, Establishing a Framework For the
Protection of Soil and Amending Directive 2004/35/EC COM 231 final, Brussels.

Costanza, R., d’Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K.,
Naeem, S., ONeill, R.V., Paruelo, J., Raskin, R.G., Sutton, P., vandenBelt, M., 1997.
The value of the world’s ecosystem services and natural capital. Nature 387 (6630),
253-260.

Coyle, C., Creamer, R.E., Schulte, R.P.O., O’Sullivan, L., Jordan, P., 2016. A Functional
Land Management conceptual framework under soil drainage and land use
scenarios. Environ. Sci. Policy 56, 39-48.

Davidson, D., Wilson, C., 2006. An assessment of potential soil indicators for the
preservation of Cultural Heritage.

de Graaff, M.-.A., Hornslein, N., Throop, H.L., Kardol, P., van Diepen, L.T.A., 2019.
Effects of agricultural intensification on soil biodiversity and implications for
ecosystem functioning: a meta-analysis. Adv. Agron. 155, 1-44.

de Groot, R.S., Wilson, M.A., Boumans, R.M.J., 2002. A typology for the classification,
description and valuation of ecosystem functions, goods and services. Ecol Econ 41
(3), 393-408.

de Gruijter, J.J., McBratney, A.B., Minasny, B., Wheeler, 1., Malone, B.P., Stockmann, U.,
2016. Farm-scale soil carbon auditing. Geoderma 265, 120-130.

De Jager, A., Nandwa, S.M., Okoth, P.F., 1998. Monitoring nutrient flows and economic
performance in African farming systems (NUTMON). Agriculture. Ecosyst. Environ.
71 (1-3), 37-48.

Debeljak, M., Trajanov, A., Kuzmanovski, V., Schroder, J., Sanden, T., Spiegel, H.,
Wall, D.O., Van de Broeks, M., Rutgers, M., Bampa, F., Creamer, R.E., Henriksen, C.
B., 2019. A field-scale decision support system for assessment and management of
soil functions. Front Env. Sci.-Switz 7, 115.

Decaéns, T., Jiménez, J.J., Gioia, C., Measey, G.J., Lavelle, P., 2006. The values of soil
animals for conservation biology. Eur. J. Soil Biol. 42, S23-S38.

Diaz, S.M., Settele, J., Brondizio, E., Ngo, H., Gueze, M., Agard, J., Arneth, A., Balvanera,
P., Brauman, K., Butchart, S., 2019. The global assessment report on biodiversity and
ecosystem services: summary for policy makers.


https://doi.org/10.1016/j.soisec.2023.100086
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0001
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0001
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0002
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0002
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0003
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0003
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0003
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0005
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0005
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0005
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0006
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0006
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0006
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0007
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0007
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0007
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0007
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0008
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0008
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0009
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0009
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0010
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0010
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0011
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0011
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0012
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0012
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0013
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0013
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0013
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0014
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0014
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0014
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0015
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0015
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0016
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0016
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0017
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0017
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0017
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0018
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0018
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0018
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0019
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0019
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0019
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0020
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0020
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0021
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0021
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0021
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0021
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0022
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0022
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0022
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0023
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0023
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0023
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0023
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0024
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0024
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0024
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0024
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0025
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0025
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0025
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0026
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0026
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0026
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0026
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0027
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0027
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0027
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0028
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0028
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0028
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0029
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0029
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0029
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0030
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0030
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0030
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0031
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0031
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0031
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0031
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0032
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0032
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0032
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0034
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0034
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0034
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0035
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0035
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0035
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0036
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0036
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0037
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0037
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0037
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0038
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0038
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0038
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0038
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0039
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0039

S.J. Evangelista et al.

Dominati, E., Mackay, A., Green, S., Patterson, M., 2014. A soil change-based
methodology for the quantification and valuation of ecosystem services from agro-
ecosystems: a case study of pastoral agriculture in New Zealand. Ecol. Econ. 100,
119-129.

Dominati, E., Patterson, M., Mackay, A., 2010. A framework for classifying and
quantifying the natural capital and ecosystem services of soils. Ecol. Econ. 69 (9),
1858-1868.

Doran, J.W., 2002. Soil health and global sustainability: translating science into practice.
Agr. Ecosyst. Environ. 88 (2), 119-127.

Doran, J.W., Zeiss, M.R., 2000. Soil health and sustainability: managing the biotic
component of soil quality. Appl. Soil Ecol. 15 (1), 3-11.

Drobnik, T., Greiner, L., Keller, A., Gret-Regamey, A., 2018. Soil quality indicators - From
soil functions to ecosystem services. Ecol. Indic. 94, 151-169.

Droogers, P., Bouma, J., 1997. Soil survey input in exploratory modeling of sustainable
soil management practices. Soil Sci. Soc. Am. J. 61 (6), 1704-1710.

Du, S.Q., Shi, P.J., Van Rompaey, A., Wen, J.H., 2015. Quantifying the impact of
impervious surface location on flood peak discharge in urban areas. Nat. Hazards 76
(3), 1457-1471.

Ehrlich, P., Ehrlich, A., 1981. Extinction: the causes and consequences of the
disappearance of species.

European Commission, 2006. Proposal for a Directive of the European Parliament and of
the Council establishing a framework for the protection of soil and amending
Directive 2004/35/EC (COM(2006)232).

European Commission, 2012. Guidelines On Best Practice to limit, Mitigate Or
Compensate Soil Sealing SWD(2012) 101. Publications Office of the European
Union, Luxembourg.

European Environment Agency, 2023. Soil monitoring in Europe - indicators and
thresholds for soil health assessments.

Eusse-Villa, L., McBratney, A., Franceschinis, C., Meyerhoff, J., Field, D., Thiene, M.,
2022. Mapping citizens’ attitudes towards soil ecosystem services: a case study from
New South Wales, Australia. Soil Security 7, 100063.

FAO, 2004. Food Balance Sheets, FAOSTAT, Food anf Agriculture Organization of the
United Nations.

FAO, 2021. FAO Statistical Databases.

Feng, W.T., Plante, A.F., Six, J., 2013. Improving estimates of maximal organic carbon
stabilization by fine soil particles. Biogeochemistry 112 (1-3), 81-93.

Fischer, G., Van Velthuizen, H., Shah, M., Nachtergaele, F.O., 2002. Global agro-
ecological assessment for agriculture in the 21st century: methodology and results.

Food and Agriculture Organization [FAO], 2016. Global Soil Partnership Endorses
Guidelines On Sustainable Soil management, Global Soil Partnership. Food and
Agriculture Organization of the United Nations.

Fortune Business Insights, 2020. Functional Water Market size, Share & COVID-19
Impact analysis, By Ingredient (micronutrient, Botanical extracts, Other Functional
ingredient), By Distribution Channel (supermarkets/hypermarkets, Convenience
stores, Online retail, and others), and Regional forecast, 2021-2028.

Fraser, E.D.G., 2004. Land tenure and agricultural management: soil conservation on
rented and owned fields in southwest British Columbia. Agric. Human Values 21 (1),
73-79.

Gardi, C., Jeffery, S., Saltelli, A., 2013. An estimate of potential threats levels to soil
biodiversity in EU. Glob Chang Biol 19 (5), 1538-1548.

Gavriletea, M.D., 2017. Environmental Impacts of Sand Exploitation. Analysis Sand
Market. Sustainabil.-Basel 9 (7), 1118.

Geerdink, M.J., Kleijntjens, R.H., vanLoosdrecht, M.C.M., Luyben, K.C.A.M., 1996.
Microbial decontamination of polluted soil in a slurry process. J. Environmen.
Engineering-Asce 122 (11), 975-982.

Gennaio, M.P., Hersperger, A.M., Burgi, M., 2009. Containing urban sprawl-Evaluating
effectiveness of urban growth boundaries set by the Swiss Land Use Plan. Land use
policy 26 (2), 224-232.

Ghaley, B.B., Rusu, T., Sanden, T., Spiegel, H., Menta, C., Visioli, G., O’Sullivan, L.,
Gattin, I.T., Delgado, A., Liebig, M.A., Vrebos, D., Szegi, T., Micheli, E.,

Cacovean, H., Henriksen, C.B., 2018. Assessment of benefits of conservation
agriculture on soil functions in arable production systems in Europe. Sustainabil.-
Basel 10 (3).

Glaesner, N., Helming, K., de Vries, W., 2014. Do Current European Policies Prevent Soil
Threats and Support Soil Functions? Sustainabil.-Basel 6 (12), 9538-9563.

Glenk, K., McVittie, A., Moran, D., 2012. Deliverable D3.1: soil and Soil Organic Carbon
within an Ecosystem Service Approach Linking Biophysical and Economic Data.
Glenn, A.R., Dilworth, M.J., 1991. Soil acidity and the microbial population: survival and
growth of bacteria in low pH. In: Wright, R.J., Baligar, V.C., Murrmann, R.P. (Eds.),

Plant-Soil Interactions at Low pH: Proceedings of the Second International
Symposium on Plant-Soil Interactions at Low pH, 24-29 June 1990. Springer
Netherlands, Dordrecht, Beckley West Virginia, USA, pp. 567-579.

Golding, K.A., Davidson, D.A., 2005. The effect of past waste disposal on soils near
Scottish Burghs. SEESOIL 16, 28-36.

Greco, S., Ishizaka, A., Tasiou, M., Torrisi, G., 2019. On the Methodological Framework
of Composite Indices: a Review of the Issues of Weighting, Aggregation, and
Robustness. Soc. Indic. Res. 141 (1), 61-94.

Gregory, A.S., Ritz, K., McGrath, S.P., Quinton, J.N., Goulding, K.W., Jones, R.J.,
Harris, J.A., Bol, R., Wallace, P., Pilgrim, E.S., Whitmore, A.P., 2015. A review of the
impacts of degradation threats on soil properties in the UK. Soil Use Manag. 31
(Suppl Suppl 1), 1-15.

Greiner, L., Keller, A., Gret-Regamey, A., Papritz, A., 2017. Soil function assessment:
review of methods for quantifying the contributions of soils to ecosystem services.
Land use policy 69, 224-237.

Griffiths, B.S., Rombke, J., Schmelz, R.M., Scheffczyk, A., Faber, J.H., Bloem, J.,

Peres, G., Cluzeau, D., Chabbi, A., Suhadolc, M., Sousa, J.P., da Silva, P.M.,

20

Soil Security 10 (2023) 100086

Carvalho, F., Mendes, S., Morais, P., Francisco, R., Pereira, C., Bonkowski, M.,
Geisen, S., Bardgett, R.D., de Vries, F.T., Bolger, T., Dirilgen, T., Schmidt, O.,
Winding, A., Hendriksen, N.B., Johansen, A., Philippot, L., Plassart, P., Bru, D.,
Thomson, B., Griffiths, R.I., Bailey, M.J., Keith, A., Rutgers, M., Mulder, C.,
Hannula, S.E., Creamer, R., Stone, D., 2016. Selecting cost effective and policy-
relevant biological indicators for European monitoring of soil biodiversity and
ecosystem function. Ecol. Indic. 69, 213-223.

Grunert, K.G., 2005. Food quality and safety: consumer perception and demand. Europ.
Rev. Agricul. Econ. 32 (3), 369-391.

Hannam, ., et al., 2021. Aspects of a Legislative and Policy Framework to Manage Soil
Carbon Sequestration. In: Ginzky, H., Dooley, E., Heuser, I.L., Kasimbazi, E.,
Kibugi, R., Markus, T., et al. (Eds.), International Yearbook of Soil Law and Policy
2019. International Yearbook of Soil Law and Policy. Springer International
Publishing, Cham, pp. 399-433.

Hartvigsen, M., 2014. Land reform and land fragmentation in Central and Eastern
Europe. Land use policy 36, 330-341.

Hassink, J., 1997. The capacity of soils to preserve organic C and N by their association
with clay and silt particles. Plant Soil 191 (1), 77-87.

Havlicek, E., Mitchell, E.A.D., 2014. Soils Supporting Biodiversity. In: Dighton, J.,
Krumins, J.A. (Eds.), Interactions in Soil: Promoting Plant Growth. Biodiversity,
Community and Ecosystems. Springer Netherlands, Dordrecht, pp. 27-58.

Heuser, D.I., 2022. Soil Governance in current European Union Law and in the European
Green Deal. Soil Secur. 6, 100053.

Hoffland, E., Kuyper, T.W., Comans, R.N.J., Creamer, R.E., 2020. Eco-functionality of
organic matter in soils. Plant Soil 455 (1-2), 1-22.

Hu, B.W., Ai, Y.J,, Jin, J., Hayat, T., Alsaedi, A., Zhuang, L., Wang, X.K., 2020. Efficient
elimination of organic and inorganic pollutants by biochar and biochar-based
materials. Biochar 2 (1), 47-64.

Huang, J.Y., McBratney, A.B., Malone, B.P., Field, D.J., 2018. Mapping the transition
from pre-European settlement to contemporary soil conditions in the Lower Hunter
Valley, Australia. Geoderma 329, 27-42.

Hughes, P., McBratney, A., Huang, J., Minasny, B., Hempel, J., Palmer, D.J., Micheli, E.,
2017. Creating a novel comprehensive soil classification system by sequentially
adding taxa from existing systems. Geoderma Region. 11, 123-140.

Hwalla, N., El Labban, S., Bahn, R.A., 2016. Nutrition security is an integral component
of food security. Front Life Sci. 9 (3), 167-172.

Jackson, T., Zammit, K., Hatfield-Dodds, S., 2018. Snapshot of Australian agriculture.

Jaggli, F., Peyer, K., Pazeller, A., Schwab, P., 1998. Grundlagenbericht zur
Bodenkartierung des Kantons Ziirich. Reckenholz-Ziirich, Eidgendssische
Forschungsanstalt fiir Agrarékologie und Landbau (FAL) und
Volkswirtschaftsdirektion des Kantons Ziirich (VD ZH).

Jeffery, S., Gardi, C., 2010. Soil biodiversity under threat— a review. Acta Societatis
Zoologicae Bohemicae 74 (1-2), 7-12.

Jenny, H., 1994. Factors of Soil formation: a System of Quantitative Pedology. Courier
Corporation.

Jonsson, J., Davidsdottir, B., Nikolaidis, N., 2017. Valuation of soil ecosystem services.
Adv. Agron. 142, 353-384.

Jénsson, J.0.G., Davidsdéttir, B., 2016. Classification and valuation of soil ecosystem
services. Agr. Syst. 145, 24-38.

Karlen, D.L., Mausbach, M.J., Doran, J.W., Cline, R.G., Harris, R.F., Schuman, G.E., 1997.
Soil quality: a concept, definition, and framework for evaluation. Soil Sci. Soc. Am. J.
61 (1), 4-10.

Keesstra, S.D., Geissen, V., Mosse, K., Piirainen, S., Scudiero, E., Leistra, M., van
Schaik, L., 2012. Soil as a filter for groundwater quality. Curr. Opin. Environ.
Sustain. 4 (5), 507-516.

Keuskamp, J.A., Dingemans, B.J.J., Lehtinen, T., Sarneel, J.M., Hefting, M.M., 2013. Tea
Bag Index: a novel approach to collect uniform decomposition data across
ecosystems. Methods Ecol. Evol. 4 (11), 1070-1075.

Kidd, D., Webb, M., Malone, B., Minasny, B., McBratney, A., 2015. Digital soil assessment
of agricultural suitability, versatility and capital in Tasmania, Australia. Geoderma
Region. 6, 7-21.

Koch, A., Chappell, A., Eyres, M., Scott, E., 2015. Monitor Soil Degradation or Triage for
Soil Security? An Austral. Challenge. Sustainab.-Basel 7 (5), 4870-4892.

Koch, A., McBratney, A., Adams, M., Field, D., Hill, R., Crawford, J., Minasny, B., Lal, R.,
Abbott, L., O’Donnell, A., Angers, D., Baldock, J., Barbier, E., Binkley, D., Parton, W.,
Wall, D.H., Bird, M., Bouma, J., Chenu, C., Flora, C.B., Goulding, K., Grunwald, S.,
Hempel, J., Jastrow, J., Lehmann, J., Lorenz, K., Morgan, C.L., Rice, C.W.,
Whitehead, D., Young, 1., Zimmermann, M., 2013. Soil Security: solving the Global
Soil Crisis. Global Policy 4 (4), 434-441.

Kopittke, P.M., Berhe, A.A., Carrillo, Y., Cavagnaro, T.R., Chen, D., Chen, Q.-.L., Roman
Dobarco, M., Dijkstra, F.A., Field, D.J., Grundy, M.J., He, J.-.Z., Hoyle, F.C., Kogel-
Knabner, I., Lam, S.K., Marschner, P., Martinez, C., McBratney, A.B., McDonald-
Madden, E., Menzies, N.W., Mosley, L.M., Mueller, C.W., Murphy, D.V., Nielsen, U.
N., O’Donnell, A.G., Pendall, E., Pett-Ridge, J., Rumpel, C., Young, I.M., Minasny, B.,
2022. Ensuring planetary survival: the centrality of organic carbon in balancing the
multifunctional nature of soils. Crit. Rev. Environ. Sci. Technol. 52 (23), 4308-4324.

Kopittke, P.M., Menzies, N.W., Dalal, R.C., McKenna, B.A., Husted, S., Wang, P.,
Lombi, E., 2021. The role of soil in defining planetary boundaries and the safe
operating space for humanity. Environ. Int. 146, 106245.

Kopittke, P.M., Menzies, N.-W., Wang, P., McKenna, B.A., Lombi, E., 2019. Soil and the
intensification of agriculture for global food security. Environ. Int. 132, 105078.

Kunhikrishnan, A., Thangarajan, R., Bolan, N.S., Xu, Y., Mandal, S., Gleeson, D.B.,
Seshadri, B., Zaman, M., Barton, L., Tang, C., Luo, J., Dalal, R., Ding, W.,
Kirkham, M.B., Naidu, R., 2016. Functional Relationships of Soil Acidification,
Liming, and Greenhouse Gas Flux. In: Sparks, D.L. (Ed.), Adv Agron. Advances in
Agronomy. Academic Press, pp. 1-71.


http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0041
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0041
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0041
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0041
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0042
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0042
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0042
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0043
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0043
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0044
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0044
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0045
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0045
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0046
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0046
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0047
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0047
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0047
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0050
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0050
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0050
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0051
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0051
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0051
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0052
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0052
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0053
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0054
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0054
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0056
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0056
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0056
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0057
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0057
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0057
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0057
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0058
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0058
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0058
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0059
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0059
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0060
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0060
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0061
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0061
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0061
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0062
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0062
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0062
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0063
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0063
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0063
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0063
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0063
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0064
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0064
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0066
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0066
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0066
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0066
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0066
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0067
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0067
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0068
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0068
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0068
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0069
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0069
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0069
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0069
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0070
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0070
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0070
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0071
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0071
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0071
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0071
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0071
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0071
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0071
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0071
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0071
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0072
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0072
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0073
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0073
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0073
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0073
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0073
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0074
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0074
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0075
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0075
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0076
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0076
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0076
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0077
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0077
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0078
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0078
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0079
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0079
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0079
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0080
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0080
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0080
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0081
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0081
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0081
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0082
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0082
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0083
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0085
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0085
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0086
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0086
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0087
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0087
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0088
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0088
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0089
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0089
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0089
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0090
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0090
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0090
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0091
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0091
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0091
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0092
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0092
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0092
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0093
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0093
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0094
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0094
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0094
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0094
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0094
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0094
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0095
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0095
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0095
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0095
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0095
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0095
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0095
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0096
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0096
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0096
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0097
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0097
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0098
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0098
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0098
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0098
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0098

S.J. Evangelista et al.

Kurganova, 1., Merino, A., de Gerenyu, V.L., Barros, N., Kalinina, O., Giani, L.,
Kuzyakov, Y., 2019. Mechanisms of carbon sequestration and stabilization by
restoration of arable soils after abandonment: a chronosequence study on Phaeozems
and Chernozems. Geoderma 354.

Kuzyakov, Y., Zamanian, K., 2019. Reviews and syntheses: agropedogenesis - humankind
as the sixth soil-forming factor and attractors of agricultural soil degradation.
Biogeosciences 16 (24), 4783-4803.

Lahmar, R., Ribault, J.-.P., 2001. Sols Et Sociétés - Regards Pluriculturels. Editions -
Diffusion. Charles Léopold Mayer, Paris.

Lal, R., 1991. Soil Structure and Sustainability. J. Sustain. Agricul. 1 (4), 67-92.

Lal, R., 2001. Soil degradation by erosion. Land Degrad. Develop. 12 (6), 519-539.

Lal, R., 2020. Managing soils for resolving the conflict between agriculture and nature:
the hard talk. J. Europ. J. Soil Sci. 71 (1), 1-9.

Lambot, C., Herrera, J.C., Bertrand, B., Sadeghian, S., Benavides, P., Gaitan, A., 2017.
Cultivating Coffee Quality—Terroir and Agro-Ecosystem. In: Folmer, B. (Ed.), The
Craft and Science of Coffee. Academic Press, pp. 17-49.

Landis, D.A., 2017. Designing agricultural landscapes for biodiversity-based ecosystem
services. Basic Appl. Ecol. 18, 1-12.

Lavelle, P., et al., 2012. Soil as a habitat. In: Wall, D.H., Bardgett, R.D., Behan-
Pelletier, V., Herrick, J.E., Jones, T.H., Ritz, K., et al. (Eds.), Soil Ecology and
Ecosystem Services. Oxford University Press, Oxford, pp. 6-27.

Legendre, P., Legendre, L., 2012. Ecological resemblance. In: Legendre, P., Legendre, L.
(Eds.), Numerical Ecology. Developments in Environmental Modelling. Elsevier,
pp. 265-335.

Li, X., Yang, L., Ren, Y., Li, H., Wang, Z., 2018. Impacts of Urban Sprawl on Soil
Resources in the Changchun(-)Jilin Economic Zone, China, 2000(-)2015. Int. J.
Environ. Res. Public Health 15 (6), 1186.

Liptzin, D., Norris, C.E., Cappellazzi, S.B., Mac Bean, G., Cope, M., Greub, K.L.H.,
Rieke, E.L., Tracy, P.W., Aberle, E., Ashworth, A., Tavarez, O.B., Bary, A.L,
Baumbhardt, R.L., Gracia, A.B., Brainard, D.C., Brennan, J.R., Reyes, D.B.,

Bruhjell, D., Carlyle, C.N., Crawford, J.J.W., Creech, C.F., Culman, S.W., Deen, B.,
Dell, C.J., Derner, J.D., Ducey, T.F., Duiker, S.W., Dyck, M.F., Ellert, B.H., Entz, M.
H., Solorio, A.E., Fonte, S.J., Fonteyne, S., Fortuna, A.M., Foster, J.L., Fultz, L.M.,
Gamble, A.V., Geddes, C.M., Griffin-LaHue, D., Grove, J.H., Hamilton, S.K., Hao, X.
Y., Hayden, Z.D., Honsdorf, N., Howe, J.A., Ippolito, J.A., Johnson, G.A., Kautz, M.
A., Kitchen, N.R., Kumar, S., Kurtz, K.S.M., Larney, F.J., Lewis, K.L., Liebman, M.,
Ramirez, A.L., Machado, S., Maharjan, B., Gamino, M.A.M., May, W.E., McClaran, M.
P., McDaniel, M.D., Millar, N., Mitchell, J.P., Moore, A.D., Moore, P.A., Gutierrez, M.
M., Nelson, K.A., Omondi, E.C., Osborne, S.L., Alcala, L.O., Owens, P., Pena-
Yewtukhiw, E.M., Poffenbarger, H.J., Lira, B.P., Reeve, J.R., Reinbott, T.M.,
Reiter, M.S., Ritchey, E.L., Roozeboom, K.L., Rui, Y.C., Sadeghpour, A., Sainju, U.M.,
Sanford, G.R., Schillinger, W.F., Schindelbeck, R.R., Schipanski, M.E., Schlegel, A.J.,
Scow, K.M., Sherrod, L.A., Shober, A.L., Sidhu, S.S., Moya, E.S., St Luce, M.,
Strock, J.S., Suyker, A.E., Sykes, V.R., Tao, H.Y., Campos, A.T., Van Eerd, L.L., van
Es, H., Verhulst, N., Vyn, T.J., Wang, Y.T., Watts, D.B., Wright, D.L., Zhang, T.Q.,
Morgan, C.L.S., Honeycutt, C.W., 2022. An evaluation of carbon indicators of soil
health in long-term agricultural experiments. Soil Biol. Biochem. 172, 108708.

Llovet, A., Mattana, S., Chin-Pampillo, J., Gasco, G., Sanchez, S., Mondini, C., Briones, M.
J.I., Marquez, L., Alcaniz, J.M., Ribas, A., Domene, X., 2021. Long-term effects of
gasification biochar application on soil functions in a Mediterranean agroecosystem:
higher addition rates sequester more carbon but pose a risk to soil faunal
communities. Sci. Total Environ. 801, 149580.

Lopez-Aguilar, S., Dominguez-Rodriguez, V.I., Génico, J.A.G., Zavala-Cruz, J.,
Hernandez-Nataren, E., Adams, R.H., 2022. The potential of the osmological
perception of landholders and managers as a practical way of assessing the impact of
oil spills on soil. Soil Secur., 100068

Lovo, S., 2016. Tenure Insecurity and Investment in Soil Conservation. Evidence from
Malawi. World Develop. 78, 219-229.

Lugato, E., Bampa, F., Panagos, P., Montanarella, L., Jones, A., 2014. Potential carbon
sequestration of European arable soils estimated by modelling a comprehensive set
of management practices. Glob. Chang. Biol. 20 (11), 3557-3567.

Manning, P., van der Plas, F., Soliveres, S., Allan, E., Maestre, F.T., Mace, G.,
Whittingham, M.J., Fischer, M., 2018. Publisher Correction: redefining ecosystem
multifunctionality. Nat. Ecol. Evol. 2 (9), 1515.

Marlow, H.J., Hayes, W.K., Soret, S., Carter, R.L., Schwab, E.R., Sabate, J., 2009. Diet
and the environment: does what you eat matter? Am. J. Clin. Nutr. 89 (5),
16995-1703S.

Mazzola, M., 2002. Mechanisms of natural soil suppressiveness to soilborne diseases.
Antonie Van Leeuwenhoek 81 (1-4), 557-564.

McBratney, A., Field, D.J., Koch, A., 2014. The dimensions of soil security. Geoderma
213, 203-213.

McBratney, A.B., Field, D.J., Jarrett, L.E., 2017a. General Concepts of Valuing and Caring
for Soil. In: Field, D.J., Morgan, C.L.S., McBratney, A.B. (Eds.), Global Soil Security.
Springer International Publishing, Cham, pp. 101-108.

McBratney, A.B., Minasny, B., Wheeler, 1., Malone, B.P., van der Linden, D., 2012.
Frameworks for digital soil assessment. Digital Soil Assessments and Beyond 9-14.

McBratney, A.B., Morgan, C.L.S., Jarrett, L.E., 2017b. The Value of Soil’s Contributions
to Ecosystem Services. Global Soil Security 227-235.

Mendes, I.C., Sousa, D.M.G., Dantas, O.D., Lopes, A.A.C., Reis, F.B., Oliveira, M.L,
Chaer, G.M., 2021. Soil quality and grain yield: a win-win combination in clayey
tropical oxisols. Geoderma 388.

Menzies, J.D., 1963. Survival of Microbial Plant Pathogens in Soil. Bot. Rev. 29 (1),
79-122.

Middleton, H.E., 1930. Properties of Soils Which Influence Soil Erosion. US Department
of Agriculture.

21

Soil Security 10 (2023) 100086

Montgomery, D.R., 2007. Soil erosion and agricultural sustainability. Proc. Natl. Acad.
Sci. U S A 104 (33), 13268-13272.

Mooney, H.A., Ehrlich, P.R., 1997. Ecosystem services: a fragmentary history. In:
Daily, G. (Ed.), Nature’s Services: Societal Dependence On Natural Ecosystems.
Island Press, Washington, DC, pp. 11-19.

Morgado, R.G., Loureiro, S., Gonzalez-Alcaraz, M.N., 2018. Changes in Soil Ecosystem
Structure and Functions Due to Soil contamination, Soil pollution. Elsevier,
pp. 59-87.

Mueller, L., Schindler, U., Mirschel, W., GrahamShepherd, T., Ball, B.C., Helming, K.,
Rogasik, J., Eulenstein, F., Wiggering, H., 2010. Assessing the productivity function
of soils. A review. Agron. Sustain. Dev. 30 (3), 601-614.

Mulligan, C.N., Yong, R.N., 2004. Natural attenuation of contaminated soils. Environ Int.
30 (4), 587-601.

Nannipieri, P., Ascher-Jenull, J., Ceccherini, M.T., Pietramellara, G., Renella, G.,
Schloter, M., 2020. Beyond microbial diversity for predicting soil functions: a mini
review. Pedosphere 30 (1), 5-17.

Nesto, B., 2010. Discovering terroir in the world of chocolate. Gastronomica (Berkeley
Calif) 10 (1), 131-135.

Nieder, R., Benbi, D.K., Reichl, F.X., 2018. Soil Components and Human Health.
Springer, Dordrecht.

Obeng-Odoom, F., 2012. Land reforms in Africa: theory, practice, and outcome. Habitat
Int. 36 (1), 161-170.

OECD, 2008. Handbook On Constructing Composite Indicators. Methodology and User
Guide. OECD PUBLICATIONS, 2, rue André-Pascal, 75775 PARIS CEDEX 16.

Oliver, M.A., Gregory, P.J., 2015. Soil, food security and human health: a review. Eur. J.
Soil Sci. 66 (2), 257-276.

Orgiazzi, A., Panagos, P., Yigini, Y., Dunbar, M.B., Gardi, C., Montanarella, L.,
Ballabio, C., 2016. A knowledge-based approach to estimating the magnitude and
spatial patterns of potential threats to soil biodiversity. Sci. Total Environ. 545-546,
11-20.

Padarian, J., Minasny, B., McBratney, A., Smith, P., 2022. Soil carbon sequestration
potential in global croplands. PeerJ 10, e13740.

Parker, S.S., 2010. Buried treasure: soil biodiversity and conservation. Biodivers.
Conserv. 19 (13), 3743-3756.

Pathak, H., 2010. Trend of fertility status of Indian soils. Current Advances in
Agricultural Sciences. (An International Journal) 2 (1), 10-12.

Pearce, D., 2007. Do we really care about Biodiversity? Environm. Resource Econ. 37 (1),
313-333.

Petrescu-Mag, R.M., Petrescu, D.C., Azadi, H., 2020. A social perspective on soil
functions and quality improvement: romanian farmers’ perceptions. Geoderma 380.

Pimentel, D., Burgess, M., 2013. Soil Erosion Threatens Food Production. Agricul.-Basel 3
(3), 443-463.

Pirnau, R.G., Rosca, B., Tencariu, F.A., Asandulesei, A., Patriche, C.V., 2022. Soils as
archive of cultural heritage: an underrated soil function in current EU Policy. SSRN
Electron. J.

Power, A.G., 2010. Ecosystem services and agriculture: tradeoffs and synergies. Philos T
R Soc B 365 (1554), 2959-2971.

Powers, R.F., Scott, D.A., Sanchez, F.G., Voldseth, R.A., Page-Dumroese, D., Elioff, J.D.,
Stone, D.M., 2005. The North American long-term soil productivity experiment:
findings from the first decade of research. For. Ecol. Manage. 220 (1-3), 31-50.

Pozza, L.E., Field, D.J., 2020. The science of Soil Security and Food Security. Soil
Security 1, 100002.

Prout, J.M., Shepherd, K.D., McGrath, S.P., Kirk, G.J.D., Haefele, S.M., 2020. What is a
good level of soil organic matter? An index based on organic carbon to clay ratio.
Eur. J. Soil Sci. 72 (6), 2493-2503.

Rabot, E., Guiresse, M., Pittatore, Y., Angelini, M., Keller, C., Lagacherie, P., 2022.
Development and spatialization of a soil potential multifunctionality index for
agriculture (Agri-SPMI) at the regional scale. Case study in the Occitanie region
(France). Soil Secur. 6, 100034.

Rabot, E., Wiesmeier, M., Schluter, S., Vogel, H.J., 2018. Soil structure as an indicator of
soil functions: a review. Geoderma 314, 122-137.

Rajendran, P., Muthukrishnan, J., Gunasekaran, P., 2003. Microbes in heavy metal
remediation. Indian J. Exp. Biol. 41 (9), 935-944.

Richer-de-Forges, A.C., Arrouays, D., Bardy, M., Bispo, A., Lagacherie, P., Laroche, B.,
Lemercier, B., Sauter, J., Voltz, M., 2019. Mapping of Soils and Land-Related
Environmental Attributes in France: analysis of End-Users’ Needs. Sustainabil.-Basel
11 (10), 2940.

Ritz, K., Black, H.I.J., Campbell, C.D., Harris, J.A., Wood, C., 2009. Selecting biological
indicators for monitoring soils: a framework for balancing scientific and technical
opinion to assist policy development. Ecol. Indic. 9 (6), 1212-1221.

Robertson, M.J., Llewellyn, R.S., Mandel, R., Lawes, R., Bramley, R.G.V., Swift, L.,
Metz, N., O’Callaghan, C., 2012. Adoption of variable rate fertiliser application in
the Australian grains industry: status, issues and prospects. Precision Agricul. 13 (2),
181-199.

Robertson, M.P., Caithness, N., Villet, M.H., 2001. A PCA-based modelling technique for
predicting environmental suitability for organisms from presence records. Divers.
Distributions 7 (1-2), 15-27.

Robinson, D.A., Hockley, N., Dominati, E., Lebron, L., Scow, K.M., Reynolds, B.,
Emmett, B.A., Keith, A.M., de Jonge, L.W., Schjonning, P., Moldrup, P., Jones, S.B.,
Tuller, M., 2012. Natural Capital, Ecosystem Services, and Soil Change: why Soil
Science Must Embrace an Ecosystems Approach. Vadose Zone J. 11 (1).

Robinson, D.A., Lebron, 1., Vereecken, H., 2009. On the Definition of the Natural Capital
of Soils: a Framework for Description, Evaluation, and Monitoring. Soil Sci. Soc. Am.
J. 73 (6), 1904-1911.


http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0099
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0099
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0099
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0099
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0100
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0100
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0100
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0101
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0101
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0102
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0103
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0104
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0104
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0105
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0105
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0105
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0106
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0106
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0107
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0107
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0107
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0108
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0108
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0108
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0109
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0109
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0109
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0110
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0111
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0111
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0111
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0111
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0111
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0112
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0112
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0112
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0112
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0113
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0113
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0114
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0114
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0114
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0115
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0115
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0115
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0116
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0116
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0116
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0117
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0117
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0118
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0118
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0119
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0119
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0119
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0120
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0120
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0121
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0121
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0122
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0122
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0122
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0123
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0123
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0124
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0124
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0125
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0125
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0126
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0126
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0126
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0127
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0127
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0127
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0128
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0128
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0128
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0129
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0129
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0130
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0130
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0130
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0131
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0131
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0132
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0132
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0133
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0133
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0134
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0134
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0135
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0135
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0136
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0136
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0136
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0136
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0137
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0137
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0138
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0138
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0139
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0139
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0140
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0140
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0141
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0141
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0142
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0142
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0143
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0143
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0143
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0144
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0144
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0145
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0145
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0145
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0146
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0146
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0147
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0147
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0147
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0148
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0148
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0148
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0148
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0149
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0149
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0150
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0150
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0151
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0151
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0151
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0151
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0152
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0152
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0152
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0153
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0153
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0153
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0153
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0154
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0154
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0154
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0155
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0155
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0155
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0155
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0156
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0156
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0156

S.J. Evangelista et al.

Ronchi, S., Salata, S., Arcidiacono, A., Piroli, E., Montanarella, L., 2019. Policy
instruments for soil protection among the EU member states: a comparative analysis.
Land use policy 82, 763-780.

Rossiter, D.G., Bouma, J., 2018. A new look at soil phenoforms - Definition,
identification, mapping. Geoderma 314, 113-121.

Sakadevan, K., Nguyen, M.L., 2010. Extent, Impact, and Response to Soil and Water
Salinity in Arid and Semiarid Regions. Advan. Agron. 109, 55-74, 109.

Scalenghe, R., Marsan, F.A., 2009. The anthropogenic sealing of soils in urban areas.
Landsc Urban Plan 90 (1-2), 1-10.

Scarlat, N., Dallemand, J.F., Monforti-Ferrario, F., Nita, V., 2015. The role of biomass and
bioenergy in a future bioeconomy: policies and facts. Environmen.l Develop. 15,
3-34.

Scharlemann, J.P.W., Tanner, E.V.J., Hiederer, R., Kapos, V., 2014. Global soil carbon:
understanding and managing the largest terrestrial carbon pool. Carbon Manag. 5
(1), 81-91.

Schoenholtz, S.H., Van Miegroet, H., Burger, J.A., 2000. A review of chemical and
physical properties as indicators of forest soil quality: challenges and opportunities.
For. Ecol. Manage. 138 (1-3), 335-356.

Schroder, J.J., Schulte, R.P.O., Creamer, R.E., Delgado, A., van Leeuwen, J., Lehtinen, T.,
Rutgers, M., Spiegel, H., Staes, J., Toth, G., Wall, D.P., 2016. The elusive role of soil
quality in nutrient cycling: a review. Soil Use Manage. 32 (4), 476-486.

Schulte, R., O’Sullivan, L., Creamer, R., 2015. Making the Most of Our Land: meeting
Supply and Demand of Soil Functions across Spatial Scales. Nordic View Sustain.
Rural Develop. 14-19.

Schwilch, G., Bernet, L., Fleskens, L., Giannakis, E., Leventon, J., Maranon, T., Mills, J.,
Short, C., Stolte, J., Delden, H., Verzandvoort, S., 2016. Operationalizing ecosystem
services for the mitigation of soil threats: a proposed framework. Ecol. Indic. 67,
586-597.

Seguel, O., Rodriguez, N., Soto, L., Homer, L., Benavides, C., Casanova, M., Haberland, J.,
2017. Pre-Compaction and Organic Conditioning for the Recultivation of a Coarse-
Textured Soil (Typic Xerochrepts) Disturbed by Sand Extraction. Chilean J. Agricul.
Animal Sci. 33 (2), 174-186.

Seto, K.C., Guneralp, B., Hutyra, L.R., 2012. Global forecasts of urban expansion to 2030
and direct impacts on biodiversity and carbon pools. Proc. Natl. Acad. Sci. US A 109
(40), 16083-16088.

Seybold, C.A., Herrick, J.E., Brejda, J.J., 1999. Soil resilience: a fundamental component
of soil quality. Soil Sci 164 (4), 224-234.

Shepherd, T.G., 2003. Assessing soil quality using visual soil assessment. Tools for
nutrient and pollutant management: applications to agriculture and environmental
quality. Occas. Report 17, 153-166.

Shepherd, T.G., Park, S.C., 2003. Visual soil assessment: a management tool for dairy
farmers. In: Brookes, IM (Ed.), Proceedings of the Dairy Conference, pp. 7-9 held.

Simpson, R.D., 2011. The “Ecosystem Service Framework™: A critical Assessment. The
United Nations Environment Programme, Nairobi.

Singh, B., Odeh, 1.0.A., McBratney, A.B., 2003. Acid buffering capacity and potential
acidification of cotton soils in northern. New South Wales. Aust. J. Soil Res. 41 (5),
875-888.

Six, J., Conant, R.T., Paul, E.A., Paustian, K., 2002. Stabilization mechanisms of soil
organic matter: implications for C-saturation of soils. Plant Soil 241 (2), 155-176.

Soil Health Institute, 2018. Top 10 Recommendations to Advance Science and Policy
Connections Between Soil Health and Human Health. In: Institute, S.H. (Ed.),
Conference on Connections Between Soil Health and Human Health.

Squire, G.R., Hawes, C., Valentine, T.A., Young, M.W., 2015. Degradation rate of soil
function varies with trajectory of agricultural intensification. Agr. Ecosyst. Environ.
202, 160-167.

Stewart, Z.P., Pierzynski, G.M., Middendorf, B.J., Prasad, P.V.V., 2020. Approaches to
improve soil fertility in sub-Saharan Africa. J. Exp. Bot. 71 (2), 632-641.

Stoddard, J.L., Larsen, D.P., Hawkins, C.P., Johnson, R.K., Norris, R.H., 2006. Setting
expectations for the ecological condition of streams: the concept of reference
condition. Ecol. Appl. 16 (4), 1267-1276.

Stone, D., Ritz, K., Griffiths, B.G., Orgiazzi, A., Creamer, R.E., 2016. Selection of
biological indicators appropriate for European soil monitoring. Appl. Soil Ecol. 97,
12-22.

Teixeira, H.M., Cardoso, I.M., Bianchi, F.J.J.A., Silva, A.D., Jamme, D., Pena-Claros, M.,
2020. Linking vegetation and soil functions during secondary forest succession in the
Atlantic forest. For. Ecol. Manage. 457.

Tian, H., Yang, J., Xu, R., Lu, C., Canadell, J.G., Davidson, E.A., Jackson, R.B., Arneth, A.,
Chang, J., Ciais, P., Gerber, S., Ito, A., Joos, F., Lienert, S., Messina, P., Olin, S.,
Pan, S., Peng, C., Saikawa, E., Thompson, R.L., Vuichard, N., Winiwarter, W.,
Zaehle, S., Zhang, B., 2019. Global soil nitrous oxide emissions since the
preindustrial era estimated by an ensemble of terrestrial biosphere models:
magnitude, attribution, and uncertainty. Glob. Chang. Biol. 25 (2), 640-659.

Tobias, S., Conen, F., Duss, A., Wenzel, L.M., Buser, C., Alewell, C., 2018. Soil sealing and
unsealing: state of the art and examples. Land Degrad. Develop. 29 (6), 2015-2024.

Tran, L.T., McManamay, R., Kim, H., 2019. A non-parametric distance-based method
using all available indicators for integrated environmental assessment - a case study
of the Mid-Atlantic Region, USA. J. Environ. Plann. Man 62 (5), 766-778.

Troldborg, M., Aalders, 1., Towers, W., Hallett, P.D., McKenzie, B.M., Bengough, A.G.,
Lilly, A., Ball, B.C., Hough, R.L., 2013. Application of Bayesian Belief Networks to
quantify and map areas at risk to soil threats: using soil compaction as an example.
Soil Till Res 132, 56-68.

Tsiafouli, M.A., Thebault, E., Sgardelis, S.P., de Ruiter, P.C., van der Putten, W.H.,
Birkhofer, K., Hemerik, L., de Vries, F.T., Bardgett, R.D., Brady, M.V., Bjornlund, L.,
Jorgensen, H.B., Christensen, S., Hertefeldt, T.D., Hotes, S., Gera Hol, W.H.,

Frouz, J., Liiri, M., Mortimer, S.R., Setala, H., Tzanopoulos, J., Uteseny, K., Pizl, V.,

Soil Security 10 (2023) 100086

Stary, J., Wolters, V., Hedlund, K., 2015. Intensive agriculture reduces soil
biodiversity across Europe. Glob. Chang. Biol. 21 (2), 973-985.

Turbé, A., De Toni, A., Benito, P., Lavelle, P., Lavelle, P., Camacho, N.R., Van Der
Putten, W.H., Labouze, E., Mudgal, S., 2010. Soil biodiversity: functions, threats and
tools for policy makers. Bio Intelligence Service, IRD, and NIOO, Report for
European Commission (DG Environment).

Turbes, G., Linscott, T.D., Tomasino, E., Waite-Cusic, J., Lim, J., Meunier-Goddik, L.,
2016. Evidence of terroir in milk sourcing and its influence on Cheddar cheese.

J. Dairy Sci. 99 (7), 5093-5103.

van den Akker, J.J.H., Hoogland, T., 2011. Comparison of risk assessment methods to
determine the subsoil compaction risk of agricultural soils in The Netherlands. Soil
Tillage Res. 114 (2), 146-154.

Van den Bosch, H., Gitari, J.N., Ogaro, V.N., Maobe, S., Vlaming, J., 1998. Monitoring
nutrient flows and economic performance in African farming systems (NUTMON).
Agriculture. Ecosyst. Environ. 71 (1-3), 63-80.

Van der Knijff, J., Jones, R., Montanarella, L., 2000. Soil erosion risk: assessment in
Europe. Europ. Soil Bureau, European Commiss. Brussels.

van der Plas, F., Manning, P., Allan, E., Scherer-Lorenzen, M., Verheyen, K., Wirth, C.,
Zavala, M.A., Hector, A., Ampoorter, E., Baeten, L., Barbaro, L., Bauhus, J.,
Benavides, R., Benneter, A., Berthold, F., Bonal, D., Bouriaud, O., Bruelheide, H.,
Bussotti, F., Carnol, M., Castagneyrol, B., Charbonnier, Y., Coomes, D., Coppi, A.,
Bastias, C.C., Muhie Dawud, S., De Wandeler, H., Domisch, T., Finer, L., Gessler, A.,
Granier, A., Grossiord, C., Guyot, V., Hattenschwiler, S., Jactel, H., Jaroszewicz, B.,
Joly, F.X., Jucker, T., Koricheva, J., Milligan, H., Muller, S., Muys, B., Nguyen, D.,
Pollastrini, M., Raulund-Rasmussen, K., Selvi, F., Stenlid, J., Valladares, F.,
Vesterdal, L., Zielinski, D., Fischer, M., 2016. Jack-of-all-trades effects drive
biodiversity-ecosystem multifunctionality relationships in European forests. Nat.
Commun. 7, 11109.

van der Putten, W.H., Anderson, J.M., Bardgett, R.D., Behan-Pelletier, V.E., Bignell, D.,
Brown, G.G., Brown, V.K., Brussaard, L., Hunt, H.W., Ineson, P., Jones, T.H.,
Lavelle, P., Paul, E.A., John, M.S., Wardle, D.A., Wojtowicz, T., 2004. The
sustainable delivery of goods and services provided by soil biota. In: Wall, D.H. (Ed.),
Sustaining Biodiversity and Ecosystem Services in Soils and Sediments. Island Press,
San Francisco, California.

van Leeuwen, J.P., Saby, N.P.A., Jones, A., Louwagie, G., Micheli, E., Rutgers, M.,
Schulte, R.P.O., Spiegel, H., Toth, G., Creamer, R.E., 2017. Gap assessment in current
soil monitoring networks across Europe for measuring soil functions. Environ. Res.
Lett. 12 (12).

Vengosh, A., 2003. Salinization and saline environments. Treatise Geochem. 9, 612.
Visser, S.M., Sterk, G., Ribolzi, O., 2004. Techniques for simultaneous quantification of
wind and water erosion in semi-arid regions. J. Arid Environ. 59 (4), 699-717.

Vogel, H.J., Eberhardt, E., Franko, U., Lang, B., Liess, M., Weller, U., Wiesmeier, M.,
Wollschlager, U., 2019. Quantitative Evaluation of Soil Functions: potential and
State. Front. Env. Sci-Switz 7, 164.

Volchko, Y., Norrman, J., Rosen, L., Norberg, T., 2014. A minimum data set for
evaluating the ecological soil functions in remediation projects. J. Soils Sediments 14
(11), 1850-1860.

Vrebos, D., Jones, A., Lugato, E., O’Sullivan, L., Schulte, R., Staes, J., Meire, P., 2020.
Spatial evaluation and trade-off analysis of soil functions through Bayesian
networks. Eur. J. Soil Sci. 72 (4), 1575-1589.

Ward, M., McDonnell, K., Metzger, K., Forristal, P.D., 2021. The effect of machine traffic
zones associated with field headlands on soil structure in a survey of 41 tilled fields
in a temperate maritime climate. Soil Till Res. 210, 104938.

Wasfy, J.H., Healy, E.W., Cui, J., Stewart 3rd, C., 2020. Relationship of public health
with continued shifting of party voting in the United States. Soc Sci Med 252,
112921.

Wienhold, B.J., Karlen, D.L., Andrews, S.S., Stott, D.E., 2009. Protocol for indicator
scoring in the soil management assessment framework (SMAF). Renew. Agr. Food
Syst. 24 (4), 260-266.

Wiese, L., Wollenberg, E., Alcantara-Shivapatham, V., Richards, M., Shelton, S., Honle, S.
E., Heidecke, C., Madari, B.E., Chenu, C., 2021. Countries’ commitments to soil
organic carbon in Nationally Determined Contributions. Clim. Policy 21 (8),
1005-1019.

Wiesmeier, M., Munro, S., Barthold, F., Steffens, M., Schad, P., Kogel-Knabner, I., 2015.
Carbon storage capacity of semi-arid grassland soils and sequestration potentials in
northern China. Glob. Chang. Biol. 21 (10), 3836-3845.

Williams, J., Chartres, C.J., 1991. Sustaining Productive Pastures in the Tropics 1.
Managing the Soil Resource. Trop Grasslands 25 (2), 73-84.

Wood, T., Reeve, A., 2022. Carbon offsets could be a big deal for Australia’s farmers.
Farm Policy J. 19, 14-22.

Yaalon, D.H., Yaron, B., 1966. Framework for Man-Made Soil Changes - an Outline of
Metapedogenesis. Soil Sci. 102 (4), 272-277.

Yong, R.N., 2000. Geoenvironmental engineering: Contaminated soils, Pollutant fate,
and Mitigation. CRC press.

Zamanian, K., Zarebanadkouki, M., Kuzyakov, Y., 2018. Nitrogen fertilization raises CO
(2) efflux from inorganic carbon: a global assessment. Glob. Chang. Biol. 24 (7),
2810-2817.

Zeiss, R., Eisenhauer, N., Orgiazzi, A., Rillig, M., Buscot, F., Jones, A., Lehmann, A.,
Reitz, T., Smith, L., Guerra, C.A., 2022. Challenges of and opportunities for
protecting European soil biodiversity. Conserv. Biol. 36 (5), €13930.

Zwetsloot, M.J., Leeuwen, J., Hemerik, L., Martens, H., Simé Josa, 1., Broek, M.,
Debeljak, M., Rutgers, M., Sandén, T., Wall, D.P., Jones, A., Creamer, R.E., 2020. Soil
multifunctionality: synergies and trade-offs across European climatic zones and land
uses. Eur. J. Soil Sci. 72 (4), 1640-1654.

Manaaki Whenua — Landcare Research, 2019. Land Environments of New Zealand
(LENZ). Manaaki Whenua - Landcare Research New Zealand. Date Accessed: 29-11-


http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0157
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0157
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0157
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0158
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0158
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0159
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0159
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0160
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0160
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0161
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0161
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0161
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0162
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0162
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0162
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0163
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0163
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0163
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0164
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0164
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0164
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0165
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0165
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0165
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0166
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0166
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0166
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0166
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0167
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0167
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0167
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0167
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0168
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0168
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0168
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0169
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0169
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0170
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0170
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0170
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0171
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0171
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0172
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0172
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0173
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0173
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0173
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0174
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0174
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0175
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0175
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0175
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0176
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0176
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0176
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0177
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0177
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0178
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0178
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0178
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0179
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0179
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0179
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0180
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0180
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0180
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0181
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0181
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0181
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0181
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0181
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0181
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0182
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0182
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0183
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0183
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0183
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0184
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0184
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0184
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0184
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0185
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0185
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0185
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0185
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0185
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0185
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0186
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0186
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0186
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0186
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0187
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0187
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0187
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0188
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0188
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0188
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0189
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0189
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0189
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0190
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0190
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0191
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0191
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0191
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0191
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0191
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0191
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0191
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0191
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0191
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0191
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0191
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0192
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0192
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0192
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0192
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0192
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0192
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0193
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0193
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0193
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0193
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0194
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0195
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0195
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0196
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0196
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0196
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0197
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0197
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0197
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0198
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0198
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0198
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0199
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0199
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0199
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0200
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0200
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0200
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0201
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0201
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0201
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0202
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0202
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0202
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0202
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0203
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0203
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0203
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0204
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0204
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0205
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0205
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0206
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0206
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0207
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0207
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0208
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0208
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0208
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0209
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0209
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0209
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0210
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0210
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0210
http://refhub.elsevier.com/S2667-0062(23)00003-5/sbref0210

S.J. Evangelista et al.

2019. URL: https://www.landcareresearch.co.nz/tools-and-resources/mapping/
lenz.
NSW Government, 2019. Safeguarding our Agricultural Land: Biophysical Strategic

Agricultural Land (BSAL). NSW Government, NSW. Date Accessed: 27-11-2019. URL:

https://www.planning.nsw.gov.au/Policy-and-Legislation/Mining-and-Resou
rces/Safeguarding-our-Agricultural-Land.

23

Soil Security 10 (2023) 100086

Natural England, 2019. Provisional agricultural land classification (ALC) natural
England, United Kingdom. Date Accessed: 27-11-2019. URL: https://naturalen
gland-defra.opendata.arcgis.com/datasets/5d2477d8d04b41d4bbc9a8742f858f4d

0.


https://www.landcareresearch.co.nz/tools-and-resources/mapping/lenz
https://www.landcareresearch.co.nz/tools-and-resources/mapping/lenz
https://www.planning.nsw.gov.au/Policy-and-Legislation/Mining-and-Resources/Safeguarding-our-Agricultural-Land
https://www.planning.nsw.gov.au/Policy-and-Legislation/Mining-and-Resources/Safeguarding-our-Agricultural-Land
https://naturalengland-defra.opendata.arcgis.com/datasets/5d2477d8d04b41d4bbc9a8742f858f4d_0
https://naturalengland-defra.opendata.arcgis.com/datasets/5d2477d8d04b41d4bbc9a8742f858f4d_0
https://naturalengland-defra.opendata.arcgis.com/datasets/5d2477d8d04b41d4bbc9a8742f858f4d_0

	A proposal for the assessment of soil security: Soil functions, soil services and threats to soil
	1 Introduction
	2 Past and existing concepts of soil value and care
	3 Processes, functions, services and threats
	4 One size does not fit all: absolute vs relativistic (genosoils vs phenosoils) assessment
	4.1 Soil function potential
	4.2 The quest for the ideal soil
	4.3 Genosoil vs phenosoil assessment

	5 Approaches to quantification
	5.1 Selection of minimum dataset of indicators
	5.2 Transformation of indicator values into unitless scores
	5.3 Integration of scores into composite indices

	6 A comprehensive proposal
	6.1 Soil functions
	6.1.1 Our definition
	6.1.2 A comprehensive set of functions
	i A producer of food and biomass
	ii A store of carbon
	iii A store and regulator of nutrients
	iv A store, purifier and regulator of water
	v A habitat for, and of, biodiversity
	vi A filter and remediator of contaminants
	vii A source of raw materials
	viii An archive of archæological artefacts

	6.1.3 Summary of soil functions

	6.2 Soil services
	6.2.1 Our definition
	6.2.2 A comprehensive set of services
	i Environmental / ecosystem maintaining
	ii Climate change mitigation and adaptation
	iii Water securing
	iv Biodiversity protecting
	v Human health mitigating
	vi Food and nutrition securing
	vii Energy securing

	6.2.3 Summary of soil services

	6.3 Threats to soil
	6.3.1 Our definition
	6.3.2 A comprehensive set related to soil process
	i (Accelerated) erosion
	ii Acidification
	iii Salinisation
	iv Decarbonisation
	v Contamination
	vi Soil structural decline
	vii Soil sealing
	viii Habitat loss/degradation

	6.3.3 Summary of threats to soil


	7 Modelling approaches
	7.1 Selection of a minimum dataset of indicators
	7.2 Transformation of indicators into scores using utility graphs
	7.3 Integration of various security scores

	8 Discussion
	8.1 Should genosoils and phenosoils be a target?
	8.2 Aggregations
	8.2.1 Aggregating roles over dimensions
	8.2.2 Aggregating dimensions over roles
	8.2.3 Pluripotency

	8.3 Resilience
	8.4 How to implement the proposal?

	9 Conclusions
	Declaration of interests
	Data availability
	Acknowledgement
	Supplementary materials
	References


