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1 Introduction

Soil health refers to the ability of soil, at a specified point in time, to function
as a dynamic living system within natural or managed ecosystems. A healthy
soil sustains plant, fungal, and animal productivity and health, maintains or
enhances water and air quality, and delivers essential ecosystem services over
the long term, without increasing trade-offs between ecosystem services (Van
den Elsen, et al., 2022). The term is often used interchangeably with soil quality
(Binemann et al., 2018). Soils support a range of ecosystem services and they
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provide benefits to human societies (Calvaruso et al., 2021) through the delivery
of soil functions. Soil functions commonly considered in soil health assessments
from an agricultural context are primary productivity and biomass production,
climate regulation, water regulation and purification, nutrient cycling and habitat
provision for biodiversity (Haygarth & Ritz, 2009; Schulte et al., 2014, Pereira,
2018). Additional functions, such as pest and disease management (Creamer
et al,, 2022) and pollutant degradation (Vogel et al., 2018) have also been
proposed in the literature. Monitoring of soil health aims to assess the resilience
of soil to provide continued support in the provision of ecosystem services.

Despite increasing awareness and research, monitoring soil health remains
a major challenge due to several factors:

1 Scale mismatch: the spatial scale of the assessment is often not in line
with the selected indicators. Indicator selection should consider the
purpose of the monitoring programme, who it is for and with which
goals in mind monitoring is done (Schreefel et al., 2024).

2 Resource constraints: soil health monitoring is often driven by resources
(cost and logistics) and depends primarily on what monitoring systems
are common, or already in place or can be expanded upon (Matson
etal., 2024).

3 Benchmarking: due to the heterogeneity of soil and the interactions
with climate, landscape and land use there is no clear definition of what
constitutes healthy soil, as threshold values to benchmark soil health will
vary in different pedo-climatic zones and land use systems.

4 Conceptual ambiguity: soil health is a concept that amalgamates
several interacting soil functions. This leaves the concept of soil health
open to inappropriate use, and indicators are often selected without
transparency or pertinence to the functions being assessed.

Since soil health cannot be measured directly, it is typically assessed through
two complementary approaches:

1 Threshold-based indicator approach: here, soil health is evaluated by
defining thresholds for a range of soil parameters. This approach is often
applied in larger-scale assessments (regional, national and continental),
where a harmonized minimum dataset is applied to categorize soil as
healthy or degraded (Matson et al., 2024).

2 Process-based clustering approach: this approach defines the processes
and underlying properties that are relevant to a range of functions. This
considers the interaction of soil processes with local conditions and
management practices, assessing how they collectively contribute to
the delivery of one or more functions.
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A well-defined and scientifically rigorous selection of appropriate indicators is
critical to ensuring thatthe selected indicators are both relevantto the processes
and overarching functions they are chosen to represent and applicable to
the specific land use, management practices and climatic conditions of the
ecosystems being evaluated (EEA, 2023).

2 Selecting indicators to assess soil health

Soil functions themselves are challenging to measure directly, as they consist of
bundles of soil processes (Blinemann et al., 2018) which continuously interact.
Therefore, selected indicators should reflect the processes that are occurring
to support the provision of a given function. The first step is the identification
of relevant indicators which can directly measure the process. Soil processes
can be described as a series of actions or steps that take place that result in a
particular outcome (adapted from PROCESS | English meaning - Cambridge
Dictionary). Process-based indicator measurements are usually defined as rates
which describe the speed at which the process is taking place. As such, process
measurements are often conducted either in the laboratory or the field and
can be logistically challenging to include in a monitoring programme. In the
absence of directindicator methods for a given process, itis feasible to measure
the presence or abundance of (most common) biological drivers and defining
(physical or chemical) conditions in which the process will occur. Creamer
et al. (2022) presented the main biologically led processes that supported
four soil functions (nutrient cycling, water regulation and filtration, carbon
regulation and pest and disease management) in a temperate agricultural
context through a series of knowledge graphs referred to as cognitive models.
The cognitive models identified which processes were relevant for each soil
function and how these processes could be bundled together into ‘sub-
functions’ which describe how the co-occurring processes support a specific
underlying mechanism of the function. Biological actors were then identified
and considered as the main drivers of each process. This facilitated for the
first time a transparent methodological approach to describing the role of soil
biota in the provision of soil functions, where the soil biological parameters
were ranked for their pertinence to supporting the processes underpinning
the four soil functions (Zwetsloot et al., 2022). However, the papers of Creamer
et al. (2022) and Zwetsloot et al. (2022) did not identify how the biologically
mediated soil processes co-occurred with or were mediated by physical and
chemical conditions in the soil.

This chapter will present an update on this work by integrating the
chemical and physical components of soil health with that of the biologically
mediated processes and further define how environmental conditions may
contribute. To achieve this, four soil function cognitive models have been
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developed: (1) carbon and climate regulation, (2) nutrient cycling, (3) water
regulation and filtration and (4) habitat provision for biodiversity. These
cognitive models define the chemical, physical and biologically mediated
processes that occur in soils to support sustainable agricultural production in
temperate climate conditions across Europe. These cognitive models provide
a first insight into the processes and parameters which support the delivery of
each function. Parameters are defined as the chemical, physical or biological
properties or climatic or landscape conditions that define a process system
or set the conditions of its operation. In many cases, the processes can be
measured directly, making them reliable indicators of the functions. However,
process-based measurements are often challenging outside of controlled
scientific conditions. To address this, the models also incorporate parameters
that support these processes. The parameters — soil properties which interact
to drive soil processes, either directly, for example, many biological actors are
responsible for bioturbation occurring in the soil, or indirectly which can be
parameters which define the presence or absence of the biological actors,
for example, pH or moisture. These cognitive models facilitate and provide
a transparent method for indicator selection of the four functions and overall
soil health assessment through a multi-functional approach. Indicators for soil
health assessment can then be defined for the processes that are relevant, in a
given pedo-climatic context and that are useful in framing the purpose of the
monitoring focus. This chapter will provide the detailed scientific underpinning
of the processes involved in the delivery of each of the soil functions but will not
deliver a set of indicators, as this is dependent on context and purpose.

3 The process of indicator selection

Indicator selection was achieved through a structured interactive approach,
where scientists from across Europe engaged in online and in-person
workshops. Over 25 soil experts, specializing in different aspects of soil health,
collaborated to identify and rank processes relevant to the four specific soil
functions. The indicator selection was completed through an iterative process,
starting with brainstorming workshops, which provided the first foundation for
each of the function cognitive models, integrating biological, chemical and
physical soil expertise with landscape and modelling experts. The workshops
were followed by comprehensive scientific literature reviews to validate and
confirm the role of the identified processes and parameters and uncover any
missing elements. After the initial development of the cognitive models, groups
were asked to rank the processes and parameters according to theirimportance
for the delivery of a certain function. The ranking system ranged from 1 (very
important) to 3 (less important or relevant). This ranking was instrumental in
refining the initially highly complex and detailed cognitive models. Processes
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having minimal relevance were eventually removed, allowing the models to
be simplified without losing critical information. Finally, experts were asked
to determine if a parameter had a direct or an indirect effect on the rate of a
given process. For example, earthworms have a direct effect on bioturbation
(Cunhaetal., 2016; Vion-Guibert et al., 2024), whereas their effect on erodibility
is indirect, mediated through their impact on aggregation processes (Wen,
2022). However, a direct correspondence does not always equate to a larger
effect; indirect effects can also play significant roles depending on the pedo-
climatic context and the interplay of multiple factors, such as soil management
(Jouquet et al., 2012a; Wen et al., 2022). These indirect or contextual effects
have a strong influence on the selection of an appropriate indicator. This
systematic and iterative approach ensured that the selected indicators are not
only process-specific but also aligned with the broader soil health framework.
By tailoring the selection to the unique characteristics of each process, the
resulting indicators provide robust tools for monitoring and assessment across
diverse systems.

Figure 1 describes the basis of the cognitive model concept. For each
soil function cognitive model, the function is first defined. Next, key processes
which contribute to the provision of that function are defined. Processes may
occur in one or several soil function models. The processes are bundled for the
sake of visualization in the model into ‘sub-functions’ which account for a set of
processes that are focused on a specific aspect of a function. Sub-functions are
generally not measurable, as they are a visualization of a series of processes. At
the processlevel, itis possible to measure the individual processes, but this often
requires specialized or control conditions in which a process is measured over
time. Therefore, soil (biological, chemical and/or physical) and environmental
parameters are utilized to define the main drivers and conditions under which
the process occurs or the rate at which it occurs.

This approach does not imply that all properties involved in all processes
need to be monitored continuously. Rather, we propose to follow an approach
similar to the logical sieve approach proposed by Ritz et al. (2009) and later
adapted to indicator selection for soil biological indicators by Zwetsloot et al.
(2022). This method provides a systematic framework for indicator selection
by progressively narrowing down a broad list of processes and parameters
via specific selection criteria, to define the final set of indicators. The sieve
operates through several steps: (1) Pertinence to the soil function: indicators
are first evaluated for their relevance to the soil function under consideration.
This ensures that each selected indicator provides meaningful information into
the processes and sub-functions that underpin the function; (2) Applicability to
context: indicators and methods are assessed for the suitability within a specific
context of a specific monitoring program (taking into account issues such as
land use type and spatial scale of assessment and environmental conditions).
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This step ensures that selected indicators better align with the unique
characteristics (and constraints) of the monitoring context; and (3) Technical
criteria: indicators are further selected based on technical considerations such
as the ease of interpretability, throughput, accuracy, cost, and practicality of
implementing the associated measurement techniques (Zwetsloot et al., 2022).
However, in the context of soil health assessment, the final set of indicators
should comprehensively represent all relevant soil functions, ensuring that
relevance, applicability and logistical issues have been considered.

In the following sections, each of the soil functions are described in
the form of a cognitive model, providing a comprehensive overview of the
processes relevant to each of the four functions. As several processes occur
across multiple cognitive models, the parameters which define the functions
are described in the subsequent section.

4 Carbon and climate regulation

The soil contribution to carbon and climate regulation, i.e. the balance
between the uptake of CO, and CH, by the vegetation and microbes, which
is maintained as biomass and carbon compounds in the soil, and the release
of greenhouse gas emissions from the soil, encompasses soil processes that
contribute to the carbon retention in the soil and regulate the release of
major greenhouse gases (BIOSIS, 2023). Within this function, we identified
17 processes underpinning the carbon and climate regulation soil function,
which were bundled into four sub-functions: decomposition, organic matter
transfer, organic matter stabilization and biochemical transformations (Fig. 2).
These sub-functions collectively capture the complex interplay of processes
that influence soil carbon dynamics and greenhouse gas emissions. The direct
and indirect parameters that support the provision of these processes are
described in Table 1.

4.1 Sub-function: decomposition

The breakdown of organic matter (i.e. decomposition) in soil is realized
through six processes that result in the production of carbon dioxide (CO,)
and/or methane (CH,) (Creamer et al., 2022). These processes include: (1)
litter photodegradation, (2) fragmentation, (3) faunal respiration, (4) microbial
respiration, (5) extracellular depolymerization, and (6) methanogenesis.
Decomposition through these six processes is a careful balance of
utilization of existing carbon sources in the soil in combination with new organic
matter inputs into the soil. This dual process can result in the release of carbon
stored in the soil while simultaneously serving as the basis for the sequestration
of new carbon into the soil. Plant material inputs make their way into the soil,
where they are fragmented by earthworms, isopods and other macrofauna
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Climate and Carbon

Regulation

r—( Litter photodegradationj
—[ Fragmentation ]
—[ Soil respiration ]
Extracellular )

l depolymerization
)

—[ Methanogenesis

r—[ Bioturbation ]
r—[Organic matter leaching]
‘—[Soil erosion - sedimentatior]
_[Soil erosion - detachment]

Decomposition

Organic matter
transfer

Aggregate formation ]

Organic matter
stabilization

Aggregate stabilisation ]

Chemical protection ]

—[ Metanotrophy

Biochemical
transformations

Mineral precipitation and
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Nitrification/
Denitrification

Figure 2 Processes (light grey) and sub-functions (grey) underpinning climate and

carbon regulation. Boxes with a thicker outline and bold lettering represent processes
deemed as most relevant by the experts.
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12 Soil biology, soil health and ecosystem services: an overview

feeding on plant material. Through this process, plant material enters the soil
food web and begins transformations into smaller molecules. Root exudates
and microbial extracellular enzymes also contribute to the breakdown of larger
organic molecules into smaller ones, which then enter the food web. During
these processes, both soil fauna and microbes release CO, through respiration.
When soil conditions are anoxic, decomposition can still take place but it is
dominated by methanogenic microorganisms, which release CH,. Organic
matter can remain unprotected, as particulate or dissolved organic matter that
is more susceptible to processes of organic matter transfer or can stabilize
through physical or chemical protection by associating with mineral surfaces or
becoming part of soil aggregates (Cotrufo & Lavallee, 2022).

4.2 Sub-function: organic matter transfer

This sub-function focuses on processes that make resources available,
unavailable or that displace them from the site of interest. These processes
include bioturbation, organic matter leaching, and soil erosion, including both
the accumulation of soil (sedimentation) as well as its loss (detachment).

The overall effect of organic matter leaching on carbon and climate
regulation function is difficult to ascertain. Leaching to lower layers of the
soil profile could lead to higher levels of protection of organic matter since
microbial activity and respiration decrease with depth (Min, 2021) and it
would make aggregates less likely to be disturbed by practices such as tillage.
However, if dissolved organic matter (DOC) can be leached into groundwater
via throughflow to a nearby ditch or stream, this will result in a loss of carbon
from the system. A similar problem arises when trying to pinpoint the effect
of soil erosion on the carbon and climate regulation function. The impact of
soil erosion on the amount and pools of mobilized organic carbon is complex
and dependent on the spatial scale. The effect of rain splash and wind on
unprotected soil affects detachment and breakdown of aggregates, causing
emissions of CO,. The soil particles can be transported and deposited nearby
or further away through the air or stream network. At patch and hillslope
scale, selective erosion processes (e.g. sheet runoff) are dominant, mobilizing
sediments enriched in organic carbon (Martinez-Mena et al., 2012). At coarser
spatial scales (hillslopes, ravines and rivers), non-selective erosion processes
(e.g. rill and gully erosion, riverbed and bank erosion) take place, mobilizing
sediments from deeper soil layers with lower content of organic carbon (Nadeu
etal., 2011; Boix-Fayos et al., 2015). Thus, soil erosion can lead to a loss of both
nutrients (see sub-function: nutrient supply) and soil organic carbon at the site
and enrichmentwhere the sedimentis deposited. Atdepositional sites the burial
of sediments reduces emissions by mineralization, and new soil formation in the
upper layers leads to organic carbon enrichment (Martinez-Mena et al., 2019).
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In addition, the source of sediments (superficial or deeper soil layers) and the
way that organic carbon is transported during the process of erosion (dissolved
or protected within stable microaggregates) determine their stabilization in
depositional areas (Boix-Fayos et al., 2015, 2017). The stabilization of organic
carbon in depositional areas can compensate for organic carbon (OC) losses
from eroded sources within catchments (Martinez-Mena et al., 2019).

The erosion potential is strongly determined by the terrain topography
and soil physical properties such as aggregate stability, surface roughness and
stoniness, soil structure and the presence of a soil crust and seal. Typically, with
poor aggregate stability, the presence of stones or a crust can contribute to a
higher erosion potential. Transport and sedimentation are also dependent on
the topography, especially the terrain roughness and topographic position in
the landscape, as they drive the flux velocity and the convergency of fluxes.
Furthermore, vegetation cover and vegetation density affect the erosion
potential. Vegetation with well-developed root systems typically reduce
the erosion potential and positively contribute to the capacity of the soil to
retain nutrients in the system. The presence of vegetation is also important for
providing soil organic matter to the soil and thereby sustaining soil organisms
(bacteria, fungi, earthworms, enchytraeids, termites and ants). Soil organisms
can both reduce soil loss, by improving porosity, and increase it, by diminishing
soil stability due to mixing activities (Orgiazzi & Panagos, 2018).

4.3 Sub-function: organic matter stabilization

Once organic matter enters the soil, it must be physically or chemically
protected to ensure the build-up of organic matter and consequently carbon
stocks, which links to the climate regulation component of the function.
Processes such as aggregate formation, stabilization and chemical protection
are relevant to organic matter protection and stabilization. Aggregate
formation and stabilization depend strongly on biological actors that bind
soil particles together, such as roots, bacteria or earthworms (Creamer et al.,
2022). Environmental variables can also directly affect aggregate formation
and stabilization, for example, freeze-thaw cycles have been known to disrupt
macroaggregates (Six et al., 2004). Dry-rewetting cycles can also lead to peaks
and troughs in decomposition rates. Evidence suggests that soils that undergo
dry-rewetting cycles in the long term show higher cumulative soil respiration
rates when compared to soils kept under a constant moisture regime (Zhang
et al., 2020).

Chemical protection of organic matter leads to the formation of mineral-
associated organic matter, which depends strongly on the mineralogy of the
soil at hand and the properties of the organic matter (Degens, 1995). The
scientific community has recently identified the importance of necromass
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accumulation to carbon sequestration overall (Liang et al., 2019; Wang et al.,
2021; Cotrufo & Lavallee, 2022). Rather than including necromass accumulation
as a process relevant to organic matter stabilization, we have included bacterial
biomass, which relates to bacterial necromass accumulation in the processes of
aggregate formation, stabilization as well as chemical protection.

4.4 Sub-function: biochemical transformations

Biochemical transformations include changes in inorganic molecules that
lead to the production of N,O (denitrification), CO, (mineral precipitation and
dissolution), NH, (ammonia volatilization) as well as the consumption of CH,
(methanotrophy). In the soil, nitrogen goes through several transformations.
Nitrous oxide production is primarily the result of denitrification, which mainly
takes place inthe presence of NO~, in the soil, which occurs through the process
of nitrification. While we include only nitrification in the current function, an
assessment of both may be needed to account for the main pathway for N,O
and NOx emissions. The HIP model (hole-in-pipe model) predicts that the
production of NOx gases is dependent on the availability of nitrogen in the soil,
while the ratio between N,O and NO production is a function of soil moisture
(Davidson, 2000). Other factors, such as soil pH, and soil temperature can also
explain N,O emissions in agricultural systems, particularly when observing
emissions during a growing season. Depending on factors like soil diffusivity,
temperature and pH, ammonia can also volatilize.

The release of carbon into the atmosphere can be controlled through
wider environmental factors. For example, while methanogenesis (see
decomposition) is the process by which methanogenic microorganisms acquire
energy from the breakdown of organic matter, methanotrophy is the process
by which methanotrophic microorganisms oxidize methane. This process
happens as soil dries out, or as methane is diffused to higher layers of drier
soil. Parent material (geology) of soil can strongly define some processes, such
as mineral dissolution, where the release of chemical species from a solid to
the surrounding aqueous solution occurs (Noiriel & Daval, 2017). An example
of this is the dissolution of carbonates from calcareous parent materials, such
as calcite, due to rainwater containing CaCO, dissolving carbonates from the
parent material over time.

5 Nutrient cycling

Nutrient cycling is defined as the capacity of a soil to take up and recycle
nutrients from different inputs (e.g. plant residues and manure) and to
support the uptake of nutrients from soil minerals and organic matter, water
and air by plants and the soil community (BIOSIS, 2023). To understand this
function comprehensively, we identified 18 processes allocated to three main
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sub-functions that determine the delivery of nutrient cycling in soils: nutrient
supply, organic matter transformation and nutrient acquisition (Fig. 3). The
direct and indirect parameters that support the provision of these processes
are described in Table 2.

5.1 Sub-function: nutrient supply

Nutrient supply is determined by processes such as adsorption/desorption,
ammonia volatilization, atmospheric deposition, microbial immobilization,
nitrification, denitrification, nutrient leaching, precipitation/dissolution, and
soil erosion and runoff (specifically soil detachment processes). Plants and soil
microorganisms take up dissolved nutrients from the soil solution, primarily
in the form of nitrate (NO~,) or ammonium (NH,). For most nutrients, dynamic
equilibria exist between the soil solution and various solid forms. In the
absence of soil organisms and growing plants, these equilibria are governed by
physico-chemical processes such as adsorption/desorption on surfaces as well
as precipitation/dissolution. For example, the abiotic retention of phosphate on
particlesinthe soil can be viewed as a continuum of precipitation and adsorption
processes (Blinemann, 2015), while phosphate sorption is governed mainly by
the concentration, types and surfaces of iron and aluminium oxides (Borggaard
et al., 2005). In living soil, these chemical equilibria are additionally affected
by biological uptake from the soil solution, transformation into other chemical
forms and release upon death and decay. Nitrification and denitrification, as
described previously, are transformation processes that are specific to N.

Unutilized nutrients in the soil are at risk of leaching into deeper soil layers,
particularly for soils with a sandier texture, through by-pass flow or where
groundwater levels are high. When these nutrients are transferred below the
rootable soil depth, they can be adsorbed onto mineral surfaces or lost entirely
from the soil system, potentially contributing to groundwater contamination in
regions with intensive agricultural practices (Lehmann, 2002). Nutrient losses
through leaching can be influenced by preferential water flow paths, which
may form due to successions of wetting and drying cycles in clayey soils.
These pathways can also emerge from structural modifications in the soil, such
as biopores created by faunal activity (e.g. earthworms, ants, termites) and
plant roots (Zhang et al., 2018). While these structures typically enhance soil
aeration and water infiltration, they may, under certain conditions, facilitate
deeper nutrient transport beyond the root zone. Vegetation type and density,
with its effect on rooting depth and density, can limit nutrient leaching through
assimilation (Creamer et al., 2022).

Nutrient mobility in the soil is nutrient-specific and often dependent on
their chemical form (speciation). For instance, nitrate (NO,) is highly mobile and
prone to leaching, while phosphate is generally immobile in most soils because
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Figure 3 Processes (light purple) and sub-functions (purple) underpinning nutrient
cycling. Boxes with a thicker outline and bold lettering represent processes deemed as
most relevant by the experts.
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of its tendency to precipitate or adsorb onto mineral surfaces (Lehmann, 2002).
Another pathway for nitrogen loss is ammonia volatilization, a process that was
already discussed under the carbon and climate regulation function model.

Atmospheric deposition is of varying importance, depending on the
nutrient. For N, the critical loads theory attributes high nitrogen deposition
to the livestock density and type of animals within a local region (Bobbink
et al., 2015; Chang et al., 2021). High nitrogen emissions associated with pig
and poultry facilities in the local vicinity can significantly increase the rate of
nitrogen atmospheric deposition. For sulphur (S), atmospheric deposition has
decreased substantially over time, and in the last 2 decades, S deficiency in
certain crops has been increasingly observed (Zhao et al., 2003a).

Soil erosion can lead to the transfer of nutrients across the landscape, similar
to the erosion processes described in the organic matter transfer sub-function.
It is worth highlighting that depositing nutrient-rich sediments may play a
dual role. On one hand, it can negatively impact sensitive ecosystems through
nutrient enrichment, which may lead to soil or surface water eutrophication.
On the other hand, it can benefit agricultural systems that depend on external
nutrient inputs to maintain productivity (Nathan et al., 2022).

5.2 Sub-function: organic matter transformation

Through transformations of organic matter, nutrients become available to
plants as well as to soil organisms. Processes such as litter photodegradation
(Almagro et al., 2015), fragmentation, biopolymer degradation, extracellular
depolymerization and mineralization are particularly important in the cycling
of nutrients through the soil profile. These processes closely relate to the
decomposition sub-function described previously, since as soil organic matter
is broken down, nutrients become available to soil organisms as well as to
plants after mineralization by biological actors. The parameters that regulate
decomposition also play an important part in the release of nutrients.

5.3 Sub-function: nutrient acquisition

Nutrients which are mobile in the soil can reach plant roots via mass flow,
while for poorly mobile nutrients, diffusion can replenish depleted nutrients
at the root surface (Hinsinger et al., 2011). In addition, the root system often
increases to support nutrient acquisition when concentrations are low and/or
plant uptake is high. Such root foraging strategies differ between plant species,
resulting in below-ground niche complementarity of (e.g.) shallow- vs. deep-
rooting species (Zhang, 2014).

Besides growth, many plant species use specific rhizosphere processes
such as the exudation of protons or organic ligands to make nutrients more
available (Hinsinger et al., 2011). Symbiosis with mycorrhizal fungi can be a
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possibility to expand the depleted soil volume, partly by growing into smaller
soil pores than roots or root hairs. Ectomycorrhizal fungi may also produce
exudates that contribute to the mobilization of recalcitrant nutrients such as
phosphorus. Biological fixation of nitrogen from the atmosphere mostly occurs
in legumes through symbiosis with rhizobia (Buckley, 2007). In addition, free-
living diazotrophs have been shown to be present in many soils, even though
their contribution to the nitrogen cycle is likely limited compared to that of
symbiotic nitrogen fixation.

6 Water regulation and filtration

The water regulation and filtration function includes two main sub-functions:
water storage and filtering capacity. We identified 16 main processes that
underpin the sub-functions of water storage and filtering capacity (Fig. 4). The
direct and indirect parameters that support the provision of these processes
are described in Table 3.

6.1 Sub-function: water storage

Water storage is the capacity of the soil to store water as it integrates multiple
interrelated processes, influencing one another to determine the overall water
storage capacity of the soil. This interconnected nature of processes in the soil-
plant-atmosphere continuum justifies their integration under the broader water
storage sub-function (Hillel, 2003).

Water enters the soil through infiltration, influenced by rainfall, soil
properties, vegetation, land use and temporary barriers like hydrophobic layers
or compacted crusts (Coppola et al., 2011). Water that cannot infiltrate may result
in runoff or ponding on low-lying ground. Runoff occurs under two conditions: (i)
saturation excess runoff(Dunnian process)—when the soil becomes fully saturated,
excess water flows over the surface, and (ii) infiltration excess runoff (Hortonian
process) — when rainfall exceeds the soil’s infiltration capacity, runoff forms even
if the soil is not saturated (Bldschl & Sivapalan, 1995). Infiltration and runoff are
interconnected — higher runoff reduces infiltration and vice versa (Wang et al.,
2016). The rates of infiltration and runoff depend on precipitation intensity, soil
properties and landscape features, especially the upper soil horizon and slope.
Soil texture plays a crucial role: fine-textured soils have low hydraulic conductivity,
slowing water movement and increasing runoff when rainfall exceeds infiltration
capacity (Beven and Germann, 2013). In contrast, coarse-textured soils support
higher infiltration, reducing runoff under similar conditions. Rock fragments on
the surface also influence infiltration, runoff and erosion processes (Cerda, 2001).

Water returns to the atmosphere through evapotranspiration, which
includes evaporation from the soil surface and transpiration through plant
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uptake. In crops, over 99% of absorbed water is lost via transpiration, with only
a small amount retained in plant tissues (Hillel, 2003). Evapotranspiration is
influenced by atmospheric factors (temperature, solar radiation, humidity and
wind) and plant traits (root depth, architecture and uptake efficiency) (Feddes
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et al., 1976). Deeper soils support root growth, providing a larger water
reservoir that sustains transpiration during dry periods.

Soil parameters, however, have a complex and sometimes contradictory
effect on water availability. For example, fine-textured soils have a higher
water-holding capacity, meaning they can store more water. However, their
low permeability and high density can impede deep root growth, limiting the
plant's ability to access moisture at greater depths. In contrast, coarse-textured
soils drain quickly and hold less water but allow for deeper root penetration
(Dodd & Lauenroth, 1997).

Water can also move upward from wetter regions (e.g. groundwater)
towards drier soil zones due to capillary action. This process is particularly
relevant in areas with a shallow groundwater table and is strongly impacted by
the capillary porosity and clay content of the soil (Li et al., 2014).

Drainage (or deep percolation) is the downward movement of water out of
the soil profile, contributing to groundwater recharge. Soil texture and depth
play key roles: sandy soils, with large pores and high conductivity, promote
rapid drainage, while clay-rich or compacted soils slow water movement (Keese
etal., 2005). Shallow soils over bedrock can also enhance recharge by directing
water downward more quickly.

Finally, subsurface lateral flow moves water sideways through the soil
towards streams or rivers. This process depends on landscape morphology
and soil hydraulic properties. It is most significant when a less permeable layer
(e.g. clay-rich or compacted soil) impedes vertical movement, redirecting water
laterally along soil horizons (Li et al., 2014).

6.2 Sub-function: filtering capacity

The soil’s filtering capacity refers to the capacity of the soil to extract, degrade,
transform or contain harmful compounds (BIOSIS, 2023), including the
mechanism of their physical transport into the soil.

Each pollutant exhibits a different potential for these processes, and the
mechanisms leading to their degradation can be different depending on
the pollutant at hand. It is outside of the scope of this chapter to provide the
parameters needed to model the degradation of each individual pollutant.
Instead, our focus is on describing soils with a high potential for containing,
degrading, occluding and transporting pollutants.

Containment refers to soil's capacity to retain elements or compounds
within the soil matrix or through biological assimilation, thereby limiting their
movement and export. Key containment processes include sorption onto
solid surfaces, precipitation, physical occlusion and biological uptake. A
soil's ability to retain molecules through chemical reactions depends on the
characteristics of sorbent materials and solid surfaces, which can vary with
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factors such as redox potential and pH (Naidu, 1998; Sarkar, 2021; Sposito,
1999).

Physical occlusion sequesters elements by making them inaccessible to
soil biota and prevents leaching due to reduced water and gas movement,
often a result of discontinuous pore structure and aggregation (Chi et al., 2022;
Sexstone, 1985). Bio-assimilation relates to the ability of the soil biota to extract
elements and molecules from the soil. Fungi and bacteria are particularly
relevant to bio-assimilation, as they are the primary consumers of organic
pollutants (Saadi, 2012) and micro-plastics (Fojt et al., 2020), and it is through
the consumption of these microbes that the pollutants become assimilated at
higher levels of the soil food-web (Armitage, 2007). Soil invertebrates can also
play an important role in bio-accumulation, both directly through absorption
of chemicals through the skin, particularly in the case of soft-bodied soil
organisms such as earthworms and molluscs, and indirectly through feeding
on contaminated materials (Heikens, 2001; Chao et al., 2023).

Transformation processes include oxidation, reduction and volatilization.
Whether a pollutant becomes more or lessimpactful to the environment through
oxidation and reduction processes depends on the nature of the pollutant
itself. Therefore, we consider soil with the highest potential for pollutant
transformation to be one where both processes can occur over time, allowing
various pollutants to undergo different types of transformations. However, we
acknowledge that when a specific pollutant is present in the soil, remediation
efforts or management practices may be designed to favour either oxidation
or reduction processes, depending on which pathway is most effective for
pollutant transformation or removal. Ultimately, the most desirable outcome
is the complete degradation of pollutants into non-harmful chemical forms.
Transformation processes can sometimes contribute to this degradation. While
soil organisms, particularly microorganisms, play a key role in the breakdown
of organic pollutants, factors such as freeze-thaw cycles have been shown to
influence degradation rates indirectly by affecting the microbial community (Ji
etal., 2022).

The filtering capacity of soil is also influenced by the processes that
govern the fate of pollutants — or, more generally, solutes — as they move
through the soil towards groundwater. Among the many mechanisms involved,
we focus here on the main ones (Jury & Horton, 2004; Kutilek & Nielsen,
1994): convection (or advection) is the movement of a solute dissolved in
soil water, which occurs in direct proportion to the average water flow and
solute concentration; diffusion occurs when solute particles move from high-
concentration areas to low-concentration areas, following the concentration
gradient; mechanical dispersion arises due to variations in water flow within
individual pores and among pores of different sizes. Diffusion and mechanical
dispersion contribute to solute spreading by smoothing sharp concentration
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fronts along the main flow direction. Due to their similarities, they are often
represented by a combined hydrodynamic dispersion coefficient, determined
through miscible displacement experiments in lab and field settings. Given
the complexity of these processes, linking measurable soil properties to solute
behaviour is challenging. Dispersivity (u) is a key parameter influencing solute
transport. Vanderborght and Vereecken (2007) found that dispersivity increases
with transport distance and scale but is unaffected by soil texture, with higher
values under saturated conditions. Koestel et al. (2012) identified process scale,
water flow level and saturation as critical factors, while Coppola et al. (2011)
observed that local heterogeneities, such as stones, also play a role. Godoy
et al. (2019) found that while most soil properties showed weak correlations
with transport parameters, the adsorption isotherm slope strongly correlated
with cation exchange capacity and was significantly influenced by meso- and
micro-porosity.

Finally, pollutants can preferentially move through macropores - large
structural pores like root channels, earthworm burrows and fissures. Jarvis
(2020) found that these biologically and chemically active microsites influence
water flow and solute transport, though adsorption and retardation are minimal
due to their limited surface area. The macropore network is shaped by soil biota,
soil properties, site conditions and land management. High-intensity rainfall
can enhance non-equilibrium flow, accelerating solute transport and impacting
water quality, especially for low-mobility solutes like pesticides, which pose
risks even at low leaching rates.

7 Habitat provision for biodiversity

Habitat provision for biodiversity refers to the capacity of soil to create
and sustain suitable habitats for a wide range of organisms, including
microorganisms, plants and animals. It encompasses the physical, chemical
and biological characteristics of the soil that enable the establishment and
maintenance of diverse communities. We present a set of processes and
parameters that would, in theory, lead to higher levels of biodiversity (species
richness and abundance), both in terms of taxonomic diversity and functional
diversity. The habitat provision for biodiversity function assumes that habitats
need to be available for colonization and that increased habitat complexity
will increase the opportunities for soil organisms to establish and thrive.
Habitat provision is influenced by a variety of interconnected processes,
grouped into three main sub-functions: spatial availability and complexity,
habitat suitability and stability and biotic interactions (Fig. 5). The direct
and indirect parameters that support the provision of these processes are
described in Table 4.
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Figure 5 Processes (light green) and sub-functions (green) underpinning habitat
provision for biodiversity function. Boxes with a thicker outline and bold lettering
represent processes deemed as most relevant by the experts.
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7.1 Sub-function: habitat availability and complexity

This sub-function incorporates the processes that relate to the physical
availability of habitats to soil organisms, as well as the complexity of the
soil environment. It includes factors that enable organisms to disperse to
new habitats and processes that enhance the complexity of the soil habitat.
Examples include the variety of soil inputs, for instance, root exudation from a
diverse set of plants, or soil organic matter with different properties.

While the habitat provision potential may be high, it is crucial for
organisms to physically reach the micro- or macro-sites for these to function
as effective habitats. This is also true across scales, from the micro scale (e.g.
pore spaces) to the landscape scale. Barriers (whether physical, chemical or
anthropogenically derived) at different spatial scales can effectively decrease
the habitat provision potential of soil by impeding the dispersal of organisms.
Dispersal rates for soil organisms can vary greatly depending on the mode of
dispersal, as well as the size of the propagules or dispersal units (sensu Kleyer
et al., 2008). Smaller dispersal units can be transported long distances by
wind or water (Hirst, 1965; Ptatscheck, 2018), but successful (re-)colonization
of a habitat patch can still take a long time (e.g. years) (Klein, 2020). Some
organisms will also adopt hitchhiking strategies, either on the intestinal tract of
other soil organisms or by anchoring themselves to other organisms (Wardle,
2006). However, habitat fragmentation or spatiotemporal discontinuity of the
habitat can negatively impact soil biodiversity by limiting the availability of
and movement to the habitat, with consequent impacts on the composition
and dynamics of local communities as well as biotic interactions (Nordén
etal., 2014).

Soil organisms, such as earthworms, ants, enchytraeids and collembola are
of great importance to habitat formation through roles such as bioturbation,
and the formation of pores and aggregates (Wardle, 2006; Feeney et al., 2006).
Microbial activity and plant roots also contribute significantly to these processes
by stabilizing aggregates and enriching the soil matrix with exudates and
organic matter (Paul, 2016). Through these processes, the physical structure of
the soil matrix becomes more complex leading to higher habitat heterogeneity
(Coleman et al., 2024). In fact, plants exert a profound influence on the spatial
complexity of the soil environment through their root exudates, which alter the
composition of microbial communities in their immediate surroundings (Bais
etal.,, 2006; Zhao, et al., 2023b). Different plant species have distinct microbial
communities associated with their root system and, therefore, an increase
in plant diversity is expected to lead to increasing habitat heterogeneity for
associated species (Lamb et al., 2011). Aboveground, different plant species
are known to produce litter with varying chemical and physical properties,
which can affect detritivore and decomposer communities in the soil. This
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results in changing patterns of decomposition, fragmentation and organic
matter formation, further contributing to habitat heterogeneity.

7.2 Sub-function: habitat suitability and stability

Habitat suitability and stability encompasses the processes that ensure that the
soil is a favourable environment for organisms, and remains so over time. These
processes are linked to nutrient and water supply, maintenance of soil structure
and the mitigation of habitat degradation through mechanisms like acidification
control and pollutantdegradation. Nutrient cyclingisa cornerstone of soil health,
driven by the interactions between soil microorganisms, fauna and organic
matter inputs. The decomposition of soil organic matter (SOM) is a multi-step
process involving fragmentation and depolymerization. Fragmentation involves
breaking down plant residues (e.g. leaves and other dead plant material) into
smaller, edible pieces for soil fauna and microorganisms (Brown et al., 2018;
Frouz, 2018). This process is primarily led by soil fauna such as earthworms,
millipedes, isopods, springtails, mites and nematodes. Depolymerization is
the further breakdown of complex organic matter into simpler, plant-available
elements and is primarily carried out by bacteria and fungi (Kégel-Knabner
2002; Xu et al., 2018; Salvachua et al., 2016). This leads to the release of plant-
available nutrients such as nitrogen and phosphorus (Frouz, 2018; Kégel-
Knabner, 2002). The continuous input of SOM, such as crop residues, animal
manure and leaf litter, replenishes nutrient pools and maintains microbial
activity; in addition, plants release organic compounds as exudates into the
rhizosphere, further contributing to microbial nutrient cycling. This creates
a feedback loop as plant diversity fosters microbial diversity, which in turn
improves nutrient availability for plants (Ehrmann & Ritz, 2014). Additionally,
nutrient cycling is linked to biotic and abiotic mineral weathering. Biotic
agents, such as bacteria, fungi, lichens and roots, secrete organic acids and
enzymes that dissolve primary minerals, releasing essential nutrients into the
soil solution. Abiotic factors, such as weathering and erosion, also play a role.
These geochemical processes alter the soil's chemical composition over time,
influencing parameters like pH, redox potential, and cation exchange capacity
(April & Newton, 1992). The release of nutrients depends on intrinsic soil
characteristics, such as texture, the presence of coarse fragments, soil depth,
mineral composition, and the underlying bedrock (Zhu et al., 2014).

The soil’s ability to allow water to infiltrate and to be retained is critical
for maintaining habitat stability and ecosystem functions. Soil structure,
particularly aggregation and pore formation, plays a central role in water
infiltration and retention. Aggregation as the clustering of soil particles into
aggregates, stabilizes soil structure and improves the capacity to retain water.
Pore formation, involving the creation of spaces within the soil, facilitates the
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movement of air, water and organisms. Together, these processes enhance
the physical structure of soil. Soil texture, SOM content and bioturbation
(mixing of soil elements by organisms) significantly influence aggregation and
pore formation. Earthworms, for example, create macropores that improve
water infiltration and reduce surface runoff during heavy rainfall (Bottinelli
et al., 2010, 2015; Bacg-Labreuil et al., 2018; 2019). Similarly, ants, termites,
plant roots and fungi contribute to soil porosity and stability by forming and
stabilizing soil aggregates (Cammeraat and Risch 2008; Jouquet et al., 2011;
Helliwell etal., 2017; Feeney et al., 2006; Martin et al., 2012). Root architecture,
mucilage secretion and vegetation density also play critical roles, directly
modulating soil structure and hydrological dynamics (Bacg-Labreuil et al.,
2019). From a physical perspective, soil porosity, pore size distribution, and
pore connectivity are key parameters that determine water retention and
gas exchange in soil. These characteristics influence the soil’s ability to store
water and buffer against drought or flooding (Zhang et al., 2021), thereby
ensuring habitat suitability. Keystone species and biological engineers, such
as earthworms, arbuscular mycorrhizal fungi (AMF), and plant roots, play
critical roles in maintaining soil health and functionality. Via their movements
and activity through the soil layers, they play a key role in litter decomposition
(Brown et al., 2000), and pore formation (Bottinelli et al., 2015), improving
nutrient availability (Fischer et al., 2014) and water infiltration (Capowiez
et al., 2015; Jouquet et al., 2012b). Fungal hyphae grow through fissures and
pores and form aggregates at a micro scale important for aggregate stability
(Tisdall & Oades, 1982; Dorioz et al., 1993). Arbuscular mycorrhizal fungi are
symbiotic fungi that facilitate nutrient cycling and enhance plant root access
to essential nutrients, such as phosphorus (Miller & Fitzsimons, 2011). Roots
also modify soil structure by forming aggregates, increasing porosity, and
secreting mucilage and exudates. These processes stabilize soil structure,
enhance water retention and improve soil nutrient dynamics (Whalley et al.,
2005; Helliwell et al., 2017; Chenu & Cosentino, 2011; Tisdall & Oades, 1982;
Read et al., 2003).

7.3 Sub-function: biotic interactions

Biotic interactions encompass the complex relationships among soil organisms
and between soil organisms and plants. This sub-function emphasizes the
importance of interactions like predation, microbial grazing and parasitism in
supporting soil biodiversity and functionality. The primary indicators for the
sub-functions here are centred on the diversity and abundance of predators,
microbial grazers and parasites, as these metrics provide critical insights into
the balance, functionality and resilience of soil ecosystems by reflecting the
variety and activity levels of organisms involved in these processes.
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Predation dynamics, involving organisms like nematodes, mites, ants,
spiders and larger soil fauna (macrofauna), play a pivotal role in regulating
soil ecosystems. Predators control populations of prey species, preventing
imbalances that could disrupt soil processes (Meyer et al., 2019; Bernardin
etal., 2024). By preventing the overpopulation of any single species, predation
contributes to a balanced soil community structure, which enhances functional
redundancy and strengthens the resilience of the ecosystem (Feit et al., 2019).
In addition to regulating prey populations, predators contribute to soil nutrient
cycling. Predators indirectly support nutrient turnover and availability for plants
through excretion, egestion and translocation of nutrients (Schmitz et al., 2010).
For instance, predatory ants and beetles can redistribute organic matter and
nutrients across soil profiles, enhancing soil fertility. Predators also play a crucial
role in pest control by managing soil-dwelling pest populations, such as root-
feeding nematodes and insect larvae. This natural regulation indirectly supports
plant health and productivity by reducing the need for chemical pest control
and by promoting sustainable land management (Moore et al., 1988; Beretta
et al., 2022). The role of predation in pest control highlights its contribution
to ecosystem services, such as crop yield enhancement and biodiversity
conservation. Microbial grazers, such as protozoa and nematodes, regulate soil
microbial populations, contributing to the balance between different microbial
groups, and enhancing nutrient cycling. These grazers release nutrients stored
in microbial biomass, particularly nitrogen and phosphorus, making them
available for plant uptake (Griffiths, 1994; Bonkowski, 2004; Jiang et al., 2017,
Camuy-Vélez et al., 2024). The process of microbial grazing is essential for
sustaining microbial diversity and maintaining soil fertility. Microbial grazing
also influences the size and turnover rate of organic carbon pools, affecting
the carbon dynamics in the soil, and its role as a carbon sink (Jiang et al., 2018).
While grazing promotes nutrient mineralization, it can also alter the microbial
community structure, influencing decomposition processes and overall soil
functionality.

Parasitism in soil ecosystems involves interactions where one organism
derives nutrients from a host, often regulating host populations. Parasites, such
as parasitic nematodes and fungi, can prevent outbreaks of dominant species,
maintaining community structure and fostering biodiversity (Bueno-Pallero
et al., 2018). Moreover, parasitic nematodes and fungi also directly suppress
soil-borne pathogens, indirectly benefiting plant health and reducing the need
for chemical interventions (Klingen & Haukeland, 2006). These interactions
make parasitism a critical component of soil health, with significant implications
for sustainable agriculture.

Other processes like facilitation and competition are equally important for
supporting biodiversity. Facilitation occurs when one species creates conditions
favourable for another, such as nitrogen-fixing bacteria improving soil fertility
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for neighbouring plants (van der Heijden et al., 2008). Conversely, competition
shapes community composition by determining access to limited resources like
nutrients, water and space. While these processes are vital for understanding
soil biodiversity, their effects are highly species-specific, making them difficult
to generalize in a soil health assessment. As a result, their inclusion is beyond
the scope of this framework.

8 Defining soil health through soil functions

Soil health is best assessed through its capacity to sustain multiple essential
functions rather than relying on a rigid set of pre-selected indicators. However,
the most commonly applied approach in soil health monitoring is a minimum
dataset approach, which often prioritizes feasibility over functional relevance.
Indicators are typically selected based on:

1 Availability of existing data: whether an existing scheme measured the
indicator previously (legacy data);

2 Expertise of the scientists and practitioners: selection is influenced by
the knowledge and familiarity of those conducting the assessments;

3 Ease of application - indicators must be measurable across varying
spatial scales and monitoring schemes; and

4 Cost considerations — to ensure the cost of the monitoring scheme is
kept to a minimum.

While practical, this approach does not always account for the functional
significance of selected indicators. It often overlooks whether the indicators
effectively represent soil processes, functions and their interactions across
different land uses, landscape complexity or climatic conditions.

Monitoring frameworks should select indicators that directly reflect
the soil functions considered rather than convenience or availability. This
ensures a more accurate and holistic assessment of soil health. Effective soil
health monitoring should include a balanced and integrative set of indicators
representing the soil's capacity to sustain multiple soil functions (and deliver
ecosystem services).

Given the complexity of the soil systems, monitoring should include at least
one or more relevant process(es) per sub-function within each soil function.
This structured approach ensures that the monitoring system captures the
multifaceted nature of soil health, providing a more comprehensive basis for
sustainable land management practices.

While the soil function models present a generalized approach, the
selection of processes and parameters must be context-specific (Fig. 6).
Relevant indicators should be chosen based on:
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1 Stakeholder needs: who is the monitoring designed for (e.g. farmers,
policymakers)?

2 Pedo-climaticconditions: how dothe soiltype, climate and environmental
constraints affect soil function?

3 Land use: what is the dominant land use (e.g. agriculture, forestry and
urban systems), and how does it affect soil health dynamics?

By tailoring indicator selection to these factors, monitoring frameworks can
provide more meaningful insights into soil health dynamics and support
targeted management strategies.

This research has sought to further clarify the role of soil functions in soil
health assessment, by providing a transparent framework from which to select
indicators. The soil function cognitive models presented here offer a systematic
approach to identifying the most relevant parameters and processes for
monitoring the four core functions: carbon and climate regulation, nutrient
cycling, water regulation and filtration and habitat provision for biodiversity.

The next steps involve developing an automated system for indicator
selection, tailored to context, purpose, and scale of assessment. This would
enable more efficient and objective-driven soil health monitoring across
different stakeholder levels:

(a) Local scale: at the field level, land managers define the key soil health
challenges in their given context and objectives for each function.
These objectives guide management decisions to optimize soil health
under specific site-specific conditions (local context). The soil processes
should align with the objectives enabling the direct assessment of soil
functionality. The processes themselves may be measured directly, or a
combination of direct and indirect parameters (context-based proxies)
can be used to approximate key processes. The measured parameters
become indicators, collectively providing a comprehensive picture
of soil health at the field scale. This fine-scale assessment allows for
a detailed understanding of how soil functions respond to different
management practices, supporting adaptive and sustainable land use
management strategies.

(b) Regional scale —value chains and agricultural cooperatives: Atthe value-
chain level, soil health monitoring is guided by regional production
challenges rather than individual land management decisions. At this
level, key soil health challenges are linked to specific crops or livestock
systems. Indicators are selected to track the impact of farming practices
on soil functions within the region, which enables better alignment
of agricultural sustainability strategies across multiple stakeholders,
ensuring long-term productivity and resilience.
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(c) Broader scales — national and continental monitoring programs: large-
scale monitoring efforts focus on assessing the overall soil health trends
across diverse landscapes and climatic regions. Standardized indicators
must be selected at this scale to ensure comparability across regions.
These broad-scale assessments (e.g. European climatic regions) identify
the main trends, highlight regions at risk, and inform policy interventions
and value-chain support programs. While such assessment provides
macro-level insights, they cannot fully capture localized soil health
variations, reinforcing the need for nested monitoring approaches that
connect local, regional and national assessments.

Structuring soil health monitoring frameworks across multiple scales ensures that
assessment remains scientifically robust, stakeholder-relevant and applicable.

9 Conclusion

This chapter has introduced a multi-functional approach to soil health,
illustrating the interconnections between key processes and their associated
parameters across different soil functions. By integrating this multi-functional
perspective, soil health assessment moves beyond isolated measurements
towards a more holistic, system-based framework that better reflects soil
dynamics and functionality.

The cognitive models presented provide a structured breakdown of
function-specific processes, offering deeper insights into the primary drivers
and contextual parameters that shape soil health. Recognizing that soil functions
are governed by interconnected processes, ensuring that any monitoring
efforts capture the complexity of soil systems, rather than relying on individual
property measurements in isolation. While some processes are more critical
than others, most interact in ways that require a comprehensive, integrated
assessment methodology.

By defining appropriate indicators that reflect the underlying mechanisms
of soil functions, this work contributes to the development of robust, adaptable
and scientifically grounded soil health monitoring frameworks. By identifying
the key drivers of soil processes and linking them to relevant, measurable
parameters, this work lays the groundwork for a comprehensive and scalable
soil health assessment, one that can be tailored to different contexts, land uses
and management objectives while ensuring scientific rigour and practical
applicability.
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