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Abstract The increasing threat of soil degradation presents significant challenges to soil health, especially
within agroecosystems that are vital for food security, climate regulation, and economic stability. This growing
concern arises from intricate interactions between land use practices and climatic conditions, which, if not
addressed, could jeopardize sustainable development and environmental resilience. This review offers a
comprehensive examination of soil degradation, including its definitions, global prevalence, underlying
mechanisms, and methods of measurement. It underscores the connections between soil degradation and land
use, with a focus on socio-economic consequences. Current assessment methods frequently depend on
insufficient data, concentrate on singular factors, and utilize arbitrary thresholds, potentially resulting in
misclassification and misguided decisions. We analyze these shortcomings and investigate emerging
methodologies that provide scalable and objective evaluations, offering a more accurate representation of soil
vulnerability. Additionally, the review assesses both physical and biological indicators, as well as the potential
of technologies such as remote sensing, artificial intelligence, and big data analytics for enhanced monitoring
and forecasting. Key factors driving soil degradation, including unsustainable agricultural practices,
deforestation, industrial activities, and extreme climate events, are thoroughly examined. The review
emphasizes the importance of healthy soils in achieving the United Nations Sustainable Development Goals,
particularly concerning food and water security, ecosystem health, poverty alleviation, and climate action. It
suggests future research directions that prioritize standardized metrics, interdisciplinary collaboration, and
predictive modeling to facilitate more integrated and effective management of soil degradation in the context of
global environmental changes.
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Plain Language Summary Soil degradation is a growing problem that threatens soil and food
security, ecosystem functioning, and socio-economic activities. This review looks at how soil degradation is
defined and measured, the causes behind it, and how it affects people and the environment. It also explores new
tools like satellite data, artificial intelligence, and big data analytics that could help us better detect and predict
soil degradation. The study highlights how protecting soil health is essential to achieving UN Sustainable
Development Goals (UN SDGs). It calls for better ways to measure soil health and smarter strategies to manage
land in a sustainable way.

1. Introduction
1.1. Rationale and Objectives

This review focuses on soil degradation distinguished from the broader term land degradation as explained in the
next section. Soil degradation is a component and a driver of land degradation that has emerged as a global threat
to the health and productivity of ecosystems, while undermining soil security, ecosystem services, environmental
stability, and socio-economic activities (Amundson et al., 2015; FAO and ITPS, 2015; Pravilie et al., 2024). The
consequences of degraded lands include a progressive decline in productivity and a reduced capacity to sustain
crops and livestock (Blaikie & Brookfield, 1987; FAO, 2019). In some cases, biodiversity may decline through
habitat loss, thereby reducing ecosystem resilience. Furthermore, degraded lands are often more susceptible to
natural disasters such as landslides, floods, droughts, and climate extremes.

Human-induced drivers and pressures present various threats to soil health, including loss of fertility, increased
erosion, pollution, compaction, salinization, acidification, and depletion of organic matter, among others (FAO
and ITPS, 2015; Hassani et al., 2024; Pravilie et al., 2024; Figure 1). These threats heighten the susceptibility of
soils to degradation processes. We focus on anthropogenic actions that contribute to soil degradation, especially
doing “the wrong action, at the wrong time, in the wrong location.” Consequently, part of the solution involves
educating stakeholders to undertake initiatives in appropriate locations and at suitable times. Achieving this
necessitates a comprehensive understanding of both the processes of degradation and the inherent vulnerabilities
of soils to various drivers and pressures, which can be set within a global context of the intersection between soils,
biomes, and the centers of increasing human activity and population.

A pernicious aspect of soil degradation is that it often is transparent as it builds up, ultimately reaching a threshold
or even tipping point beyond which severe and often devastating irreversible consequences arise (Bestelmeyer
et al., 2003, 2015). Historical events, such as the salinization of Mesopotamian soil around 2000 BCE, played a
role in the decline of civilizations and cities like Sumer and Akkad (Shahid et al., 2018). The Dust Bowl event in
the USA in the 1930s stripped millions of acres of fertile topsoil from the land, leading to extensive human
migration and widespread poverty (Baveye et al., 2011). Similarly, drought and desertification in the Sahel region
in the 1960's—1980's, exacerbated by overgrazing, deforestation, and poor land management, transferred once
productive land into unusable areas, leading to widespread famine (Lal, 1993). Additionally, centuries of
deforestation and overgrazing on vulnerable silty soils on the Loess Plateau in China led to severe erosion of once
fertile landscapes (Yu et al., 2020). Intensive agriculture on steep slopes, deforestation, and overpopulation
exacerbated by political conflict also led to severe soil erosion in Rwanda in the 1990s (Karamage et al., 2016).

Once the topsoil has gone, and the land shifts into an altered, degraded state, recovery can be long-term. However,
there is hope to restore, or better prevent, such occurrences with concerted action. The Chinese Government, for
instance, launched a massive restoration project on the Loess plateau, successfully rehabilitating millions of
hectares of degraded land (Yu et al., 2020). Across Europe, acid rain that led to soil acidification and forest
dieback was addressed by the convention on long-range transboundary air pollution, which drastically reduced
emissions (Grennfelt et al., 2020). In the UK, the recovery of soils from acidification has been reported, for
example, from long-term monitoring (Reynolds et al., 2013) but this rebound may be halting (Seaton et al., 2023).
In Asia, and especially in China, acid deposition continued to be high until the early 2000s, starting to decline in
2005 but with critical loads still being exceeded in the 2020s mainly due to high nitrogen loads (Xie, Duan,
et al., 2024; Xie, Ge, et al., 2024). These examples highlight the need for consistent and long-term monitoring to
observe progress and identify effective interventions and success.
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Figure 1. Drivers and pressures contributing to soil degradation, indicating the complex socio-economic and environmental
interactions that contribute. Based on the Drivers, Pressures, State, Impact, Responses (DPSIR) framework.

Another major scientific challenge is understanding and predicting the consequences of soil and land degradation.
Degradation can occur relatively rapidly, yet it may leave the land in a state that requires a long time to recover,
representing a transient state, or even never recovers representing an alternative permanently degraded stable state
(Bestelmeyer et al., 2015; Briske et al., 2005). The desirable option is to prevent degradation in the first place,
which requires empowering policymakers to understand the risks and implement preventive measures to pre-empt
problems. This requires identifying vulnerable soils and predicting how land use will respond to human activity
and changing climate. Currently, our ability to model and predict the consequences of soil degradation, especially
what happens due to multiple drivers and at thresholds and whether recovery will occur once pressures are
removed (represented by a transient state), is limited. Tipping points by their abrupt changes in soil state are
particularly difficult to anticipate, such as the consequences of overgrazing and rapid loss of fertile soil leading to
desertification of the southern Sahel in the 1960s (Sinclair & Fryxell, 1985). The time it takes for soil to degrade to
a certain state, and recovery asymmetry in time, or conversely if a tipping point is breached and an alternative
stable degraded state are particularly challenging to predict. New opportunities presented by Industry 4.0 tech-
nologies (the so-called fourth industrial revolution) such as big data analytics, unprecedented computational
capacities and the rapid development of Artificial Intelligence (AI) and machine learning models capable of
dealing with a multitude of drivers and nonlinear processes offer new ways of addressing these gaps (Shokri
et al., 2025; Tahmasebi et al., 2020). Moreover, these modern tools may guide and expand our understanding of
soils' response to multiple soil degradation drivers and pressures. Current models and experiments often address
individual drivers, while new experimental approaches reveal unexpected emergent responses of soils to con-
ditions where multiple drivers act jointly (Rillig et al., 2019).

Previous reviews on soil degradation have addressed specific processes (e.g., erosion (Borrelli et al., 2021),
salinization (Shokri et al., 2024), contamination (Tetteh, 2015), and integration of drivers (Kopittke et al., 2025)),
and aspects (e.g., conservation tillage (Hussain et al., 2021), remote sensing (Wang, Du, et al., 2023; Wang, Min,
etal., 2023; J. Wang, et al., 2023), food security (Bindraban et al., 2012), mitigation (Qi et al., 2024)), or focused
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on particular regions and soil types (e.g., Western Europe (Virto et al., 2014), European Mediterranean (Ferreira
et al.,, 2022), North America (Baumhardt et al., 2015), India (Bhattacharyya et al., 2015), Africa (Diop
et al., 2022), black soils (Rui et al., 2025)). However, they often suffer from fragmentation, limited spatial
coverage, or narrow thematic scope. Comprehensive, globally consistent assessments are rare. Reviews also tend
to treat degradation drivers in isolation, neglecting the interactions between multiple anthropogenic pressures and
ecological feedbacks. Furthermore, there is limited integration of recent advances in data science, Al, and remote
sensing, which can now support large-scale, real-time soil monitoring and modeling. This review addresses these
gaps and provides a multi-scale assessment of soil degradation processes, synthesizing recent scientific and
technological advances for improved understanding and prediction. It also draws attention to the critical need for
harmonized global indicators and decision-support tools that bridge science, policy, and practice for sustainable
soil and land management.

In this review, we pursue a multi-scale assessment of soil degradation processes in relation to global change
drivers and pressures driven largely by anthropogenic activities. With the specific objectives of:

¢ Defining, describing, and delineating soil degradation processes as a concept in the context of being a driver of
land degradation.

¢ Predicting soil degradation in response to anthropogenic drivers and pressures; assessing stability and states
and how to optimally capture this in models.

¢ Going beyond single drivers of degradation to understand emergence in response to multiple environmental
change drivers and pressures.

o Highlighting the opportunities presented by the Industry 4.0 technologies (e.g., advancements in big data
analytics, remote sensing, and Al) to improve soil degradation monitoring and prediction.

¢ Assessing the latest research to address the social, economic and environmental drivers, pressures and impacts
of soil degradation.

¢ Identifying solutions for restoration and prevention at multiple scales and in trans-disciplinary contexts.

By understanding degradation processes, their extent and severity, and bridging the gap between science and
policy to communicate soil vulnerability, scientific research can help co-develop strategies that proactively
address future social, economic, and environmental challenges.

1.2. Definitions of Soil Degradation

In this review, we distinguish the term “soil degradation” from “land degradation.” Land degradation includes
changes to functioning of ecosystems supported by all land components such as forests, streams, grasslands, and
interconnectedness for wildlife and other organisms. Moreover, land degradation is often cast primarily as a social
problem (Blaikie & Brookfield, 1987). They define land degradation as “a reduction in the capability of land to
satisfy a particular use.” Capability implies context for a specific purpose, for example, urban, agricultural, or
forestry land.

Soil degradation is a component, and often driver, of land degradation, reducing its capability through the
diminished capacity of soil to provide climate and ecosystem services, often but not exclusively, due to lower
productivity, loss of topsoil, compaction, salinization, and loss of biodiversity and biomass (Pravilie et al., 2024).
However, in the case of peat soils, degradation may occur through increased productivity, especially nitrogen
deposition that may kill sphagnum moss, for example. Therefore, soil degradation refers to internal or external
influences that result in processes which diminish the soil systems' structure, functionality, performance, effi-
ciency, or resilience over time. Soil degradation may be physical, chemical, or biological. Degradation typically
involves energy dissipation, loss of structural integrity or an increase in entropy. It is associated with increased
vulnerability and a reduction in functional capacity for the system, often irreversibly making degradation pro-
cesses hard to reverse. A key aspect of degradation is that a system requires either maintenance, often linked with
sustainability, to counteract degradation or regeneration and renewal that usually requires external input, feed-
back, or intervention to restore the system's capacity to function.

According to UNEP and ITPS (2015), defined as: “Soil degradation is the decline in soil quality caused by its
improper use by humans, usually for agricultural, pastoral, industrial, or urban purposes.” Soil degradation in-
cludes physical, biological, and chemical deterioration by recognized soil threats, such as a decline in soil fertility,
perturbed structural condition, erosion, adverse chemical changes in salinity, acidity or alkalinity, loss of
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biological function, and the effects of toxic chemicals, pollutants or excessive inundation. It is a process implying
time and rate dependencies that may result in a degraded state.

Importantly, the baseline is set by the soil condition prior to human use or impact, or by similar soils that are
unused. Soils that show deterioration features that are not a result of human activity are simply considered subject
to natural environmental change. Synthesizing this, one can form an equation, similar to the one in (Blaikie &
Brookfield, 1987), such that:

Net degradation = (environmental change processes + human interference) — (natural soil formation

+ restorative management)

It is the human interference aspect that leads to an acceleration of processes well beyond their native state and
which forms the focus of this review. However, the restorative management indicates the importance of people in
solving the issue.

We propose that for this work soil degradation is defined as “a dynamic deficit in soil condition undermining its
capacity to function under given management and climate conditions that may result in a degraded state.” This
definition offers a more holistic systems-based lens through which to view degradation, appropriate to the
emphasis of this review.

1.3. Global Distribution of Degraded Soils and Hotspots

Only a few systematic evaluations of soil degradation at national and regional scales are presently available
(FAO, 2015a, 2015b; Ferreira et al., 2022). Existing global assessments, such as the GLASOD map produced
during the GLASOD project (1987-1990) for the United Nations Environment Program (UNEP), are now
outdated (Bridges & Oldeman, 1999; Oldeman, 1992). Consequently, significant gaps remain in identifying
locations of severe soil degradation and their societal and economic impacts on governments and land users (FAO
and ITPS, 2015; Ferreira et al., 2022). Furthermore, data on trends in soil degradation and related risks are also
limited. To address this deficiency in direct information, researchers have used proxies such as vegetation health
and changes in land use/land cover to monitor degradation over time (Pravilie, 2021).

The definition of soil degradation itself presents challenges, leading to considerable variations in estimates. The
term is frequently used in a broad sense to encompass various land degradation processes, including salinization,
erosion, and compaction, as well as issues like soil acidification, contamination from pesticides and heavy metals,
nutrient imbalances, and waterlogging (Préavilie et al., 2024). In contrast, some studies narrow their focus to
specific degradation processes, such as soil water erosion (Panagos et al., 2015), depletion of soil organic carbon
(SOC; Padarian et al., 2022; Stockmann et al., 2015), or soil salinity (Hassani, Azapagic & Shokri, et al., 2020).
This inconsistency complicates comparisons across studies, especially when certain research is limited to specific
soil types, such as drylands (Dregne, 2002; Hassani et al., 2021; Nachtergaele & Licona-Manzur, 2008) or soil
depths (e.g., topsoil versus deeper layers), while others consider all environments.

Lambin and Meyfroidt (2011) estimated that land degradation renders between 1 and 3 million hectares non-
arable each year. The UN Convention to Combat Desertification (UNCCD) found that over 100 Mha of land
had been lost to land degradation each year between 2015 and 2019 (UNCCD, 2025), suggesting an increase in
the rates of degradation. Olsson et al. (2023) point out that the lack of a clear definition of land degradation means
that global estimates may not be reliable. Global estimates of total degraded land exhibit considerable variation,
with figures ranging from under 1 Gha to more than 6 Gha, as reported in a review of global land degradation
mapping by Gibbs and Salmon (2015). To evaluate degraded lands on a global scale, four main methodologies
have been employed: expert assessments, satellite imagery analysis, biophysical modeling, and surveys of
abandoned agricultural areas (Gibbs & Salmon, 2015). Similar to the situation with soil degradation, Gibbs and
Salmon (2015) emphasize the absence of agreement on the extent of degraded land, both at the global level and
within specific nations. There are few, if any, systematic national evaluations that monitor baseline conditions or
track changes over time, and a universally accepted framework for conducting these assessments is lacking.
Additionally, Gibbs and Salmon (2015) note that current estimates of degraded lands are frequently compromised
by incomplete or unreliable data. Research is essential to improve these estimates and mitigate the risk of
overestimating the areas of degraded land.
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Figure 2. The Global Assessment of Human-induced Soil Degradation (GLASOD) map, as presented by Oldeman

et al. (1990), illustrating the worldwide severity of soil degradation caused by human activities. Due to the polygonal format
of the map, identifying specific locations of soil degradation is not feasible. However, it is possible to estimate the relative
prevalence of various types of soil degradation within the polygons. The “severity of soil degradation” is evaluated by
considering both the intensity and the extent of the affected regions.

Bateman and Mufioz-Rojas (2019) highlight that based on limited global and national data, approximately 20% of
the world's soils are currently experiencing degradation, with an annual loss of 5-10 million hectares. The
FAO (2015b, 2015a) indicated that soil degradation results in the loss of 12 million hectares of agricultural land
each year, and currently, about 33% of soils worldwide are classified as moderately to highly degraded. 40% of
these degraded areas are situated in Africa, particularly in regions grappling with poverty and food insecurity.

The GLASOD map estimates that human activities have led to the degradation of approximately 15% (1,964
million hectares) of the Earth's land surface (Bridges & Oldeman, 1999; Oldeman, 1992). However, the map's
broad scale limits the ability to accurately assess degradation levels in individual countries. Soil degradation was
mapped using expert judgment within broadly defined physiographic units (polygons), illustrating the type,
extent, severity, rate, and primary causes of degradation on a global scale of 1:10 million (accessible at: https:/file
s.isric.org/public/other/GLASOD.zip, accessed 14 February 2025). According to GLASOD, around 38% of
agricultural land globally is impacted by human-induced soil degradation, although the degree of degradation
varies significantly across different regions (Figure 2). The “severity of soil degradation” is evaluated by
assessing both the intensity and the extent of the affected regions. The map indicates that light degradation affects
approximately 38% of all degraded soils, which corresponds to around 749 million hectares. This level of
degradation results in a slight decline in productivity, yet it remains manageable within local agricultural prac-
tices. In contrast, a more significant portion, approximately 46% (or 910 million hectares), suffers from moderate
degradation, which leads to a considerable reduction in productivity. Restoring these moderately degraded soils
typically necessitates considerable financial investment, often exceeding the resources available to local farmers,
especially in developing nations. Among the moderately degraded lands, over 340 million hectares are located in
Asia, while more than 190 million hectares are found in Africa. Severely degraded soils are approximately 296
million hectares globally, with 124 million hectares in Africa and 108 million hectares in Asia. These soils are
generally deemed unfit for reclamation at the farm level and are considered nearly lost unless significant engi-
neering interventions or international assistance are provided. Furthermore, extremely degraded soils, classified
as irrecoverable, cover roughly 9 million hectares worldwide, with over 5 million hectares in Africa. Water
erosion is the most prevalent degradation process, accounting for 56%, followed by wind erosion at 28%.

In India, around 147 million hectares of land are experiencing degradation (Bhattacharyya et al., 2015). This
includes 94 million hectares impacted by water erosion, 16 million hectares by acidification, 14 million hectares
by flooding, 9 million hectares by wind erosion, 6 million hectares by salinity, and 7 million hectares affected by a
combination of these issues. In the European Union (EU), the Soil Health and Food Mission Board, in
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collaboration with the Joint Research Center (JRC; Veerman et al., 2020), indicates that 60%—70% of soils in the
EU are deemed unhealthy due to unsustainable land management practices. Although not all of these soils are
classified as degraded, their capacity to perform essential ecological functions has markedly diminished. The
Mediterranean region in Europe is particularly vulnerable to soil degradation, displaying the highest rates of soil
erosion within the EU, lower levels of organic matter, and significant challenges related to soil salinization
(Ferreira et al., 2022; Lahmar & Ruellan, 2007).

The discrepancies in estimates across various studies highlight the challenges in accurately measuring soil
degradation and the potential for over- or under-estimating the issue. Furthermore, the worldwide prevalence of
degraded soils is frequently estimated within the context of land degradation assessments, which may encompass
a range of broader degrading phenomena. Certain processes and factors that lead to soil degradation, including
salinization, erosion, and compaction, are often interconnected with those associated with land degradation.
Conversely, other elements, such as land subsidence, the decline of natural vegetation, or the invasion of non-
native species, do not inherently lead to soil degradation as they may not have a direct effect on soil produc-
tivity or its physical and chemical characteristics. Nevertheless, 17 critical pathways of land degradation iden-
tified by Pravilie (2021) including aridity, biological invasions, coastal erosion, water-induced land erosion,
wind-induced land erosion, land pollution, land subsidence, landslides, permafrost thawing, salinization, soil
acidification, loss of soil biodiversity, soil compaction, depletion of soil organic carbon, soil sealing, degradation
of vegetation, and waterlogging, can also be regarded as significant factors contributing to soil degradation.

2. Consequences of Soil Degradation
2.1. Impact on Agricultural Productivity, Food and Soil Security

As mentioned earlier, soil degradation has significant repercussions for agricultural productivity, primarily
through mechanisms such as erosion, salinization, compaction, and nutrient depletion (Bindraban et al., 2012).
Erosion, in particular, diminishes agricultural output in both the short-term, by causing losses in crop yields,
seedling availability, and water resources, and the long-term, by leading to topsoil loss, deterioration of soil
structure, and a reduction in soil organic matter (SOM; Lal, 2001). SOM is often regarded as a key indicator of soil
health, which plays a crucial role in facilitating crop growth. Nevertheless, the precise relationship between SOM
and crop growth remains inadequately understood (Olsson et al., 2023). While SOM has been generally asso-
ciated with crop growth on a global scale (Oldfield et al., 2019), a more pronounced correlation has been observed
at regional levels, particularly during dry conditions (Kane et al., 2021; Pan et al., 2009). Additionally, soil
salinization and waterlogging, both potential consequences of irrigation, have a direct impact on crop yields,
especially when they occur simultaneously (Singh, 2015). Prior studies have identified a linear relationship
between soil salinity and reductions in certain crop yields (Maas & Grattan, 1999). Furthermore, soil compaction
disrupts the structural integrity of the soil, impeding root growth and adversely affecting soil biodiversity
(Schjgnning et al., 2015; Shah et al., 2017). This disruption has been shown to significantly hinder crop growth,
impacting plant establishment (Tolon-Becerra et al., 2011), height (Abu-Hamdeh, 2003), and overall morphology
(Grzesiak, 2009).

The interplay between soil degradation and agricultural productivity is reciprocal. Studies indicate that the pursuit
of higher yields, driven by changes in land use and intensive farming practices, is contributing to soil degradation
on a global scale, which subsequently jeopardizes future food security and the livelihoods of communities
(DeLong et al., 2015; Lal, 2016). Food security is characterized as a condition in which “all people, at all times,
have physical, social, and economic access to sufficient safe and nutritious food that meets their dietary needs and
food preferences for an active and healthy life” (FAO, 2006). This concept is structured around four fundamental
pillars: availability, access, utilization, and stability. The aspect of food availability, which refers to the physical
presence of adequate quantities of high-quality food, is directly compromised by soil degradation, as it leads to
diminished agricultural output (Bagnall et al., 2021; Lal, 2016). Furthermore, soil degradation adversely affects
the quality of food produced, potentially resulting in malnutrition (Pozza & Field, 2020). Contamination of soils,
particularly by heavy metals and pesticides, poses direct health risks to humans via the food chain (Alengebawy
et al., 2021). Degraded soils frequently lose their ability to buffer against pollutants, rendering them more
vulnerable to contamination from industrial and agricultural sources. Crops cultivated in such compromised soils
may absorb harmful substances, including cadmium, mercury, and lead, which can lead to bioaccumulation and
biomagnification, thereby threatening food security. For example, a study analyzing 484 rice samples from five
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contaminated regions in China revealed that over 18% of these samples contained cadmium levels surpassing the
maximum allowable limit, with the highest incidence of 41.1% observed in samples from Hezhang, Guizhou.
Prolonged consumption of such contaminated food can result in serious health issues, including kidney damage,
neurological disorders, and developmental delays in children (Lamas et al., 2016; F. Wang et al., 2020; Z. Wang
et al., 2020). Therefore, maintaining productive and healthy soils is essential for safeguarding food security
(Bindraban et al., 2012; Jones et al., 2013).

The notion of soil security underscores the critical need to preserve and enhance global soil resources, paralleling
the significance attributed to water and energy security (Koch et al., 2013; McBratney et al., 2014). This
framework encompasses five distinct dimensions: Capability, which refers to the ideal state of the soil; Condition,
denoting the present state of the soil; Connectivity, which examines the relationship between humans and soil;
Capital, representing the financial, social, or natural worth of the soil; and codification, involving the education,
policies, and regulations pertaining to soil (McBratney et al., 2014; Pozza & Field, 2020). Consequently, this
concept expands the discourse on soil degradation beyond a purely biophysical viewpoint, inviting a more
interdisciplinary exploration of related issues (Ball et al., 2018; Tripathi et al., 2022).

2.2. Impacts on Socio-Economics Stability, Human Migration and Rural Livelihoods

In the year 2000, approximately 1.33 billion individuals globally resided in regions characterized by deteriorating
agricultural land, a figure that rose by 12.4% by 2010 (Barbier & Hochard, 2016). Additionally, a greater pro-
portion of the population living in such areas diminishes the effectiveness of per capita income growth in alle-
viating poverty, thereby underscoring the relationship between land degradation and poverty. Soil degradation
has a worldwide impact on livelihoods, yet communities engaged in subsistence agriculture, particularly in Sub-
Saharan Africa, exhibit heightened vulnerability to this issue (Gashu & Muchie, 2018; Mganga et al., 2015; Reed
etal., 2015). The consequences of soil and land degradation can also vary by gender; for instance, in Ghana, land
degradation resulting from agricultural mechanization compelled women to adopt less sustainable livelihood
strategies, such as charcoal production and fuelwood collection (Kansanga et al., 2020). However, the influence
of wealth on land management practices is context-dependent. In Central Asia, lower-income households were
observed to implement more sustainable land management techniques compared to their higher-income coun-
terparts (Mirzabaev et al., 2023).

The relationships between environmental change, such as land and soil degradation, and migration are intricate
and vary depending on the context (McLeman & Gemenne, 2018). Migration decisions typically arise from a
blend of social, demographic, economic, environmental, and political influences, rather than being driven solely
by environmental factors (Black et al., 2011; McLeman, 2014). The specific outcomes of migration are contingent
upon the characteristics of the environmental change, distinguishing between gradual events (e.g., droughts or soil
degradation) and sudden occurrences (e.g., floods; Kaczan & Orgill-Meyer, 2020). Additionally, the perception
of environmental changes and the socioeconomic vulnerability of the impacted communities (Afifi et al., 2016;
Koubi et al., 2016) significantly influence migration patterns. Consequently, linking migration directly to
particular factors, such as soil degradation, presents considerable challenges. Migration encompasses a broad
spectrum of human mobility (McLeman & Gemenne, 2018). Research indicates that the majority of migration
occurs within national borders, or internally, irrespective of the underlying drivers (Obokata et al., 2014).
Environmental factors often lead to migration toward urban centers, typically over shorter distances (Thiede
et al., 2016). This trend can be attributed to the fact that migration, particularly international migration, neces-
sitates both economic and social resources (Findlay, 2011). As a result, vulnerable groups who lack the means to
migrate as a strategy for adapting to environmental changes may find themselves in a state of entrapment
(Zickgraf, 2018).

In studies concerning migration driven by environmental factors, soil degradation is frequently included within
the wider framework of land degradation (see McLeman, 2017). This relationship connects land degradation to
rural livelihoods, which subsequently influences migration patterns (Hermans & McLeman, 2021). Although
there are global estimates regarding the population affected by migration or displacement due to land degradation,
McLeman (2017) emphasizes that these figures are rough approximations and should not be regarded as
scientifically valid statistics.

Migration, which can involve the relocation of entire households or just individual members, serves as one of
several strategies for adaptation in response to soil degradation (Khan et al., 2024; Sanfo et al., 2017).
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Figure 3. Worldwide origins of desert dust and primary routes of long-range, often transboundary transport (based on
FAO (2023), with data sourced from Mubhs et al. (2014)).

Environmental factors frequently interact with elements that encourage migration, such as the availability of
alternative income sources in different regions (Neumann et al., 2015). The relationship between land degradation
and migration is primarily mediated by the effects of altered agricultural productivity on livelihoods (Hermans
et al., 2023). For instance, in coastal Bangladesh, rising soil salinity adversely affected agricultural yields,
prompting households to seek income diversification and engage in the internal migration of one or more
members (Chen & Mueller, 2018). While increased salinity was associated with a rise in internal migration, it
correspondingly led to a decline in international migration. In Pakistan, soil erosion exacerbated labor migration
as food production diminished; however, the most vulnerable households were unable to leverage migration as a
means of adaptation, resulting in a state of involuntary immobility (Khan et al., 2024). In contrast, in China, soil
erosion did not significantly influence migration patterns, with socio-economic factors being more decisive
(Zhang & Zhuang, 2019). Likewise, in Uganda, land degradation did not appear to significantly affect migration
choices; instead, climate anomalies emerged as the primary migration drivers (Call & Gray, 2020). Nonetheless,
favorable soil fertility conditions facilitated non-labor-related migration.

Soil health and land dynamics are intricately connected to pastoral mobility in arid regions, where such mobility
serves to alleviate the strain on soil and vegetation resources. A decline in this mobility, as noted by Liao
et al. (2020), can lead to detrimental effects on both land and soil quality. The interplay between soil or land
degradation and migration is multifaceted, context-specific, and operates in various directions, in line with the
broader body of research on environmentally induced migration (R. Hoffmann et al., 2020; C. Hoffmann
et al., 2020).

2.3. Impacts on Desertification, Dust Storms and Public Health

Soil degradation and desertification are intricately linked, with the former often acting as a precursor or driver of
the latter. Desertification is defined by the United Nations Convention to Combat Desertification (UNCCD) as the
degradation of land in arid, semi-arid, and dry sub-humid regions, primarily resulting from climatic variations and
human activities (Becerril-Pifia & Mastachi-Loza, 2021). Soil degradation is at the core of this process, as the loss
of soil fertility, structure, and ecosystem services fundamentally undermines land productivity. Desertification
exacerbates the loss of arable land, reduces vegetation cover, and increases soil vulnerability to wind erosion,
which collectively increases the frequency and intensity of dust storms (Zucca et al., 2022).

Dust storms can travel thousands of kilometers (Cao et al., 2015), impacting vast areas (Figure 3). Desert dust
storm definitions vary (Wang, 2015); however, here we use the WMO definition: a collection of small particles
lifted by strong, turbulent winds that reduce visibility to less than 1000 m, typically measured at 1.8 m above the
ground (UNEP, WMO, UNCCD, 2016). Dust storms are characterized by high concentrations of particulate
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matter (PM10 and PM2.5), which can far exceed recent WHO-recommended limits of 45 pg m™ for PM10 and
15 pg m™> for PM2.5 over a 24-hr period (World Health Organization, 2021).

Salt-born dust storms, originating from saline soils, are significant environmental challenges in regions prone to
soil degradation (Hassani, Azapagic, D'Odorico, et al., 2020). These storms, characterized by the transport of
particulate matter high in salt content, can severely affect the surrounding areas, both in terms of soil health and
human and ecological well-being. Although the frequency and scale of such events may be localized, their impact
is considerable, leading to a range of negative consequences on nearby regions (Abuduwaili et al., 2010). In
addition to impacts on human health and biogeochemical cycles, dust emissions also influence climate and the
hydrological cycle. Dust particles can affect cloud microphysics and precipitation processes, in some cases
leading to rainfall suppression, and thereby contribute to feedbacks that exacerbate aridity and desertification
(Rosenfeld et al., 2001).

The negative consequences of dust storms are well-documented, but there are also some positive aspects worth
noting. One of the examples is the transcontinental transport of Saharan dust, which fertilizes ecosystems thou-
sands of kilometers away (Bhattachan et al., 2012; Duce et al., 1991; Mahowald et al., 2005; Okin et al., 2004,
2011; Swap et al., 1992). The Amazon basin receives an estimated 28 (8—48) Tg of Saharan dust annually,
supplying critical nutrients such as phosphorus that sustain its productivity (Yu et al., 2015). The deposited dust
may supply approximately 0.022 (ranging from 0.006 to 0.037) Tg of phosphorus annually. This phenomenon
shows the complex correlations between soil degradation and global biogeochemical cycles. However, the balance
between such benefits and the overwhelming negative impacts on local communities must be critically examined.

Chronic exposure to the elevated PM levels as a result of dust storms has been linked to respiratory diseases,
including asthma (Zheng et al., 2024), chronic obstructive pulmonary disease (COPD; Wang, Du, et al., 2023;
Wang, Min, et al., 2023; J. Wang, et al., 2023), and lung cancer (Lee et al., 2022). The review of 52 experimental
studies on mechanisms underlying the health effects of desert sand dust (Fussell & Kelly, 2021) shows that both
virgin sand dust and remote dust storm particles induce inflammatory lung injury and worsen allergen-induced
eosinophilia via cytokines, chemokines, and immunoglobulin pathways, potentially through toll-like receptor
signaling. In vitro studies indicate that suspended desert dust during storms can interact with surface chemicals,
increasing PM2.5 bioreactivity and generating toxic organic compounds, which enhance aerosol toxicity in urban
areas (Fussell & Kelly, 2021). Dust storms also transport toxic metals (C. Zhang et al., 2022; D. Zhang
et al., 2022; X. Zhang et al., 2022), microplastics (Abbasi et al., 2022), organic pollutants, and microbial path-
ogens (Jasim et al., 2024) over long distances. These contaminants can settle on crops (Middleton, 2024), enter
water systems, or be directly inhaled, resulting in chronic exposure.

Additionally, public health could be affected by soil degradation through its impact on water resources too, as
leaching from degraded soils can introduce nitrates, phosphates, and heavy metals into groundwater and surface
water systems (Hossain et al., 2022; Pérez-Lucas et al., 2019). In agricultural regions of India and sub-Saharan
Africa, nitrate concentrations in drinking water often exceed the WHO guideline of 50 mg L™, contributing to
methemoglobinemia (Fewtrell, 2004), also known as “blue baby syndrome” in infants. Additionally, pesticide
residues in water sources are linked to endocrine disruption and increased cancer risks (Pérez-Lucas et al., 2019).
The global burden of disease attributable to waterborne pollutants from soil degradation is difficult to quantify but
is estimated to contribute to millions of cases of diarrhea, cancer, and other health conditions annually (World
Health Organization, 2023).

2.4. Impacts on Hydrological Processes

Soil degradation has repercussions for both the immediate and surrounding areas of land. The earlier sections
examined the alterations in physical and chemical processes associated with different degradation mechanisms.
This section will concentrate on the influence of land degradation on hydrological indicators. Generally, soil
degradation leads to a reduction in infiltration rates, primarily due to compaction and the deterioration of soil
structure. This decline results in heightened runoff and accelerated soil erosion. Additionally, it diminishes the
soil's capacity to retain water, which in turn affects groundwater recharge, contributes to waterlogging, and in-
creases sediment yield in streams, ultimately compromising water quality.

Changes in land use contribute to various soil degradation processes, including compaction, erosion, and a decline
in soil organic carbon levels. These factors adversely affect soil structure, leading to diminished rates of soil
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infiltration and saturated hydraulic conductivity (Togbévi et al., 2022). Consequently, this situation exacerbates
surface runoff, hampers groundwater recharge, and increases the likelihood of waterlogging. Research indicates
that infiltration rates are generally higher in forested areas compared to grasslands and croplands, attributed to the
preservation of soil structure and greater root density (Price et al., 2010). For instance, Robinson et al. (2022)
demonstrated that forests exhibited an infiltration rate that was double that of croplands, based on over 800 global
measurements. The ongoing transition of land use from forest to grassland or agricultural practices markedly
diminishes the soil's infiltration capacity (Sun et al., 2018). Additionally, soil erosion has a profound effect on
both infiltration rates and saturated hydraulic conductivity. Mai et al. (2023) investigated the effects of erosion on
the hydraulic properties of sloped farmland, revealing that erosion degradation led to a reduction in saturated
hydraulic conductivity, water holding capacity, and water supply capacity in black soils, with the 0-10 cm layer
exhibiting higher values than the 10-20 cm layer. Furthermore, Yimer et al. (2008) found that in cultivated and
grazed areas, infiltration capacity and soil moisture content were reduced by 70% and 45%, respectively, in
comparison to forested regions, while dry bulk density increased by 13%—20%. These reductions are primarily
attributed to soil compaction resulting from tillage and animal trampling, along with a decrease in soil organic
carbon content.

Diminished soil infiltration and reduced water retention capacity lead to heightened surface runoff, which results
in the displacement of topsoil that is, abundant in organic matter, nutrients, and microbial life. This topsoil may
either be relocated within the site or carried away to drainage systems or aquatic environments (Shi et al., 2012).
Such processes give rise to critical environmental challenges, including flooding, sedimentation of water bodies,
loss of soil biodiversity, and pollution (Al-Wadaey & Ziadat, 2014; Gao et al., 2012). A significant consequence
of these off-site effects is the transport of nutrients, especially nitrogen and phosphorus, which plays a role in the
phenomenon of eutrophication (Ayele & Atlabachew, 2021; Lin et al., 2021). The ongoing degradation of
ecosystems further compromises water quality. Research by Abell et al. (2019) indicated that in lakes across New
Zealand, total nitrogen levels had doubled, while total phosphorus concentrations had increased fourfold
compared to baseline measurements, underscoring the severity of human-induced eutrophication, a pattern that is,
evident worldwide (Hou et al., 2022).

2.5. Costs of Soil Degradation and Restoration

Soil degradation imposes significant economic strain at a global level. Currently, the decline in soil health and
productivity has resulted in diminished agricultural yields, which has led to increased food prices and contributed
to high economic instability, notably in areas which are heavily reliant on agriculture for food, fiber, and fuel
(Nkonya et al., 2016). The worldwide financial implications of soil degradation are rapidly increasing, including
direct losses in income from decreased crop outputs and the rising costs of inputs (e.g., fertilizers and soil
amendments) necessary to sustain productivity (Lal et al., 2019). Soil erosion caused by water is estimated to
result in an annual global cost of 8 billion ($8bn) US dollars to the Gross Domestic Product (GDP), primarily due
to the reduction in agricultural productivity. This equates to around 33.7 million tonnes of agri-food production
and has led to price increases from 0.4% to 3.5%, depending on the specific sector (Sartori et al., 2019).
Furthermore, the repercussions of soil degradation extend beyond mere direct economic losses.

Nkonya et al. (2016) calculated that the annual global costs associated with soil degradation, resulting from
changes in land use and land cover, reach approximately 230 billion ($230bn). The most significant financial
impacts were observed in countries located in Sub-Saharan Africa, incurring costs of 60 billion US dollars
($60bn) annually, followed by Latin America, totaling 53 billion US dollars ($53bn). Additionally, the same
research showed that the global cost of soil fertility depletion in maize, rice, and wheat cultivation accumulated 57
billion US dollars ($57bn). In the European Union (EU), the total known costs of soil degradation (e.g., crop
productivity loss, sediments, soil compaction, nitrogen/phosphorus losses, CO, emissions, management of
contaminated sites, and diffuse pollution) are projected to be around €40.9 billion Euros and €72.7 billion Euros
annually (Panagos et al., 2024a, 2025). In Central Asia, the effects of soil degradation were particularly severe,
diminishing agricultural net profits by a factor of 4.8 compared to a scenario with no degradation (Mirzabaev
et al., 2023). These costs encompass both the increased use of fertilizers and other soil amendments (Baumhardt
et al., 2015) as well as the broader economic repercussions (e.g., elevated healthcare expenses linked to deteri-
orating water and air quality; Koo, 2024; Van der Geest, 2019). Moreover, land and soil degradation results in the
loss of vital ecosystem services (e.g., water purification and climate regulation), which can have substantial
economic implications.

SHOKRI ET AL.

11 of 103

85U807 SUOWWOD dANERID 3ot jdde auy Aq peusenob aJe ssole O ‘88N JO s|nu Joj ArIqITaUIIUO 8|1 UO (SUONIPUOD-PUE-SWBIALIY A8 |1M A1 1[BU U0//SdNY) SUORIPUOD pue SWLe | 8y} 88S *[G202/2T/2T] Uo Areiqiauliuo Ajim YeuoliqigsiersieAlun BinqueH eIseAlN ayasiuyoe | Ad £880009U5202/620T 0T/10p/w0d A8 1M AreigutjuosgndnBe/sdiy woiy pspeoumod ‘v ‘520z ‘8026776T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Reviews of Geophysics 10.1029/2025RG000883

Although soil degradation has considerable financial repercussions, restoration initiatives can provide significant
economic and ecological advantages. The restoration of degraded landscapes can lead to improved agricultural
yields, which increases food production and income, especially for local populations (Zerbe, 2023). This increase
in agricultural output can drive economic development and improve food security (Pacheco et al., 2024;
Zerbe, 2023). Furthermore, restoration efforts such as the Tigray Project in Ethiopia (Hagazi, Gebrekirstos,
et al., 2020; Hagazi, Gebremedhin, et al., 2020) and the Everglades Restoration Initiatives in Florida, USA can
generate employment opportunities and promote sustainable livelihoods, enhancing societal well-being.

The process of restoring degraded soil involves considerable financial investments, including funding for soil
restoration approaches (e.g., reforestation (Chazdon, 2008; Lamb et al., 2005), erosion control (Mont-
gomery, 2007), and sustainable land management strategies (Pretty et al., 2006)). Irrespective, the long-term
advantages of soil restoration, such as improved ecosystem services and increased land productivity,
frequently surpass these initial costs (BenDor et al., 2015; Bullock et al., 2011). However, significant obstacles in
soil restoration are the simultaneous presence of severe soil degradation, nutrient loss, and low-income cir-
cumstances in numerous areas. This situation creates a detrimental cycle, where soil degradation leads to
depletion in nutrients. Moreover, the lack of financial resources prevents their restoration, further worsening the
decline.

In preparation for the United Nations Convention to Combat Desertification Global Outlook 2 report
(UNCCD, 2022), van der Esch et al. (2021) developed several restoration scenarios with cost analyses linked to
each scenario. The report shows that Sub-Saharan Africa has the highest estimated costs for their restoration
commitments, ranging between 112 and 631 billion USD. The median costs for different types of restoration
projects range between 185 USD/ha and 2390 USD/ha, with agroforestry having the highest costs, and forest
management having the lowest costs (Verhoeven et al., 2024). While the focus is on land restoration, the links to
restoration of degraded soils are compelling and useful for this review (Figure 4).

3. Processes of Soil Degradation
3.1. Physical Processes
3.1.1. Soil Structure Degradation

Soil structure has been defined in multiple ways, reflecting its characteristics across various spatial scales, from
the nanoscale to the pedon scale. For instance, the International Union of Soil Sciences (IUSS, 2022) defines soil
structure as the spatial arrangement of soil constituents and pores. A more comprehensive definition was provided
by Letey (1991), who described soil structure as “the size, shape, and arrangement of the solid particles and voids
which are highly variable and associated with a complex set of interactions between mineralogical, chemical, and
biological factors.” Both definitions emphasize the internal organization of soil components but do not explicitly
account for external influences. To address this limitation, the concept of soil architecture was introduced to
incorporate the effects of anthropogenic activities. De Jonge et al. (2009) defined soil architecture as “the pore and
particle networks and their interfaces which are created by interactions between biotic and abiotic solids, water
and solutes, and influenced by man during soil use and management.”

Rabot et al. (2018) conducted a comprehensive review of commonly used physical soil structure properties and
indicators relevant to soil ecosystem functions and services, including biomass production, water storage and
filtration, nutrient cycling, carbon sequestration, habitat provision for biological activity, and physical stability
and support. The structural properties examined in their review included bulk density, degree of compactness (i.e.,
bulk density relative to a reference bulk density, representing the maximum bulk density under natural field
conditions), aggregate size distribution and stability, and water retention characteristics (pore-size distribution).
Additional parameters included macropore volume, air capacity, available water capacity, the Dexter S index,
soil-specific surface area, and various structural indices derived from soil visualization techniques such as
computed tomography (CT) imaging (Shokri, 2014; Shokri & Sahimi, 2012). Rabot et al. (2018) further identified
porosity, macro-porosity, pore distances, and pore connectivity derived from imaging techniques as promising
soil structure indicators. However, they highlighted the limited availability of such methods and emphasized the
need for an open-access soil structure library. In response to this challenge, simpler soil visualization methods,
such as VESS (Visual Evaluation of Soil Structure), SubVESS, and CoreVESS, have gained widespread global
adoption as alternatives to complex CT imaging techniques. Studies by Johannes et al. (2017), Franco
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Figure 4. Global land restoration measures and associated costs.
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(a) Global distribution of improved land management and

restoration measures as applied in restoration scenarios (van der Esch et al., 2021). (b) Cost ranges of major land restoration

measures (in USD thousand per hectare; UNCCD, 2022).
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Table 1
Soil Degradation in Terms of Losses of Soil Architectural Components, Causative Threats and Impacted Soil Ecosystem Services
Architectural component loss Soil threats (primary and secondary) Soil function or ecosystem service
1 Fine mineral particles (clay and silt size) Erosion, vertical leaching Stability, carbon sequestration, productivity
2 Organic carbon (OC) Erosion, intensive cultivation Stability, resilience, productivity

3 Aggregates, especially water-stable Erosion, intensive cultivation, high clay/OC ratio Productivity, infiltrability and drainability, aeration
micro-aggregates

4 Specific surfaces and area Erosion, intensive cultivation Stability, chemical retention, productivity

5 Total porosity Compaction, OC loss, aggregate loss Infiltrability and drainability, aeration

6  Macro-porosity (>30 pm pores) Compaction Infiltrability and drainability, aeration, productivity

7 Meso-porosity (1-30 pm pores), including Compaction, aggregate loss Water storage, nutrient availability, productivity
RAW (readily available water) for plants)

8  Micro-porosity (<1 pm pores), including OC loss, aggregate loss Biodiversity, nutrient availability, productivity
intra-aggregate porosity

9  Wideness of pore-size distribution (physical diversity) OC and mineral fines loss Biodiversity, stability, resilience

10 Pore-network connectivity Compaction, OC, and clay loss Biodiversity, aeration, productivity

et al. (2019), and Phefadu and Munjonji (2022) indicate that these visualization methods often show strong
agreement with traditional laboratory measurements used to quantify soil structure.

Hu et al. (2021, 2023) highlighted the importance of considering both the condition of soil structure and its
vulnerability when assessing the risk of soil structural degradation due to compaction and aggregate breakdown.
They argued that frequently used structural properties are insufficient as standalone parameters, advocating
instead for a focus on dynamic pore-network properties and their responses to variations in soil wetness. Several
soil structure vulnerability coefficients were discussed, including the Valla et al. (2000) vulnerability coefficient,
which quantifies the reduction in aggregate size under a given disaggregation force. Hu et al. (2021, 2023)
emphasized that compaction and aggregate breakdown do not always negatively impact soil services. In some
cases, moderate compaction may enhance carbon sequestration, plant-available water, and root-soil contact,
potentially benefiting both climate regulation and crop yield. Expanding on this perspective, Hu et al. (2023),
similar to Rabot et al. (2018), compared the “aggregate view” and the “pore space view” of soil structural dy-
namics and degradation. Their findings suggest that pore-network properties, rather than aggregation alone, serve
as a more direct link to soil structural state and function. This aligns with de Jonge et al. (2009), who analyzed and
visualized pore-network properties of “healthy soil” and “unhealthy soil” (characterized by organic matter
depletion) using a sequence of soil-air phase-derived parameters (Figures 2—7 in their study). Key drivers of soil
architectural dynamics and functional pore networks were identified, including soil-specific surface area, the
mineral fines-to-organic matter ratio, soil pollution, root and microbial biomass exudates, soil-water repellency,
gradients in soil wetness and matric potential, mechanical energy, and temperature. These factors were also
recognized as critical influences on soil structural degradation.

Taking into account the interconnected roles of soil aggregation, pore network dynamics, and structural
vulnerability, monitoring soil physical structure should focus on the architectural components, including mineral
and organic particles, pores, surfaces, and their interconnections. Consequently, soil physical structure degra-
dation can be defined as the loss of key components related to particles, surfaces, and pores within the soil's
functional architecture (de Jonge et al., 2009). Table 1 provides a suggested framework for identifying structural
losses contributing to physical degradation. Each loss is associated with primary and secondary soil threats, often
leading to declines in essential soil functions, ecosystem services, and overall soil security for human, envi-
ronmental, and climatic sustainability.

From a broader perspective, the 10 losses outlined in Table 1 could be integrated into a Physical Structure
Degradation Index (PSDI) through the assignment of scores to each loss. However, the implementation of scoring
functions presents considerable challenges, as not all losses are equally significant or necessarily detrimental.
Moreover, the impact of structural losses may vary depending on the specific ecosystem service being considered.
For instance, compaction-induced reductions in macroporosity may adversely affect aeration and drainage while
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Figure 5. Different response surfaces of soil-air capacity or air content (¢) to compaction (bulk density; p,) and soil moisture
or matric potential (pF) for a high-OC (5.9%) soil (Greenland) and a low-OC (1.9%) soil (Denmark). Symbols: measured &
corresponding to the lowest (¥), median (o) and highest (®) p, (modified from Pesch et al., 2021).

simultaneously enhancing soil resistance to further compaction. Similarly, a moderate reduction in soil aggre-
gation may, in some cases, improve certain soil functions, such as water retention.

3.1.1.1. Monitoring Soil Structure Changes Using Soil Air-Phase Parameters

Soil-air phase parameters, including air content, gas diffusivity, and air permeability, are increasingly utilized—
both individually and in combination—to assess soil structural status and monitor changes resulting from various
environmental and anthropogenic threats. These threats include compaction, mineral particle loss through
leaching and erosion, organic matter depletion, aggregate breakdown, and soil pollution (de Jonge et al., 2009;
Miiller et al., 2018; Oliveira et al., 2024; Pesch et al., 2021; Talukder et al., 2022). The high sensitivity of soil-air
phase parameters to structural modifications also enables their application in quantifying the decline in soil
conductivity and infiltrability due to bioactivity-induced phenomena, such as biocrust formation (L. Sun
et al., 2022; F. Sun et al., 2022). Furthermore, these parameters can effectively capture both temporal and spatial
variations in soil structure resulting from root development associated with different crop types (Uteau
et al., 2013).

Soil-air content, also referred to as air capacity (¢; m® soil air/m? soil volume), can be directly measured in intact
soil samples using an air pycnometer (Flint & Flint, 2002; Pulido-Moncada et al., 2019; Riiegg, 2000). Alter-
natively, it can be derived from the soil-water retention curve as the difference between total soil porosity and
volumetric soil-water content at a given soil-water matric potential (y). Changes in air capacity within specific y
intervals at the wetter end of the retention curve provide insights into the distribution of larger pore-size classes in
the soil. These pores, along with their connectivity, play a crucial role in regulating key soil functions, including
water infiltration, drainage, and the mobility of solutes, air, and gases (Moldrup et al., 2001). The relationship
between ¢ and v, often expressed in pF units (where pF = log(y) in hPa), is referred to as the soil-air characteristic
curve (SACC; Pesch et al., 2021).

Figure 5 presents a response surface illustrating the soil-air characteristic curve (SACC) in relation to increasing
compaction (bulk density) for a sandy soil from Greenland (Igaliku) with an organic carbon (OC) content of 5.9%
and a silty soil from Denmark (Silstrup) with an OC content of 1.9% (Pesch et al., 2021). Across all moisture levels
(pF values), air capacity (¢) declines rapidly as bulk density increases. Notably, increased compaction leads to a
more pronounced reduction in & in the low-OC soil (Figure 5b), which reaches critical & levels below 0.1 cm*/cm’
more quickly. This threshold is frequently used as an indicator of soil aeration loss.

Soil gas transport parameters, including the gas diffusion coefficient ratio (D, /D,,, the ratio of gas diffusion in soil
to that in free air) and air permeability (k,, pmz), can be rapidly measured in laboratory settings (Ball &
Schjgnning, 2002; Lu et al., 2023; Rolston & Moldrup, 2002; Schjgnning et al., 2013). Additionally, k, can be

SHOKRI ET AL.

15 of 103

85U807 SUOWWOD dANERID 3ot jdde auy Aq peusenob aJe ssole O ‘88N JO s|nu Joj ArIqITaUIIUO 8|1 UO (SUONIPUOD-PUE-SWBIALIY A8 |1M A1 1[BU U0//SdNY) SUORIPUOD pue SWLe | 8y} 88S *[G202/2T/2T] Uo Areiqiauliuo Ajim YeuoliqigsiersieAlun BinqueH eIseAlN ayasiuyoe | Ad £880009U5202/620T 0T/10p/w0d A8 1M AreigutjuosgndnBe/sdiy woiy pspeoumod ‘v ‘520z ‘8026776T



Ay _ .
A\I Reviews of Geophysics 10.1029/2025RG000883
50 0.4
= Decreasing aggregation =
E& N § = fosz g
x:u . » DQ
3 1022
S0l & : 3
: ~ ;. £
R 101 o
g 10 4 Et e 8

t 0
0.2 0.3 0.4 0.5
Air capacity, € (m® m)

W k,sand A K, clayeyloam
O D,/Dysand A D,/D,clayey loam

Figure 6. Soil air-phase parameters and X-ray CT scans can be used to follow soil structural degradation due to compaction/
disaggregation. (a) Air permeability (k,) and gas diffusivity (D,/D,) show opposite behavior as a function of air capacity ()
when two soils become disaggregated. Air permeability decreases linearly with e while D,,/D,, increases non-linearly with e
during aggregate breakdown (modified from Moldrup et al., 2001). (b) X-ray CT scans show the effect of compaction on 20 by
20-cm intact core samples. On the left, a soil never compacted by machinery, showing an abundance of macropores >0.6 mm.
On the right, the soil was run over by a beet harvester, eliminating most of the vertical arterial pores essential for infiltrability
and drainage. Also in this case, air permeability but not gas diffusivity strongly decreased (after Lamandé et al., 2013).

efficiently and non-invasively measured in the field using a portable air permeameter (R. Chenetal., 2021; S. Chen
et al., 2021; Steinbrenner, 1959). Fish and Koppi (1994) demonstrated correlations between in situ k, measure-
ments obtained via a portable air permeameter and changes in soil morphology and structure. Since D,,/D,, and k,,
measurements rely on the application of a gas concentration gradient or a low air pressure gradient (1-5 hPa), they
do not disrupt the soil volume or sample integrity. The ability to perform rapid, non-destructive measurements
makes these gas transport parameters particularly valuable for assessing soil structural status, detecting changes,
and monitoring potential degradation.

Each soil-air phase parameter (¢, D,/D,,, k,) provides distinct and complementary information about soil structure
and pore network architecture (de Jonge et al., 2009). Furthermore, each parameter responds differently to
changes in soil structure, reflecting variations in pore size distribution, connectivity, and functionality. Figure 6a
fundamentally illustrates these dynamics for a sand and a clayey loam soil. In this experiment, soil was re-packed
and equilibrated at varying water contents while maintaining constant porosity (p,), with increasing soil ag-
gregation under wetter conditions (lower ¢). Because oxygen (O,) gas diffusion occurs through all connected air-
filled pore spaces, D,,/D,, decreases rapidly and non-linearly with decreasing e, following a power-law model.
This behavior is consistent across both soil types.

In contrast, convective air transport primarily occurs through the largest and most well-connected macropores. As
soil aggregation diminishes, these macropores are reduced, leading to a rapid linear decrease in k, with decreasing
¢. The k, reaches the same low value (around 10 pm?) when the soils are devoid of both aggregates and water at
their maximum &. Counterintuitively, this pattern contrasts with the conventional expectation that both k, and
D,/D, increase with increasing &, but at the same time provides a more effective means of monitoring soil
structural changes by measuring both parameters. Supporting this, k, behaves differently between the two soil
types, indicating a more complex relationship between soil structure, aggregation, and macropore connectivity.

Soil structural changes and degradation can be monitored more effectively by integrating conventional soil
physical measurements with advanced visualization techniques such as X-ray computed tomography (X-ray CT).
For instance, Naveed et al. (2013) utilized X-ray CT in conjunction with detailed soil-water retention and gas
transport measurements to track structural changes along a steep field gradient in the clay-to-organic-carbon ratio.
Figure 6b illustrates how X-ray CT scans can visualize the elimination of subsoil vertical macropores following
compaction. In this and other studies conducted on soils from Denmark, Sweden, and Finland, the persistent and
long-term effects of subsoil compaction were evident through combined measurements of water retention, gas
diffusivity, and air permeability, along with X-ray CT scans of 20 X 20 cm intact soil cores (Lamandé et al., 2013).
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Figure 7. Soil structure index SP = k,/(D,,/D,) and Dexter m = (clay + silt)/OC of eight different cultivated soils from
Denmark and South Greenland. The horizontal lines represent thresholds at which soil structure (SP = 700; Kawamoto
et al., 2006) and soil texture and organic matter (m = 10; Schjgnning et al., 2010) effects on air functions are predominant.
Gray arrow depicts increasing soil structure development or complexity (Data from Pesch et al., 2021).

X-ray CT technology continues to evolve rapidly, offering new possibilities and overcoming previous limitations.
Its applications and future potential in soil science and soil structure evaluation are further explored in recent
reviews by Ghosh et al. (2023) and Zhang et al. (2023).

Simple and sensitive soil structure indices can also be defined by combining soil-air properties (Arthur
et al., 2013; Moldrup et al., 2001; Oliveira et al., 2024). The three most commonly used and straightforward
indices are: pore network tortuosity, T’ (\/ (e/(D,/D,,), the pore organization (PO) index: PO = ka/ o and the

structural parameter (SP) index: SP = k,/(D,/D,,). Figure 7 illustrates the decrease in the SP index at a given
matric potential (pF 2) across a large-scale gradient of intact soils, reflecting a decreasing ratio of fine mineral
particles (clay + fine silt) to OC.

Kloffel et al. (2024) also identified clay, silt, and organic matter as primary drivers and covariates influencing soil
structure evolution in Swedish and Norwegian soils. The loss of soil mineral particles, through processes such as
leaching and erosion, leads to a reduction in the soil's aggregation potential, which consequently results in a lower
SP index (Figure 7). This observation aligns with the findings in Figure 6, which demonstrated a dramatic
reduction in air permeability (k,) during aggregate breakdown.

3.1.1.2. Soil Compaction - An Invisible and Insidious Soil Degradation Risk

Soil compaction is characterized by an increase in bulk density and a decrease in porosity. This phenomenon can
arise from both natural processes and human activities, such as vehicle traffic, livestock trampling, or changes in
land use (Daniells, 2012; Schneider & Don, 2019). Natural compaction often occurs under periglacial conditions,
leading to the formation of dense layers (Fitzpatrick, 1956) or naturally occurring pans (Needham et al., 2004).
Additionally, hard-setting soils can develop impenetrable layers independent of human-induced compressive
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forces (Mullins et al., 1990). The forces that cause soil deformation and reduce pore spaces also modify the
mechanical and hydraulic properties of the soil, negatively affecting physical, biological, and chemical processes.
This can lead to decreased soil productivity, increased surface water runoff and erosion, and a decline in overall
ecosystem health (Batey, 2009; Horn et al., 1995). This section will concentrate on the anthropogenic factors
contributing to soil compaction.

Anthropogenic soil compaction: degradation and recovery. The primary causes of anthropogenic soil compaction
operate on markedly different temporal scales. Firstly, land use changes, such as the transformation of grasslands
into arable fields, lead to a reduction in soil organic carbon (Houghton, 1999; Poeplau et al., 2011), which
subsequently results in increased bulk density (Robinson, Nemes, et al., 2022; Robinson, Thomas, et al., 2022).
This process unfolds gradually over a span of years to decades (Or et al., 2021). Secondly, land management
practices, particularly those involving heavy machinery or livestock trampling, cause immediate increases in bulk
density (Cambi et al., 2015; Hu et al., 2021).

Soil compaction can be quantified as a state defined by the “compactness of soil” (Hakansson & Lipiec, 2000), yet
this characterization merely captures a moment in an ongoing process. The overall impact of compaction arises
from two opposing and simultaneous processes: mechanical degradation (compaction) and restorative actions
(“de-compaction”). The rates at which these processes occur are influenced by factors such as land use, soil
management practices, climate, and the inherent characteristics of the soil. The degradation time frames can vary
from immediate (as seen with compaction from vehicle traffic) to several decades (as a result of decreased soil
organic carbon due to changes in land management or use), while the recovery of soil structure, facilitated by both
biotic and abiotic factors, may take years to decades (Or et al., 2021).

The mechanical and biological disturbances leading to soil compaction from land use changes are marked by an
initial, “catastrophic” event that occurs rapidly—within days (e.g., tillage converting grassland to arable land) or
weeks (e.g., deforestation)—followed by a prolonged, gradual disturbance that results in a net decrease in soil
organic carbon accumulation. For instance, repeated tillage can expose previously protected soil organic carbon,
increasing mineralization rates, and ultimately establishing a new mechanical and biological equilibrium (Baker
et al., 2007; Reicosky, 1997).

Mechanical disturbances caused by vehicle traffic and animal trampling occur instantaneously; however, their
effects accumulate over time. The frequency at which these disturbances occur is influenced by land use and soil
management practices. Animal trampling may result in multiple disturbances within a single day, while there may
be months between perturbations in mechanized agriculture and years between traffic events in forestry. Addi-
tionally, disturbances can arise from sporadic activities, including recreational traffic, construction projects, or
military training exercises. It is important to recognize that compaction from vehicular traffic or animal trampling
occurs only when the mechanical stresses applied exceed the soil's strength or critical soil stress. The interplay
between the frequency of these compaction events and the time required for soil structure recovery is crucial in
determining whether the soil experiences degradation over time or maintains a state of “dynamic equilibrium.”

Understanding the rates at which soil structure recovers after compaction remains limited. However, various
studies indicate that recovery can take months to years for near-surface soils (Blackwell et al., 1985; Radford
et al., 2007), decades for subsoils in agricultural areas (Berisso et al., 2012), and even centuries in some cases
(Brevik et al., 2002; Webb, 2002). The rate of soil structure recovery is influenced by several factors, including
the severity of compaction—where more severe compaction leads to longer recovery times (Radford et al., 2007)
—and soil depth, as recovery rates tend to diminish with increasing depth, likely due to variations in biological
activity (Keller et al., 2021; Or et al., 2021). Additionally, pedo-climatic conditions such as soil type, texture,
mineral composition (including the presence of expansive clays; Lehmann et al., 2021), as well as precipitation
and evapotranspiration patterns, play a significant role. These factors also encompass the effects of vegetation
growth on soil, which contributes carbon necessary for sustaining biological activity (e.g., earthworms) and
influences abiotic processes like shrink-swell and freeze-thaw cycles. Furthermore, different soil properties
exhibit varying recovery rates; properties that are sensitive to pore size and continuity (such as water infiltration
and air permeability) tend to recover more quickly than those governed by soil mass per volume (like bulk density
and mechanical resistance of the soil matrix; Keller et al., 2021). For instance, findings from a long-term field
experiment on compaction recovery reveal that surface water infiltration returned to baseline levels within 2 years
post-compaction (Keller et al., 2021). In contrast, the recovery of soil bulk density at a depth of 0.1 m takes
approximately 10 years, while at 0.3 m, it is estimated to exceed two decades. Air permeability recovers more
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rapidly and appears to be less influenced by soil depth. Given that recovery occurs over an extended period,
ranging from years to decades, it is essential to minimize the occurrence of disturbances (traffic events that lead to
further soil compaction) to achieve dynamic equilibrium. Failure to do so will result in a gradual deterioration of
soil structure over time.

Research indicates that tillage practices, including conventional tillage of arable topsoil, deep subsoiling, and
“strategic tillage,” can enhance the rates of soil recovery following compaction (Arvidsson & Hakansson, 1996;
Schneider et al., 2017). However, it is important to note that tillage does not merely counteract compaction;
studies have demonstrated that the restoration of compacted arable topsoil can require several years, even with
regular tillage (Arvidsson & Hékansson, 1996). A meta-analysis examining the impacts of subsoiling (deep
tillage) found that beneficial effects are often temporary (Schneider et al., 2017). In recent years, there has been a
growing focus on utilizing plants to enhance soil structure and function after compaction, a practice sometimes
referred to as “bio-tillage” (Hudek et al., 2022; Zhang & Peng, 2021). The roots of these plants can generate new
macropores, which improve aeration and water infiltration, and allow subsequent crops to access deeper soil
layers (e.g., Pagenkemper et al., 2013). Nonetheless, the formation of new biopores through root growth does not
typically lead to a reduction in overall soil bulk density (Keller et al., 2021).

Compaction by vehicle traffic: pressures and drivers. The effects of soil compaction are influenced by the me-
chanical stresses applied and the capacity of soil to endure these stresses, which is determined by its strength. The
mechanical soil stresses are dependent upon various vehicle attributes, including ground pressure, contact area,
load on wheels or tracks, vehicle speed, and the degree of wheel or track slip. Soil strength is affected by soil
composition—such as texture and organic matter content—as well as its structure, moisture status, and history of
compaction (Horn, 1993). Furthermore, permanent deformation in soil decreases as the duration of loading de-
creases (Fazekas & Horn, 2005; Or & Ghezzehei, 2002).

This section does not aim to deliver an exhaustive analysis of soil stresses caused by various types of machinery;
however, it is instructive to examine the historical evolution of typical soil stress levels to comprehend the
increasing concern regarding soil compaction. The factors contributing to human-induced soil compaction stem
from the necessity for land to provide agricultural resources for a burgeoning global population, which may
necessitate changes in land use (such as converting forests or grasslands into arable land), as well as the demand
for enhanced efficiency and capacity in agricultural and forestry operations (Nordfjell et al., 2019; Schjgnning
et al., 2015). The requirement for high-capacity machinery arises from intricate interactions among farmer
preferences, private enterprises (i.e., agricultural businesses), intermediary trade, machinery manufacturers,
national economies, and the global economy. Since the onset of industrialization, the power of agricultural ve-
hicles has progressively increased, leading to a corresponding rise in the size and weight of these vehicles (see
Figure 8). A similar trend in the dimensions and mass of machinery has been observed in the forestry sector
(Nordfjell et al., 2019). This escalation in total mass and the associated rise in axle loads have consequently led to
a gradual increase in soil stresses within the subsoil (at depths of 0.3-1.0 m) and the penetration of harmful
stresses deeper into the soil (Keller et al., 2019; Keller & Or, 2022; McPhee et al., 2020; Schjgnning et al., 2015),
as depicted in Figure 8. The increasing magnitude of mechanical stress from increasingly heavy machinery raises
the risk of exceeding soil strength thresholds, thereby exacerbating soil degradation (Keller & Or, 2022).
Compaction in the subsoil is particularly concerning due to the slow recovery rates at these depths, which can lead
to long-term hindrances in root development, water and gas movement, nutrient cycling, and subsequent re-
ductions in crop yields (Batey, 2009; Hakansson & Reeder, 1994).

Soil strength, defined as the capacity of soil to endure mechanical stresses, is influenced by soil texture, increases
with soil bulk density, and strongly decreases with soil moisture, while soil structure also plays a role (Horn, 1993;
Horn & Lebert, 1994; Schjgnning & Lamandé, 2018). The compressive strength of soil is characterized by the
precompression stress, which indicates the threshold stress level beyond which the soil undergoes irreversible
deformation. Typically, empirical models, such as pedo-transfer functions and random forest models, exhibit
limited predictive accuracy in estimating precompression stress (Torres et al., 2024). Schjgnning and
Lamandé (2018) utilized a data set from Denmark to demonstrate that precompression stress remains relatively
constant across different soil textures at approximately —100 hPa matric suction, with values around 117 kPa for a
mean bulk density of 1,460 kg m™> in their study. However, it is important to note that irreversible deformation
can occur even when the applied stresses are below the precompression stress threshold (Atkinson, 1993;
Janbu, 1998; Keller et al., 2012; Kirby, 1994; O’Sullivan & Robertson, 1996). In their analysis of field data
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Figure 8. (a) The simulated vertical soil stress beneath a wheel load of 2,000 kg (left) and 8,000 kg (right), both exhibiting the
same ground contact pressure, demonstrates that higher loads lead to deeper stress propagation, thereby heightening the risk
of enduring subsoil compaction (with 50 kPa indicating the threshold for compaction under moist conditions). (b) The
historical evolution of combine harvesters reveals that the increase in capacity, marked by the enlargement of the grain tank
from 1958 to 2020, has resulted in a sixfold rise in front axle wheel loads, which has (c) correspondingly elevated subsoil
stress levels by approximately five times (the years denote when specific harvesters were launched in the market; for
comparative purposes, the mass and associated soil stress of a horse and an African Elephant are included; adapted from
Keller & Or, 2022).

regarding soil stress and displacement caused by agricultural machinery, Keller et al. (2012) identified a critical
stress threshold of about 50 kPa for arable subsoil under moist conditions, which aligns closely with the critical
stress limits of 25-50 kPa proposed by Rusanov (1994).

Effects of compaction on soil functions. Soil compaction leads to a reduction in pore space, alters the distribution
of pore sizes toward a smaller average, and diminishes both pore connectivity and continuity (Horn et al., 1995;
Horn & Peth, 2011; Richard et al., 2001). This alteration limits the capacity of soil to hold air and water, while also
hindering the movement of water and gases. Additionally, a reduction in porosity increases the mechanical
resistance of the soil, posing challenges for plant roots and soil-dwelling organisms (Ruiz et al., 2023). As a result,
soil compaction influences various soil processes and functions that rely on pore volume, structure, and me-
chanical properties, including the flux of gases and water, plant development, nutrient and carbon cycling, and the
habitat for soil organisms. The extent of soil compaction's effects on soil characteristics, processes, and functions
is context-specific and influenced by the stresses applied and the prevailing soil strength during the compaction
event.

A meta-analysis conducted by Obour and Ugarte (2021) indicates that crop yields experience average reductions
of approximately 10%—35% due to soil compaction, with the extent of decline varying by crop type (for instance,
maize suffers greater yield losses compared to wheat) and soil texture (medium-textured soils exhibit more
significant yield reductions than fine-textured soils). In a separate meta-analysis, Hernandez-Ramirez et al. (2021)
reported that N,O emissions nearly doubled as a result of compaction. The long-term effects of traffic-induced
compaction on soil organic carbon stocks remain under-researched. Substantial evidence indicates that
compaction from agricultural traffic reduces soil water infiltration capacity, saturated hydraulic conductivity, and
the ability of soil to retain water (Horn et al., 2019; Keller et al., 2019, and references therein). The reduction in
infiltration rates can lead to waterlogging and increased surface runoff, increasing the risk and intensity of
flooding and erosion (Alaoui et al., 2018).

Forest soils typically have a lower bulk density than soils in agricultural or grassland areas, making them more
vulnerable to compaction (Panagos et al., 2024b). A meta-analysis conducted by Nazari et al. (2021) revealed that
compaction from logging activities leads to a decrease in microbial biomass in subsoils and a reduction in
saturated hydraulic conductivity. The adverse effects tend to escalate with the frequency of machinery passes. In
hilly regions, compaction, especially in ruts, can exacerbate runoff and erosion, leading to the depletion of
nutrient-rich topsoil and increased erosion (Cambi et al., 2015). This issue can significantly hinder or even
prevent forest regeneration over prolonged periods (Cambi et al., 2015). Additionally, forest soils often display
visible tracks from machinery, which serve as lasting signs of compaction.
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Figure 9. Impact of soil compaction resulting from changes in land use (indicated in violet) and from agricultural field traffic

(represented in yellow) across Germany. PD and PD refer to the measured packing densities and predicted packing densities,
respectively. This analysis is based on a random forest model utilizing data from the German agricultural soil inventory, with
permanent grassland serving as the uncompacted reference state. For further details, refer to Schneider and Don (2019). The
packing density (PD) is calculated as bulk density plus 0.005 times the clay percentage plus 0.001 times the silt percentage (after
Schneider & Don, 2019).

Global distribution and costs of soil compaction. Soil compaction is widely acknowledged as a significant
human-induced factor contributing to the physical degradation of soil; however, the global scale and intensity of
this issue remain inadequately understood. This lack of knowledge can be attributed to the absence of effective
methods for quantifying the spatial distribution of compaction over extensive areas, particularly in deeper soil
layers that are not easily observable. Additionally, establishing a benchmark for uncompacted soil poses chal-
lenges. While reference values for bulk density or packing density have been proposed (Lebert et al., 2007), the
underlying data and statistical methodologies used to derive these values are somewhat ambiguous. Furthermore,
locating “‘uncompacted” soil, that is, unaffected from anthropogenic influence to serve as a reference profile is
difficult. Despite these challenges, some estimates regarding the prevalence of soil compaction have been made
for specific regions and countries. For instance, Brus and van den Akker (2018) estimated that 43% of arable
subsoils in the Netherlands are excessively compacted. In Germany, Schneider and Don (2019) reported that 51%
of cropland and 32% of grassland are impacted by root-restricting layers resulting from compaction, with agri-
cultural practices contributing to compaction in 27% of cropland cases. Their research, employing a random forest
modeling technique, indicated that in the topsoil, compaction is mainly driven by land use changes that lead to a
reduction in soil organic carbon, whereas in the subsoil, agricultural traffic is the primary cause of compaction
(Figure 9). Similarly, a recent investigation into bulk densities in European topsoil found that density levels
increase in the following order: forest soils, grasslands, and croplands (Panagos et al., 2024b). Schjgnning
etal. (2015), analyzing the European SPADES soil database (Panagos et al., 2012), discovered that approximately
25% of European agricultural subsoils (at depths of 0.25-0.7 m) exhibit critically high density levels.

The research conducted by Nazari et al. (2023) on global patterns of forest soil compaction susceptibility indicates
that tropical and temperate forests, which exhibit low bulk densities and elevated soil organic carbon levels, are
particularly vulnerable when moist conditions prevail during timber harvesting. A recent assessment of subsoil
compaction risks in global arable crop production highlights that the highest risks are found in regions with
significant mechanization, which correlates with elevated soil stress levels (see Figure 8b), alongside the presence
of moist, mechanically weak soils. This includes areas in Europe, North America, Brazil, and Eastern Australia
(Figure 10; Keller & Or, 2022). Furthermore, comparisons with the findings of Sonderegger and Pfister (2021)
support the conclusion that mechanization is a primary factor driving soil compaction, leading to reduced crop
yields in highly mechanized agricultural regions, whereas in areas with lower mechanization, erosion is the main
cause of yield losses.
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Figure 10. The worldwide assessment of the risk of subsoil compaction, with green indicating low risk and red signifying
high risk (after Keller & Or, 2022).

Estimating the financial implications of soil compaction presents significant challenges, with limited data
available. A study conducted in England and Wales approximated the annual costs of compaction to be £470
million. These costs encompass both on-site factors, such as reduced yields, inefficient fertilizer use, and
increased fuel consumption during field operations, as well as off-site consequences, including flooding,
greenhouse gas emissions, and nutrient leaching. Sonderegger and Pfister (2021) employed a life cycle assess-
ment framework to estimate that high-input agriculture experiences an average annual crop yield loss of 5% across
an area of 5.12 million km2, which represents 60% of the total cultivated land of 8.54 million km?. The global
average yield for wheat is approximately 3,600 kg per hectare, translating to a total global production of 793
million metric tons from a harvested area of 220 million hectares (source: https://www.statista.com/topics/1668/
wheat/). Consequently, a 5% yield loss equates to a reduction of 180 kg per hectare. If we hypothetically consider
that the entire high-input crop area of 5.12 million km? is dedicated to wheat cultivation, this yield loss would
result in an estimated decrease of around 93 million metric tons. With current wheat prices hovering around 200
USD per metric ton (source: https://fred.stlouisfed.org/series/PWHEAMTUSDM), the annual financial impact of
yield losses due to compaction would approach 20 billion USD. It is important to note that yield losses represent
only a fraction of the total costs associated with compaction. Graves et al. (2015) estimated that in England and
Wales, yield losses accounted for approximately 30% of the overall costs of compaction. Assuming a similar
proportion of yield loss costs relative to total costs—acknowledging that this ratio may vary across different
global regions—the total annual costs of compaction could surpass 50 billion USD.

Solutions to minimize soil compaction by vehicle traffic. The natural recovery of soil structure occurs at a slow
pace, and mechanical restoration is not only energy-intensive but also carries significant risks of yielding un-
satisfactory long-term outcomes (Schneider et al., 2017). Therefore, the primary objective should be to prevent
soil compaction. In theory, soil compaction can be prevented by ensuring that the mechanical stresses applied do
not exceed the existing soil strength (Horn & Lebert, 1994). To assist in this endeavor, various simulation models
and decision support tools have been developed to assess compaction risk by predicting soil stress and strength
based on machinery characteristics and soil properties (e.g., SOCOMO, van den Akker, 2004; Terranimo®,
Stettler et al., 2014; REPRO, Riicknagel et al., 2015). The uncertainties associated with compaction risk as-
sessments mainly stem from challenges in acquiring soil data, particularly regarding soil moisture profiles, as well
as the limited predictive capability of models estimating precompression stress (Torres et al., 2024). While the
concept of preventing compaction is straightforward, achieving complete avoidance in practice may be chal-
lenging. This is largely due to the necessity of field traffic for agricultural production or forestry under
economically feasible conditions.

The risks associated with soil compaction can be reduced by avoiding traffic on wet soil or by enhancing soil
strength through effective drainage systems, plant water uptake, and root reinforcement, such as through the use
of under-sown crops. Additionally, improvements in soil structure may be accelerated by fostering biological
activity.
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Additionally, reducing soil compaction in agriculture can be accomplished by better synchronizing cropping
systems, such as crop rotation, with the specific pedo-climatic conditions of the site. This approach aims to
decrease the chances of conducting field operations during wet conditions and involves adapting machinery size
to the strength of the soil, often necessitating the use of lighter equipment. Nevertheless, the pursuit of economic
efficiency in both agriculture and forestry typically demands high-capacity machinery, which tends to be heavier
and consequently exerts greater pressure on the soil, creating a vicious cycle. The introduction of autonomous
vehicles and robotic fleets presents innovative opportunities to dissociate efficiency from the reliance on heavy
machinery. Lightweight autonomous vehicles show potential for advancement, although challenges persist,
particularly regarding the transportation of substantial quantities of harvested crops from the field within limited
timeframes (McPhee et al., 2020). The implementation of autonomous electric lightweight machinery could
already prove advantageous if the costs associated with soil compaction and climate impact were taken into
consideration (Lagnelov et al., 2023).

An alternative approach to managing soil compaction involves the implementation of permanent tramlines, as
seen in controlled traffic farming (McPhee et al., 2020; Tullberg et al., 2007) and in forestry practices utilizing
“permanent” skid trails, which last for 50 years or more (Garland, 1983; Werder et al., 2025). In these systems, all
vehicular traffic is restricted to designated tracks, with vehicles and implements tailored to specific track and
working widths. In arable farming, the standard track gauge is approximately 3 m, while working widths typically
vary from 9 m (for sowing and harvesting) to 27 m (for spraying; Tullberg et al., 2007). In forestry, the system
comprises access lines that are 3—4 m wide and left unplanted (Werder et al., 2025), ideally occupying no more
than 15% of the total area (Garland, 1983). In arable cropping, the proportion of wheeled area is about 10%—15%,
in stark contrast to the over 100% seen in “random traffic systems.” Research has indicated that this method can
lead to increased crop yields and decreased surface water runoff and greenhouse gas emissions (Chamen
et al., 2015; Tullberg et al., 2007). However, the system has drawbacks, including potentially high costs asso-
ciated with modifying machinery to fit specific widths. Additionally, the tracks become significantly compacted,
rendering them “permanent,” which may adversely affect local hydrology and complicate future soil management
and land use adjustments.

3.1.1.3. Change of Soil Bulk Density and Porosity by Compaction Due To Loss of SOM

While the major emphasis of compaction research is focused on livestock or machine traffic on soils, there is
growing evidence of large-scale porosity changes that may be driven by other processes (Hirmas et al., 2018). Soil
biota, vegetation, and organic matter play an important role in the development and maintenance of soil porosity
(Robinson, Nemes, et al., 2022; Robinson, Thomas, et al., 2022; Ruehlmann & Korschens, 2009). Hence, this
implies that activities or processes that disrupt biological activity or degrade soil organic matter, ranging from
climate change, wildfires, or land use change, could all result in changes to soil porosity and potentially soil
densification.

Observations at national to continental scales. For context at national and continental scales in this review, we
refer to work on both bulk density and porosity, focusing on the factors that influence these properties and their
role in densification or change in porosity of soils. In the last decade, the work of Hirmas et al. (2018) indicated
continental scale change in soil macroporosity over decadal periods. They suggest a number of processes that
could be driving such trends, including enhanced illuviation, mineralogy, and organic matter. After accounting for
such processes, they further observed that drier and warmer climates tend to promote the development of surface-
layer macroporosity, whereas more humid and cooler climates restrict the expression of macroporosity. Similarly,
work by Robinson et al. (2016) provides evidence for soil structural changes in response to climate on annual to
decadal timescale. These findings suggest a potential link between porosity, vegetation, and climate which re-
mains to be fully explored.

Recent research on the bulk density and porosity of temperate soils at national (Thomas et al., 2024) and con-
tinental (Panagos et al., 2024b) scales has sought to identify environmental factors driving spatial variations in
these properties. Such large-scale studies indicate the importance of SOM, but also habitat type for predicting
porosity. Moreover, it shows that topsoil structural porosity is diverse and varies beyond agricultural soils. For
example, Thomas et al. (2024) showed that texture, using national data from the UK, only explains about 37% of
the variation in porosity for these temperate soils. However, when habitat and SOM are included, the variance
increases to 70%—80%. Moreover, including both habitat and SOM improves prediction compared to models that
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included only one of these factors. This perhaps alludes to the role of habitat specific biota influencing the
porosity as well as SOM, this could be plant roots or organisms like earthworms. Both the work by Thomas
et al. (2024) and that of Panagos et al. (2024b) show clear gradients with reductions in porosity from woodland to
grassland to cropland, consistent with declines in SOM commonly observed in these habitats.

Mechanisms and processes. Understanding observations such as Land Use/Cover Area Frame Survey data
(LUCAS) across Europe, with changes in bulk density and porosity, requires a range of mechanisms and pro-
cesses to be considered. Soil undergoes constant pedoturbation by biota and mechanical alteration due to shrink-
swell and freeze-thaw processes. Wetting and drying cycles provide forces to bring particles together and
gradually densify the soil through particle rearrangement, aggregate breakdown, pore space reduction, and
biological degradation. This is especially the case as climate change and an increase in extreme events push soils
beyond their normal operating range for biota in terms of floods and drought. Such processes can alter infiltration,
root penetration, and soil aeration, negatively impacting plant growth and soil health. Soils requiring intervention
to combat such changes are, by definition, degraded.

Different mechanisms manifest in different climates and under different management. Interfering with the co-
evolving soil-vegetation ecosystem will inevitably disrupt and potentially degrade porosity, principally the
structural porosity through either the loss of carbon or the reduced activity of the biota. In the organic soils of the
northern latitudes, it is the fibrous geometry of the organic constituents that is, one factor leading to high po-
rosities in peat, for example (~90%; Robinson et al., 2022), so the loss of such fibrous materials or change in
orientation (for example, anisotropy) will likely trigger a change in porosity. Drainage of such systems leads to
densification through shrinkage due to soil moisture loss rather than decomposition/SOM loss. Sampling and
monitoring such systems is challenging, contrary results can be observed with fixed-length sampling such that an
increase in carbon density in such systems is often a sign of compaction and degradation compared to the native
state of a bog (Minkkinen & Laine, 1998).

In temperate latitudes, soils that are a mixture of organic and mineral material can form high porosities through
aggregation (Thomas et al., 2024). The loss of organic matter from aggregates, especially the large ones, will lead
to weaker structures more vulnerable to collapse through the normal process of wetting and drying. In temperate
systems, especially arable soils, careful management, for example, organic matter addition, reduced tillage, or the
use of cover crops can help mitigate densification and compaction risks (Blanco-Canqui et al., 2024; Blanco-
Canqui & Ruis, 2018; Brady & Weil, 2008). Reduction in porosity due to soil mixing and matric forces is resisted
largely by organic matter gluing aggregates, by the presence of organic matter, or by the generation of new
porosity by biota, burrowing and rooting, for example. Soil organic matter may help increase soil resilience,
helping to avoid soil compaction by machine traffic (Zhang et al., 2005). The study of Torres et al. (2024) showed
that soil organic matter positively influences soil precompression stress—an indicator of soil strength—likely
through its positive effect on soil aggregate stability. The addition of soil organic matter, however, also has a
relevant secondary impact by improving soil water retention, which may increase the soil's susceptibility to
compaction by decreasing precompression stress (Pereira et al., 2007).

In drier soils of the Mediterranean, organic matter is naturally less; these soils are often dominated by structures
that evolve from mineral interaction and tactoid formation. The tropics' highly weathered soils may be dependent
on sesquioxides maintaining structure, often initiated by old root channels. Land use change, particularly the
conversion of forest, makes such soils highly vulnerable to structural degradation and porosity decline, impacting
infiltration (Zimmermann et al., 2006). One of the major problems in such tropical soils is that their structure does
not regenerate quickly.

Aggregation is an important concept in soil science (Berli et al., 2008; Ghezzehei & Or, 2000). Aggregates can
develop naturally or be artificially induced by processes such as tillage. Aggregates can be bound by organic
matter or mineral binding agents such as calcium carbonate or sesquioxides, each conferring different physical
properties on the soil. Oades and Waters (1991) observed these different processes resulted in the extraction of
different size fractions of aggregates in different soil types. Mollisols and Alfisols had more macroaggregates
>250 pm attributed to roots and hyphae stabilizing these fractions, then root fragments and Particulate Organic
Matter (POM) nucleating 20-250 pm aggregates and mineral interactions dominating for aggregates <20 pm.
Hence, macroaggregates were observed in temperate Mollisols and Alfisols rich in SOM, but not in tropical
Oxisols, which are SOM poor. Thomas et al. (2024) also observed that the relationship between macroaggregate
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fraction and SOM followed the same curve as in Robinson et al. (2022), supporting the role of SOM in temperate
aggregate structures. Hence, factors degrading SOM will likely lead to structural degradation and densification.

At the scale where clay minerals interact (~1 pm), colloids are surrounded by an electrical double layer at the
interphase between the colloid and the surrounding solution (DeCarlo & Shokri, 2014), this electrical layer
changes in thickness depending on the electrical conductivity (EC), pH, and dominant cation in soil solution.
When the thickness of the electrical double layer decreases within the range of attractive forces, the particles come
together to form a tactoid, which is the initial stage of aggregate formation; conversely when the thickness of the
double layer increases, repulsion forces are dominant and dispersion occurs. The higher the EC, the thinner the
double layer, allowing the colloids to get close enough for attractive forces to be active (DeCarlo & Shokri, 2014;
Shokri et al., 2015). Quirk and Schofield (1955) developed the concept of “threshold concentration™ that de-
termines the levels of EC required to maintain soil structure. The combination of high pH and the presence of
sodium has detrimental effects on soil properties; this combination is associated with colloid dispersion, loss of
organic carbon (Hassani et al., 2024), decrease in soil permeability, and increase in run-off and erosion (Lebron
et al., 1994; U.S. Salinity lab, 1954). The process initiates with the water movement that helps to transport the
dispersed colloids, clogging pores deeper in the soil profile and causing densification and a decrease in hydraulic
conductivity. Addition of low EC water to sodic and alkaline soils may lead to structural collapse due to the
increase in the thickness of the double layer—once the structure is lost, it can be very hard to restore. Remediation
of these soils using gypsum as an amendment is the usual intervention to restore soil structure and increase
porosity (Lebron et al., 2002). The impact of all these processes that lead to a decline in porosity, and often the
pore size distribution, is alteration of the hydrological performance of the soils, most commonly observed through
changes to infiltration rates.

Bulk density and porosity (Thomas et al., 2024) and consequently infiltration (Jarvis et al., 2013), especially in
temperate soils, have a complex interplay with land use and SOC that remains to be better understood. This is most
likely driven by the soils' macropore system, where macropores are present, with important contributions from the
biota. Textbook knowledge (Brady & Weil, 2008) connects increased SOC with improved soil structure formation
and better soil structural status, which in turn is perceived to enhance the expression of structure related to soil
physical and hydrological properties. Indeed, there is ample support that suggests that SOM improves porosity and
decreases soil bulk density (Robinson, Nemes, et al., 2022; Robinson, Thomas, et al., 2022). However, the positive
effect on K,—the laboratory-measured proxy used to infer the soil's infiltration capacity—has been challenged
by several studies for certain soils (e.g., Araya & Ghezzehei, 2019; Jarvis et al., 2013; Larsbo et al., 2016; Nemes
etal., 2005). These studies have attempted to isolate the effect of SOC on K, using a diversity of machine learning
approaches and independent large data sources. The suggested mechanism is not yet clear, but is likely linked to
SOC's role in developing a more tortuous pore system. Lack of clear understanding of the SOC-K, relationship
indicates a potentially non-trivial functional response by different soil types to loss of SOC, associated densifi-
cation, and other related changes to their pore system (Nemes et al., 2005). Insight provided in Robinson
et al. (2022), suggests that it’s not simply the quantity of SOC but the geometry, which is likely to vary from
coatings that may have the least impact to fibrous structures that have a large excluded volume. The different cited
studies go to different lengths in identifying which groups of soils may be more affected, but they do not give clear
delineation.

Jarvis et al. (2013) showed that infiltration rates in temperate soils were mostly dependent on porosity, SOM, and
land use. While in a global meta-analysis of infiltration rates on the same soils under different land covers,
Robinson et al. (2022) showed a decline in infiltration rates from woodland to cropland, supportive of Jarvis
et al. (2013) findings more widely. Moreover, the work indicated that texture-based pedo-transfer functions gave
on average a reasonably unbiased prediction of hydraulic conductivity for arable soils, while grasslands showed
1.30 times higher rates and woodlands showed 2.21 times higher rates. This is perhaps unsurprising, as data-
driven pedotransfer functions are often developed using large data sets from largely cropland soils and drier
climates (Pachepsky & Rawls, 2003); there's a need for more data from other habitats, especially woodlands. Such
observations are consistent with the observations of Thomas et al. (2024), who indicate the importance of SOM
and habitat on structure generation. Such studies amplify the case that degradation of SOM by climate, land use
change, or management is likely to result in densification with yet to be determined impacts on soil hydrological
properties.
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3.1.1.4. Erosion Rates and Physical Loss

The term “erosion” refers to the geological processes involving the detachment, movement, and accumulation of
soil or rock materials driven by natural forces such as gravity, ice, water, and wind. Soil erosion, a specific aspect
of erosion, primarily impacts the topsoil and is significantly influenced by land use and management practices,
which can lead to deviations from natural erosion rates (Lal, 2003). On-site soil erosion results in the loss of soil
and rock particles, aggregates, and essential nutrients, chemicals, and organic compounds from their original
locations. The consequences of this erosion extend beyond the immediate area (off-site), leading to the redis-
tribution of these materials across the land surface and into aquatic and atmospheric systems. Soil erosion not only
diminishes soil fertility, functionality, and natural productivity but also contributes to sedimentation problems,
damage to infrastructure, and pollution of both aquatic and air environments due to the transport and deposition of
minerals, organic matter, and soil-bound contaminants (Poesen, 2018).

Soil erosion processes can be categorized based on their driving forces, which include natural elements like wind
and water erosion, as well as mechanically induced factors such as tillage erosion and soil loss due to crop
harvesting (SLCH). These processes exhibit variability in their underlying mechanisms, interactions with envi-
ronmental factors, and their spatial and temporal distributions (Borrelli et al., 2023), along with their implications
for society. Natural erosion by wind and water tends to occur sporadically and unpredictably in both space and
time, influenced by meteorological conditions. In contrast, mechanical erosion processes are also intermittent but
are closely linked to specific management activities like tillage and harvesting. The intricate nature of soil erosion
complicates the comprehensive understanding of its spatiotemporal dynamics, necessitating reductionist meth-
odologies to analyze spatial patterns through long-term statistical averages (Borrelli et al., 2023). A significant
research focus within the context of soil erosion and soil degradation is to investigate the synergistic or antag-
onistic interactions in regions where multiple erosion processes coexist (Figure 11).

Water Erosion. Water erosion is recognized as the most thoroughly examined process of soil loss driven by fluid
dynamics (Poesen, 2018). Figure 12 illustrates examples of water erosion in agricultural landscapes. Water
erosion encompasses a continuum of interrelated processes, including rainsplash erosion, interill erosion, rill
erosion, and gully erosion (Aksoy & Kavvas, 2005). Piping erosion, a form of subsurface erosion occurring within
hydrological conduits, involves concentrated subsurface flow that leads to the creation of linear voids, which can
facilitate sediment transport and result in surface collapse (Bernatek-Jakiel & Poesen, 2018; Verachtert
et al., 2011). Consequently, water erosion represents a multifaceted system where the continuum of processes
illustrates the evolution of water flow dynamics, beginning with the impact of individual raindrops on the soil
surface and progressing to diffuse and channelized flows capable of incising the landscape. This latter stage is
linked to the movement of substantial sediment volumes over extended distances, contributing to severe land
degradation (Poesen, 2018). The characteristics of soil, such as texture and soil organic carbon (SOC), determine
the “erodibility” of soils (Knapen et al., 2007), which refers to their vulnerability to detachment by raindrop
impacts and overland flow, as well as their hydrological properties like hydraulic conductivity that influence the
generation of overland flow (Wischmeier & Smith, 1978). Splash erosion specifically entails the detachment and
short-distance radial transport of soil material due to raindrop impact, resulting in a net downslope movement
(Kinnell, 2005). This type of erosion alters the soil surface by breaking down soil aggregates, reducing surface
roughness, and forming soil crusts, all of which increase soil erodibility and decrease infiltration rates (Le
Bissonnais, 2016). Furthermore, splash erosion affects both the physical and chemical properties of soil, leading
to significant consequences for soil degradation and biogeochemical cycles (Garcia-Ruiz et al., 2015).

Surface runoff can originate from either Hortonian (infiltration-excess) overland flow (HOF) or Dunnian
(saturation-excess) overland flow (SOF) processes (Buda, 2013), facilitating soil redistribution across extensive
areas. When surface runoff occurs, it detaches and transports soil particles if the sediment transport capacity
surpasses the sediment load, which is influenced by the flow rate and velocity (Merritt et al., 2003). Conversely,
when the sediment load exceeds the transport capacity, soil particle deposition occurs (Aksoy & Kavvas, 2005).

Estimates of global gross erosion, derived from statistical analyses and model extrapolations, range from 25 to
45 Pg yr~! (Borrelli et al., 2017a; Quinton et al., 2010). In the context of the European Union and the United
-1 yr_1 (Panagos
, with higher rates of

Kingdom, this figure is modeled at 0.97 Pg yr™!, translating to an average of 2.46 t ha
et al., 2015). For China, the average modeled erosion rate is reported at 5.02 t ha™! yr™
18.2 tha™' yr™' observed in cultivated cropland situated on slopes (Liu et al., 2020). In the United States, similar

modeling approaches yield an erosion rate of 2.32 t ha™' yr~' (Shojaeezadeh et al., 2024). Global forecasts,

SHOKRI ET AL.

26 of 103

85U807 SUOWWOD dANERID 3ot jdde auy Aq peusenob aJe ssole O ‘88N JO s|nu Joj ArIqITaUIIUO 8|1 UO (SUONIPUOD-PUE-SWBIALIY A8 |1M A1 1[BU U0//SdNY) SUORIPUOD pue SWLe | 8y} 88S *[G202/2T/2T] Uo Areiqiauliuo Ajim YeuoliqigsiersieAlun BinqueH eIseAlN ayasiuyoe | Ad £880009U5202/620T 0T/10p/w0d A8 1M AreigutjuosgndnBe/sdiy woiy pspeoumod ‘v ‘520z ‘8026776T



A~
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Reviews of Geophysics 10.1029/2025RG000883

SN N

{Nc,_ .
Land susceptlblllty to water erosion Land susceptlblllty to wmd erosion
Very Low Relatively Low Moderate Relatively High Very High Very Low Relatively Low Moderate Relatively High Very High

(d)

; ST
Land susceptlblllty to tlllage erosion Land susceptibility to guIIy erosion
Very Low Relatively Low Moderate Relatively High Very High Very Low Relatively Low Moderate Relatively High Very High

Land susceptlblllty to SLCH erosion

Very Low Relatively Low Moderate Relatively High Very High

Figure 11. The modeled worldwide distribution of various soil erosion processes that lead to soil degradation (adapted from Borrelli et al., 2023). SLCH: Soil loss due to

crop harvesting.

employing standardized methodologies, highlight considerable spatial variations in erosion rates (Borrelli
et al., 2020), indicating that regions at lower latitudes are particularly vulnerable to erosion, especially in areas
where agriculture is practiced on sloped terrain (Nearing et al., 2017). These long-term estimates are characterized
by significant temporal variability, influenced by factors such as weather patterns, land management practices,
and ecological disturbances, including wildfires and deforestation events (Kort et al., 1998; McGuire et al., 2024).

A critical factor in the quantification of large-scale water erosion is the processes that are taken into account.
Linear (channelized) erosion features are the primary contributors to sediment production (Poesen et al., 2003),
making their accurate prediction essential. Nevertheless, gully erosion has not yet been integrated into
comprehensive quantitative evaluations of water erosion rates, even though it can lead to significant soil loss in
specific areas, particularly in managed pasturelands, compared to rill and interrill erosion (Borrelli et al., 2023).
Traditionally, interrill and rill erosion are characterized by small planar and linear geomorphic channels that can
be altered through tillage, while gullies can reach greater depths (Merritt et al., 2003). In this context, innovative
methods for predicting soil erosion that utilize machine learning classifiers and regression models to assess the
presence of both ephemeral and permanent erosion features offer promising opportunities for large-scale soil
erosion forecasting (Vanmaercke et al., 2021). Although quantifying erosion rates remains a complex task, the
integration of rapid feature mapping with machine learning techniques marks a significant advancement in
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Figure 12. Photographic documentation of water erosion in agricultural landscapes: (a) interrill erosion leading to surface
crust formation, (b) a network of rills along a drainage line prior to the emergence of crops, (c) a gully that has been deeply
eroded following the harvest of maize, (d) damage to crop growth resulting from concentrated overland flow and significant
soil erosion in a landscape depression (thalweg; Leibniz University of Hannover, 2021), (e) gully formation within a
compacted wheel track (Leibniz University of Hannover, 2021), and (f) diminished crop growth due to the in-field
accumulation of eroded sediment.

erosion research, enhancing our understanding of the conditions and trends associated with severe erosion types
(De Geeter et al., 2023).

One major contributing factor of water erosion processes is soil compaction, which occurs during field traffic
activity by machinery (e.g., tillage, spraying, harvest; Augustin et al., 2020; Batey, 2009). High degrees of top-
and subsoil compaction by repetitive machinery passes in headlands and tramlines lead to an increased frequency
and extent of soil erosion events (Evans, 2017; Prasuhn, 2020; Steinhoff-Knopp & Burkhard, 2018). The main
reason for the increase in soil loss is the increasing bulk density (Saggau et al., 2022) indicating reduced pore
volume and subsurface connectivity finally reducing topsoil infiltration rate and capacity (Batey, 2009; Ryken
et al., 2018). This promotes accelerated generation of surface runoff during storm events and soil erosion
significantly increasing phosphorus-mobilization in compacted areas (Remund et al., 2021; Withers et al., 2006).
The orientation of headlands and tramlines not only influences the rates of surface runoff and soil erosion but also
their connectivity within the landscape and therefore diffuse pollution (Saggau et al., 2023). Despite the
importance of soil compaction for soil erosion and sediment transport, it is rarely accounted for in soil erosion
models (e.g., the (R)USLE) and spatial soil erosion risk assessments (Saggau et al., 2022).

Wind (aeolian) Erosion. Aeolian erosion refers to the movement of soil particles through processes such as
suspension (particles smaller than 0.1 mm), saltation (particles ranging from 0.1 to 0.5 mm), and creep (particles
between 0.5 and 2 mm), driven by the shear force of wind acting on soil with low cohesion (Xu et al., 2024). This
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phenomenon is a natural component of the global dust cycle, predominantly occurring in semi-arid and arid
regions (Ravi et al., 2011), where limited soil moisture and sparse vegetation leave soils vulnerable to wind action.
Wind erosion significantly influences Earth systems across various time scales, with notable effects on human
activities. For instance, the aeolian transport and deposition of loess in Europe, the United States, and China
during past geological epochs have profoundly affected the current distribution of fertile soils essential for
agriculture (X. Li et al., 2020; Y. Li et al., 2020). Unlike water erosion, wind erosion is more prevalent in flat
terrains, making it a crucial factor in the overall geographic distribution of soil erosion worldwide (Borrelli
et al., 2023). The consequences of wind erosion extend beyond soil degradation, impacting air quality and public
health through the release of particulate matter (PM 2.5 and PM 10) into the atmosphere (Griffin et al., 2001),
exacerbating desertification by diminishing the functional capacity of soils in semi-arid regions (Ravi
et al., 2010), and disrupting natural ecological cycles due to the influx of dust and nutrients (Shao et al., 2011).

The process of wind erosion is influenced by several factors (Borrelli et al., 2017b), including the force of the
wind necessary to initiate the movement of particles, which is contingent upon grain size, soil cohesion char-
acteristics, vegetation cover, and root cohesion. Consequently, the susceptibility of soil to wind erosion is
governed by essential geoecological factors. As wind flows, it generates shearing, uplift, and turbulent forces that
can lift particles to varying heights above the ground (Jarrah et al., 2020). The transport of grains occurs through
mechanisms such as creep, saltation, or suspension, depending on their elevation within the air column (Jarrah
et al., 2020). While suspension is generally restricted to finer particles, it is the transport mode that allows for the
longest residence times in the atmosphere and, consequently, the greatest travel distances (Ravi et al., 2010).
Deposition of these particles takes place when there is a decrease in wind speed, which can result from diminished
atmospheric pressure gradients or the presence of obstacles like topography, vegetation, or man-made structures.

Globally, wind erosion is estimated to be 312.5 Pg yr~' (Sun et al., 2024), with a significant portion originating
from desert regions. The primary sources of dust emissions worldwide are found in drylands and grasslands
located in (semi-)arid zones and continental interiors across Africa, Asia, North America, and South America
(Ravi et al., 2011; Schepanski, 2018). While climatic factors heavily influence the global dust source areas,
human activities significantly affect wind erosion rates, often surpassing natural fluctuations (Nordstrom &
Hotta, 2004). For instance, the Great Plains of the United States are inherently vulnerable to wind erosion,
experiencing up to 48 days of dust storms annually. However, the events of the 1920s and 1930s, which led to the
infamous “Dust Bowl,” exemplified the consequences of poor soil management practices (Nordstrom &
Hotta, 2004). The transition from natural vegetation to heavily farmed croplands, along with the advent of
agricultural mechanization before the Dust Bowl, were pivotal factors in this environmental crisis. Additional
contributors to heightened wind erosion include severe or prolonged overgrazing, the removal of vegetative
barriers such as hedgerows and trees, the expansion of field sizes, deforestation, and wildfires (Ravi et al., 2011).

Tillage Erosion. Tillage erosion refers to the movement of soil caused by repeated tillage activities, such as
plowing. This phenomenon is characterized by soil displacement at the edges of fields and the downward
gravitational flow of soil due to alterations in slope gradients (van Oost et al., 2000). Tillage methods significantly
influence the soil's vulnerability to both wind and water erosion, while simultaneously serving as a mechanism of
erosion, with the extent of erosion being contingent upon the frequency and intensity of these practices within
agricultural management (van Oost et al., 2000). The immediate effects include the removal of topsoil and the
mixing of nutrient- and soil organic carbon (SOC)-depleted subsoil into the upper cultivation layer, resulting in
shallow, poorly structured, and nutrient-deficient topsoils. Conversely, in areas of net deposition, such as de-
pressions, soils tend to thicken as they accumulate finer particles that are rich in nutrients and SOC (van Oost
et al., 20006).

The mechanization of agriculture, which began to accelerate in the 1950s, has significantly exacerbated tillage
erosion. This increase in tracking power, tillage speed, and depth has resulted in tillage erosion rates comparable
to those of sheet and rill erosion, with some regions experiencing even higher rates (Poesen, 2018; van Oost
etal., 2005). In the global agricultural context, tillage erosion is estimated to account for one-fifth of water erosion
and is twice as prevalent as wind erosion (Quinton et al., 2010). In mechanized agricultural systems, tillage
erosion rates generally fall between 3 and 70 Mg ha™! yr™!, although under certain conditions, they can escalate to
as much as 250 Mg ha™" yr~'. While less intensive, non-mechanized tillage methods, whether powered by an-
imals or humans, can also lead to significant tillage erosion, with recorded rates ranging from 3 to
600 Mg ha™' yr™!, particularly in developing nations (Van Oost et al., 2006). The extent of tillage erosion is
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influenced by topographical features such as curvature and slope gradient, as well as the soil's physical properties,
including water content, texture, and bulk density. Furthermore, factors such as the type of tillage implement (e.g.,
moldboard plow), its characteristics (e.g., shape, width, and length), management practices (e.g., tillage depth,
speed, and direction), and field attributes like shape and size also play a crucial role in determining tillage
erosivity (()ttl et al., 2022; van Muysen et al., 2002).

Tillage erosion predominantly occurs in convex upslope areas, such as crests and shoulder slopes, where soil is
tilled in an up-and-down manner. In contrast, soil tends to accumulate in concave slopes (Govers et al., 1994;
Lobb et al., 1995). This process not only smooths the landscape but also contributes material to topographic
features like thalwegs, which are subject to intermittent water erosion, thereby creating a synergistic effect that
enhances the lateral redistribution of soil (Quinton & Fiener, 2024). Consequently, tillage erosion plays a sig-
nificant role in biogeochemical cycles, including the carbon cycle (Juficova et al., 2025; Ottl et al., 2024; Van
Oost et al., 2007). Effective strategies to mitigate tillage erosion are limited and primarily involve practices such
as contour tillage and no-till methods, which minimize soil disturbance and translocation while promoting better
soil structure (Van Oost et al., 2006). Contrary to popular belief, non-inversion tillage can result in significantly
greater tillage erosion compared to moldboard plow tillage, with increases ranging from 130% to 210% (Ottl
et al., 2022).

Soil loss due to crop harvesting (SLCH). Soil loss associated with crop harvesting (SLCH), also referred to as
harvest erosion, pertains to the movement of topsoil from agricultural land during the collection of root and tuber
crops (Kuhwald et al., 2022; Ruysschaert et al., 2004). This phenomenon occurs when crops are uprooted,
bringing along loose soil, soil clumps, and rock fragments. Although a minor portion of the material clinging to
the crops is redistributed back onto the field, the majority of the soil is removed with the harvested crops, resulting
in a net loss of soil (Parlak & Blanco-Canqui, 2015; Ruysschaert et al., 2004). SLCH affects the entire field during
harvest across various topographies and soil types, although there can be significant spatial and temporal fluc-
tuations in SLCH rates (Saggau et al., 2024). The crops impacted by this process include groundnuts, cassava,
potatoes, yams, sweet potatoes, and sugar beets. In 2019, around 1.1 million km? of crops susceptible to SLCH
were grown, representing 8.4% of the global arable land, with the largest proportions found in Africa, Asia, and
Europe (Kuhwald et al., 2022). In the European Union, the SLCH on average removes approximately 14.7 million
tonnes per year per harvest for the 4.2 million hectares where potatoes and sugar beets are cultivated (Panagos
et al., 2019). The loss of soil primarily affects the fertile topsoil, leading to soil thinning and a reduction in soil
organic carbon (SOC) and nutrients (Poesen et al., 2001). This decline in soil fertility can result in increased
fertilizer costs and higher production expenses (Parlak et al., 2022; Saggau et al., 2024). Current research in-
dicates that average SLCH rates typically range from 0.008 Mg ha™"' per harvest to 22 Mg ha™" per harvest (Parlak
et al., 2016), with individual events potentially reaching up to 70 Mg ha™' per harvest (Kuhwald et al., 2022;
Poesen et al., 2001). Consequently, SLCH rates are comparable to those of other soil erosion processes and are
particularly significant in flat landscapes. Factors influencing SLCH rates include soil characteristics (such as
water content and texture), crop attributes (including morphology and size), management practices (crop rotation
and plant density), harvesting methods (type of machinery, depth, and speed), and post-harvest handling
(Ruysschaert et al., 2007a, 2007b).

SLCH is influenced by the harvesting technique employed, which differs according to the type of crop and the
degree of mechanization on the farm. In highly mechanized agricultural environments, self-propelled harvesters
are commonly utilized and are fitted with mechanisms that clean the crops post-harvest, thus minimizing net soil
losses. Conversely, in developing nations where manual harvesting is the norm, such cleaning technologies are
often absent. Nonetheless, due to various uncertainties, it is not definitively established whether manual or
mechanized harvesting results in greater soil loss (Li et al., 2006; Parlak et al., 2016). For numerous crops,
including groundnuts, onions, asparagus, ginger, leeks, and yautia, there is a lack of data regarding SLCH rates.
Additional uncertainties pertain to the impact of different soil tillage practices (such as inversion and no-till), crop
rotation (including cover crops), topographical variations, and the subsequent fate of soil and its constituents
(such as nutrients and pesticides) after they leave the field (Kuhwald et al., 2022). Given these circumstances,
strategies to mitigate SLCH are limited, with one effective approach being the utilization of technological ad-
vancements in the cleaning systems of contemporary harvesters (Ruysschaert et al., 2007b). Since SLCH
significantly escalates with increased soil moisture, it is crucial to avoid harvesting during wet soil conditions
(e.g., Parlak et al., 2021; Saggau et al., 2024).
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3.2. Chemical Processes
3.2.1. pH, Acidification and Alkalization

Soil pH is fundamentally important because it controls the availability of nutrients to plants and influences soil
biology. It is a measure of how acidic or alkaline the soil is; natural pH values range from 2 to 3 (very acidic) to
11-12 (very alkaline) with an optimal value of 6-7 for cultivated land (Slessarev et al., 2016). Healthy soils
contain minerals that function as buffers, helping to neutralize inputs that could lead to significant pH fluctua-
tions. However, when these inputs are excessive and deplete the soil's buffering capacity, the balance of the soil is
disrupted, challenging the stability and resilience of the ecosystem (D’Odorico et al., 2013). Processes such as
acidification and alkalinization contribute to soil degradation, resulting in a lasting decline in ecosystem services
essential for sustaining life (Smith et al., 2024). This discussion will briefly outline some of the factors driving
these processes and their impacts on soil health.

Soil acidification refers to the reduction of soil pH below 7, resulting from both natural processes and human
activities. Typically, natural soil acidification occurs gradually, whereas human-induced acidification can
manifest rapidly due to the significant pressures exerted on ecosystems. A notable example of anthropogenic
influence is the pollution caused by acid rain, which began with the Industrial Revolution in Europe in the late
18th century and escalated into a significant environmental concern in North America and Europe during the
1950s—1970s (Grennfelt et al., 2020). The implementation of regulatory measures successfully reduced emissions
of sulfur dioxide and nitrogen oxides, leading to observable improvements in soil pH levels within a decade (Kirk
et al., 2010; Reynolds et al., 2013). However, recent studies suggest that this recovery has either slowed or
reversed (Seaton et al., 2023). The impact of acidification from coal combustion remains a critical issue in China,
India, and other industrialized countries (Bouwman et al., 2002). The transboundary nature of this pollution, along
with its long-term effects on mineral weathering rates, global element cycling, and the degradation of both natural
and agricultural ecosystems, positions acid rain as one of the most pressing environmental challenges linked to air
pollution (Prakash et al., 2023; Singh & Agrawal, 2008). Additional human activities contributing to soil acid-
ification include the excessive use of ammonium-based fertilizers (Arias-Navarro et al., 2024), intensive agri-
cultural practices (Che et al., 2023), overgrazing, deforestation, and the irrigation of crops with acidic water
(Goulding, 2016).

Acidification impacts all types of soils, regardless of whether they are initially acidic, neutral, or alkaline.
However, soils that are already acidic are particularly vulnerable to immediate degradation from acidification.
Acidic soils (pH < 5.5) possess a buffering capacity that helps them resist significant pH fluctuations, which is
largely influenced by the presence of gibbsite (Al(OH);), exchangeable aluminum, and organic acids that help
maintain pH levels between 4 and 6 (van Breemen et al., 1983). These acid soils are typically located in regions
where precipitation surpasses evapotranspiration, predominantly in humid northern temperate zones and tropical
areas with high rainfall. They account for 50% of the world's arable land, with 67% of this land supporting forests
and woodlands (von Uexkiill & Mutert, 1995). Nevertheless, global climate change, which alters the soil's water
balance, can lead to the dissolution of carbonate minerals in alkaline soils, thereby reducing their buffering ca-
pacity and pushing the pH into the acidic range (Slessarev et al., 2016). Additional natural processes contributing
to acidification include the leaching of basic cations, the decomposition of organic matter, root and microbial
respiration, the nitrification of ammonium, and the oxidation of sulfides (Che et al., 2023).

Soil acidification can lead to several adverse effects, including nutrient deficiencies, the release of toxic metals,
alterations in microbial communities, and degradation of soil structure. The leaching of aluminum and heavy
metals into the soil solution can reach toxic concentrations for both plants and microorganisms, thereby
diminishing soil fertility, affecting primary productivity, and disrupting microbial carbon cycling processes
(Malik et al., 2018; Singh & Agrawal, 2008). While there are reclamation strategies available to restore and
sustain soil pH levels, a comprehensive global approach is essential to tackle this issue, as it extends beyond the
scope of local policy measures.

Soil alkalinization occurs when the pH level of the soil increases. This phenomenon is often due to the accu-
mulation of basic compounds, such as calcium carbonate, which can elevate the soil's pH beyond 7. Alkaline soils
(pH > 7) are predominantly located in arid and semiarid areas where evapotranspiration surpasses precipitation.
Their global distribution follows a pattern influenced by climatic and geochemical factors (Jenny, 1994). In these
regions, limited leaching leads to the prevalence of carbonates in the soil composition. Under atmospheric
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conditions, the theoretical pH of a solution containing calcite crystals is approximately 8.3 (Stumm & Mor-
gan, 1996). It is generally accepted that soils with a pH ranging from 8.1 to 8.5 are buffered by calcite, maintaining
this pH as long as calcite is present (Slessarev et al., 2016). In such environments, soils typically exhibit good
structure due to the calcium released from calcite. Further alkalinization may occur when the combination of
calcite and high concentration of sodic salts are present in the soil. The presence of sodium-saturated clays and the
formation of sodium bicarbonates in the soil solution can raise the pH to levels as high as 11 (Smith et al., 2024).
Alkalinization adversely affects soil health by reducing organic carbon, nutrient availability, and bacterial di-
versity, while also critically impacting soil structure, as soil colloids carry a negative charge. When repulsive
forces dominate, soil particles can be easily displaced either downward in the profile or laterally through runoff,
leading to compaction and erosion (Lebron et al., 1994). To mitigate these effects, soil amendments such as sulfur,
organic matter, or gypsum (calcium sulfate) are effective in lowering pH, enhancing soil structure, and alleviating
the impacts of alkalinity, particularly in sodic soils where sodium is the primary contributor to alkalinity (Oster &
Frenkel, 1980).

The process of salinization (Shokri et al., 2024) and alkalinization serve as indicators of land degradation, which
can ultimately lead to desertification, which is characterized as a “persistent loss of ecosystem services essential
for sustaining life.” For additional insights into the drivers and feedback mechanisms associated with global
desertification, see D’Odorico et al. (2013). Given that drylands are home to over 2 billion individuals, with 25%
of these areas experiencing desertification, the environmental and societal implications of these processes are
significant. Moreover, projections from future climate change models anticipate an acceleration in the spread of
desertification globally. Therefore, addressing and reversing land degradation should be prioritized to mitigate
food insecurity and poverty (MEA, 2005).

3.2.2. Nutrient Depletion and Surplus

Soil fertility decline is fundamentally a gradual phenomenon characterized by the loss of vital soil nutrients
through mechanisms such as harvesting, leaching, erosion, and other processes, occurring at a rate that exceeds
their replenishment from both organic and inorganic sources (Andersson et al., 2011). In forest ecosystems, this
decline is also influenced by natural weathering and liming. The reduction of nutrient cations, often referred to as
base cations, is intricately linked to acidification processes. When plants absorb nutrient ions, they must maintain
a charge balance, which involves the release of H* ions during cation uptake or OH™ ions during anion uptake. As
plants develop, they initially acidify the rhizosphere by selectively excreting H* ions to facilitate the uptake of
nutrient cations. If these cations are not reintroduced into the soil, through methods such as fertilization or liming,
following the harvest of plant biomass, the soil will experience a persistent state of acidification.

In contemporary society, the phenomenon of nutrient depletion in agricultural soils is infrequent in industrialized
nations and even in some developing countries, where the use of fertilizers, and often excessive application, is
prevalent. Conversely, soils in Eastern Europe, Russia, and Africa have been reported to experience ongoing
depletion over recent decades, particularly concerning phosphorus levels (Chianu et al., 2012; Kalinina
et al., 2009; West et al., 2014). The decline in soil fertility is a contentious topic that has garnered significant
attention in discussions surrounding land degradation in Africa, posing a critical challenge for numerous farmers
in sub-Saharan Africa and exacerbating issues of rural poverty and food insecurity (Andersson et al., 2011;
Lal, 2009). In contrast, emerging economies, particularly China, have implemented proactive interventions and
have achieved greater success in combating nutrient depletion, albeit often resulting in prolonged periods of
overfertilization that lead to substantial surpluses of nitrogen and phosphorus (Andersson et al., 2011; West
et al., 2014).

Depletion of soil nutrients is a threat to smallholder farmers across various regions globally. This phenomenon
directly undermines agricultural productivity, food security, and rural livelihoods, while also being linked to
broader environmental issues. Despite a comprehensive scientific understanding of the problem, there remains a
notable disconnect between this knowledge and the implementation of effective policy measures (Chianu
etal., 2012; Lal, 2009). In many developing nations, agricultural productivity is either stagnating or declining due
to ongoing soil degradation, insufficient investment in management practices and institutional frameworks, and
climate-related challenges (Bedeke, 2023).

In forest ecosystems, the depletion of base cations is frequently associated with soil acidification. Magnesium
deficiency can result in significant needle yellowing, altered branching patterns, and an acceleration of
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podsolization processes. Research has indicated that nutrient deficiencies in forests correlate with the levels of
exchangeable magnesium in the soil (Ende & Evers, 1997) and the concentration of magnesium in soil solutions.
The ratios of calcium to aluminum and magnesium to aluminum in soil solutions or exchangeable soil fractions
are commonly utilized as indicators of the harmful effects of soil acidification on trees, as well as for determining
critical loads for acid deposition (Blaser et al., 1999; Lgkke et al., 1996).

3.2.2.1. Nutrient Depletion

Nutrient depletion is a significant outcome of soil degradation and has a negative effect on soil fertility (Pra-
vilie, 2021). The extent of this issue is influenced by various factors, including land use, management strategies,
climatic conditions, and topographical features. Research indicates that forest soils experience less degradation
thus less nutrient loss compared to grasslands and agricultural areas, attributed to their dense vegetation and
porous structure (Galindo et al., 2022; Milazzo et al., 2023). Nonetheless, Sun et al. (2023) discovered that the
extent of nutrient loss in forest soils is contingent upon the age of the forest. Their findings revealed that soil
erosion rates, along with losses of total organic carbon (TOC) and total phosphorus (TP), diminished as forest age
increased, whereas total nitrogen (TN) loss initially rose before subsequently decreasing. Additionally, forest fires
represent a significant factor in nutrient loss within forest ecosystems, acting as a form of land degradation
(Jhariya & Singh, 2021). Agbeshie et al. (2022) noted that low-intensity fires can enhance nutrient availability and
soil pH through the deposition of ash, whereas high-intensity fires inflict considerable harm, leading to nutrient
volatilization, diminished soil aggregate stability, increased bulk density, hydrophobicity, and erosion, as well as
the destruction of soil biota. Changes in hydrophobicity influence the subsequent flow and transport processes in
soil (Sepehrnia et al., 2024; Shokri et al., 2009, 2012). Li et al. (2020) reported that the severity of fires elevates
soil pH by incinerating organic matter and leaching essential base elements, while simultaneously decreasing total
organic carbon, nitrogen, and phosphorus levels. Severe burns can result in prolonged nutrient loss, with no signs
of recovery even after a period of 7 years.

Grassland degradation is widespread and escalating in numerous regions across the globe (Gibbs &
Salmon, 2015), with nearly 49% of the world's grassland area experiencing varying degrees of degradation (Gang
et al., 2014). The primary drivers of this phenomenon are overgrazing, attributed to human activities, and soil
erosion, which is influenced by climate change, both of which result in considerable nutrient depletion (Nie
et al., 2013). Research by Zhang et al. (2022) indicated that intense grazing diminishes soil nitrogen, potassium,
and the activities of enzymes such as urease and sucrase at depths of 0—30 cm. Furthermore, heavy grazing
compromises the water stability and erosion resistance of soil aggregates, as the stability of these aggregates is
contingent upon nutrient availability. The consequences of overgrazing include nutrient depletion, alterations in
soil microbial communities, a slowdown in the formation of new aggregates, and a disruption of the equilibrium
between the processes of aggregate formation and degradation, ultimately leading to the deterioration of soil
aggregates (Ren et al., 2022). While soil erosion also plays a role in nutrient loss within grasslands, its impact is
less pronounced than in agricultural lands (Milazzo et al., 2023), particularly in sloped terrains. Nie et al. (2013)
noted that erosion affects soil organic carbon (SOC), total nitrogen (TN), and total phosphorus (TP) more severely
in slopes characterized by low vegetation cover and heavy grazing, compared to those with denser vegetation and
minimal grazing. Likewise, L. Sun et al. (2022), F. Sun et al. (2022) reported that gully erosion in alpine steppe
regions leads to significant soil nutrient depletion.

Phosphorus (P) is an essential element for life, significantly contributing to growth, metabolic processes, and
reproduction. However, it is also a finite resource on Earth (Figure 13). In natural ecosystems, the loss of P
through soil-plant interactions is gradually compensated by the weathering of rocks (Bouwman et al., 2009). In
contrast, agricultural systems that are managed by humans depend heavily on the application of fertilizers. As
discussed above (Section 3.2.2.), effective management of P is crucial to alleviate the adverse effects of over-
fertilization of P and safeguard freshwater and marine environments from hypoxic conditions. On the other hand,
P mining, characterized by the extraction of P at rates that exceed natural replenishment, leads to a decline in soil
fertility and diminishes agricultural yield potential. While natural ecosystems rely on the slow cycling of P
through weathering processes to maintain growth (Izquierdo et al., 2013; Walker & Syers, 1976), sustained P
mining in agricultural contexts can exhaust soil reserves. This depletion can compromise soil structure, increase
erosion, and result in widespread nutrient loss, ultimately jeopardizing soil health and agricultural productivity.
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Figure 13. Amount of excess phosphorus per hectare of cropland. This is the difference between phosphorus inputs, and the
amount harvested in crops (after West et al. (2014) with the data processed by Our World in Data).

All types of land use and land cover experience varying degrees of degradation; however, cropland is particularly
susceptible when compared to forests and grasslands (Borrelli et al., 2017a). The primary factors influencing 40%
and 20% of global arable land are aridity and soil erosion, respectively (Prévilie, Patriche, et al., 2021), which
result in significant nutrient depletion. A study by Moreno-Jiménez et al. (2019) examined soil micronutrients
(Cu, Fe, Mn, Zn) across 143 dryland regions globally and discovered that aridity diminishes their availability by
elevating soil pH and reducing organic matter content. The ratio of Fe to Zn exhibited an exponential decline with
increasing aridity, suggesting a stoichiometric imbalance. Comparable findings were reported in European
drylands, where aridity led to decreased Fe availability and subsequent deficiencies in Zn and Mo (after Moreno-
Jiménez et al., 2022).

Another significant issue is the transformation of grassland or forest areas into cropland, which contributes to
nutrient depletion. Zhang et al. (2021) employed the EPIC model to assess the impacts of converting over 2
million hectares of grassland to corn and soybeans across 12 Midwestern states in the United States from 2008 to
2016. This conversion resulted in a 7.9% increase in annual soil erosion, a 3.7% loss of nitrogen, and a 5.6%
reduction in soil organic carbon. In a related study, Zhang et al. (2020) found that converting forest land to tea
plantations in sloped areas led to considerable nutrient loss, with total nitrogen (TN) in runoff increasing fivefold
following the removal of vegetation.

3.2.2.2. Nitrogen and Phosphorus Surplus

The linear progression of P, from mineral deposits to soils, freshwater bodies, and ultimately to oceans, has
surpassed the thresholds deemed safe for sustainable development already in many parts of the world (Carpenter
& Bennett, 2011). An overabundance of P can result in its accumulation in soils, which may subsequently be lost
primarily through erosion (Alewell et al., 2020). This accumulation poses significant ecological risks, particularly
through the process of eutrophication in nearby ecosystems.

Excessive nitrogen input has significant implications for various soil processes, including eutrophication and
acidification (de Vries, 2021; Nellemann & Thomsen, 2001), nitrogen leaching (Dise & Wright, 1995; Thimonier
et al., 2010), nutrient cycling, and litter decomposition (Aber et al., 1998; Knorr et al., 2005). Numerous studies
indicate that chronic nitrogen input leads to alterations in the composition of soil microbial communities, often
resulting in decreased activity of phenol oxidase, an enzyme produced by white-rot fungi responsible for lignin
degradation (Baldrian et al., 2023; Carreiro et al., 2000). In agro-ecosystems, the nitrogen cycle is characterized
by a fragile equilibrium between inputs, such as fertilization, atmospheric deposition, and symbiotic fixation, and
outputs, which occur through crop harvest and leaching into deeper soil layers and aquatic systems (Shojaei
etal., 2022). Effective management strategies aimed at enhancing Nitrogen Use Efficiency (NUE) are essential to
prevent both over-fertilization and nutrient depletion (Oenema et al., 2016). This management is crucial not only
for ensuring food security but also for safeguarding ecosystems and mitigating eutrophication in freshwater and
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marine environments (Shojaei et al., 2022). With the pressures of population growth and limited resources, many
arable soils in Europe are subjected to intensive exploitation. The dependence on fertilizers to maintain sufficient
nitrogen levels often undermines the role of soil fauna in nutrient mineralization, leading to a marked decline in
soil biodiversity (Nabel et al., 2021) and the provision of ecosystem services (de Souza & Freitas, 2018).
Furthermore, excessive nitrogen inputs can modify the physico-chemical properties of soil, particularly through
acidification, which disrupts the balance between fungal and bacterial communities and further impacts nutrient
cycling (Nabel et al., 2021). These disruptions may lead to decreased crop yields by increasing the likelihood of
cereal lodging (Dahiya et al., 2018) and enhancing vulnerability to pests (Altieri & Nicholls, 2003).

Nitrogen surplus also affects forest ecosystems, altering tree nutrition (Braun et al., 2010; Waldner et al., 2015),
physiology, phenology, and root systems (Braun et al., 2005). These changes weaken trees' resilience to climatic
stresses and pests (Bobbink & Hettelingh, 2011). Biodiversity is impacted as nitrophilous plant species proliferate
under the canopy (Bobbink et al., 2010; Pitcairn et al., 1998; Talhelm et al., 2013; Xie, Duan, et al., 2024; Xie, Ge,
et al., 2024). Additionally, shifts in soil nematode (Eisenhauer et al., 2012) and microbial communities, including
fungi, have been documented (Carreiro et al., 2000; Suz et al., 2021; Treseder, 2008). Over time, nitrogen
saturation can lead to leaching, resulting in eutrophication and acidification in adjacent ecosystems, including
aquifers, rivers, and oceans (Aber et al., 1998; Rothwell et al., 2008).

In grasslands, nitrogen surplus leads to detrimental changes such as soil acidification, eutrophication (Horswill
et al., 2008), and alterations in phosphorus (Johnson et al., 1999) and carbon cycles (Stiles et al., 2017; Wedin &
Tilman, 1996). While nitrogen input typically reduces species richness, it can locally increase it in nutrient-
constrained ecosystems (e.g., alpine meadows). However, this often results in the displacement of adapted
species by less specialized, competitive ones, leading to homogenization and community simplification (Bobbink
et al., 2022). Over time, nitrogen surplus reduces seed bank diversity, affecting ecosystem regeneration and
genetic diversity (Basto et al., 2015; Phoenix et al., 2012). Additionally, increased shoot-to-root ratios (Bob-
bink, 1991; Brouwer, 1962) and heightened lodging risk (Lillak, 2005) weaken ecosystem resilience.

Wetland soils, which sustain nutrient-deficient ecosystems characterized by distinct biodiversity, are especially
susceptible to excess nitrogen (Bobbink et al., 2010; Phoenix et al., 2012). The rise in nitrogen deposition poses a
threat to their structural integrity and functional capabilities, potentially converting carbon-sequestering wetlands
into sources of carbon emissions (Aerts et al., 1992). Consequences of this phenomenon include diminished
species diversity (Van Geel et al., 2020), increased nitrate leaching, a decline in Sphagnum cover, and a transition
toward vascular plant dominance (Aerts et al., 1992; Phoenix et al., 2012). Furthermore, nitrogen surplus con-
tributes to heightened greenhouse gas emissions (Wiedermann et al., 2007), soil acidification (Bobbink
et al., 2010), and the accumulation of toxic metals, which in turn heightens susceptibility to pathogens (Limpens
et al., 2004; Sheppard et al., 2009).

3.2.3. Soil Organic Matter

The decline in soil organic matter (SOM), frequently evaluated through soil organic carbon (SOC) metrics, arises
mainly from either diminished biomass contributions to the soil or an accelerated decomposition rate of SOM.
According to Smith et al. (2024), SOC loss can manifest in both mineral and organic soils, including peatlands.
The primary factors contributing to SOC depletion include changes in land use, disturbances to vegetation,
frequent tillage practices, the removal of crop residues, and the drainage of peatlands. While human activities are
the predominant catalysts for SOC loss, environmental factors also significantly influence this process (Smith
et al., 2024). Smith et al. (2024) indicate that the average SOC in India has declined from 1% to 0.3% over the past
70 years, with the Mediterranean region of Europe being particularly susceptible to SOM depletion and soil
degradation. Since the advent of agriculture, mineral soils have experienced a loss of approximately 133 Pg of
SOC, with a notable acceleration in this rate over the last two centuries. The most significant soil carbon losses
have occurred in key agricultural zones and degraded grazing lands, each accounting for about half of the his-
torical reductions (Sandermann et al., 2017). Furthermore, as reported by Smith et al. (2024), around 12% of
global peatlands have been drained and degraded, leading to the release of substantial amounts of carbon.
Consequently, these degraded peatlands are responsible for approximately 4% (equivalent to 2,000 million tonnes
of carbon dioxide) of annual global anthropogenic emissions (UNEP, 2022). Each year, human activities result in
the destruction of half a million hectares of peatlands. The primary threats to these ecosystems include agricultural
drainage, livestock overgrazing, peat extraction for energy and horticultural purposes, infrastructure development
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(such as oil and gas exploitation), intentional burning, mining activities in peatland regions, and urban expansion
(UNEP, 2022).

Soil salinization is among other environmental stressors of SOC. While salinity's impact on SOC can be complex,
evidence suggests a predominantly negative correlation, with higher salinity levels accelerating SOC loss
(Hassani et al., 2024). This relationship is particularly significant in the context of land degradation, where
salinity-induced SOC depletion can further compromise soil fertility, carbon sequestration potential, and overall
ecosystem stability. Based on an analysis of 43,459 mineral soil samples (SOC < 150 g kg™') collected across
various land cover types since 1992 (Figure 14a), Hassani et al. (2024) showed that increasing soil salinity from 1
to 5 dS m™" in croplands reduces SOC in mineral soils (SOC < 150 g kg™') from 0.14 g kg™ above the mean
predicted SOC (18.47 gkg™") to 0.46 g kg™ below it. While soil salinity explains less than 6% of SOC variability
(Figure 14b), a one-standard deviation increase in topsoil salinity (0-7 cm) is associated with SOC reductions of
approximately 4.4% and 9.26% in croplands and non-croplands, respectively. The most significant SOC depletion
in croplands occurs in vegetation/cropland mosaics, whereas non-croplands dominated by evergreen needle-
leaved trees exhibit the highest SOC losses (Hassani et al., 2024). Among all factors analyzed, soil nitrogen,
precipitation Seasonality Index, and land cover were found to be the most significant factors in explaining
variations in SOC content (Figure 14b).

There are important process interactions between erosion and SOC, which cause disaggregation, dislocation,
transport, deposition, burial, and export of particulate matter to riverine systems. Erosion perturbs the SOC pool
over different temporal (geological to decadal) and spatial (slope segment to hillslope) scales, which are important
to understand for the carbon cycle (Wang et al., 2017; Zheng et al., 2025). A portion of the globally eroded SOC
(0.65-3.70 Pg C yr™') is delivered to riverine and aquatic systems, encountering numerous decomposition and
long-term burial processes outside of soil systems (Zheng et al., 2025). Debate on whether soil erosion contributes
to a net source or sink of carbon to the atmosphere typifies the complexity of erosion-SOC interactions (Sand-
erman & Berhe, 2017; Van Oost et al., 2007). Scale-dependent emergent properties suggest that sampling hill-
slope segments experiencing net erosion creates sampling and quantification bias in favor of net source
environments (i.e., where transport and enhanced decomposition exceed dynamic replacement), omitting the role
of downslope net deposition and long-term burial of SOC, which is considered to tip the global balance of erosion
to a net SOC sink of 0.47-0.61 Pg C year™' (Van Qost et al., 2007). Nevertheless, numerous uncertainties
propagate across the process domains and impact quantifications, such as: (a) spatial biases in the erosion rates
due to land use change, unconsidered processes and their global prevalence (e.g., Figure 11) in modeled estimates
(e.g., the omission of gully and permafrost erosion), (b) the stability of buried SOC following lateral transport by
erosion, and (c) the effect of erosion and transport processes on SOC stability in terrestrial and aquatic systems.

In a more general perspective, SOC is a key environmental indicator for soil fertility and agronomic productivity
(Zomer et al., 2017), climate stability (Jungkunst et al., 2022) and food security (Ma et al., 2023), thus having
multidimensional global implications in the diagnosis of several major environmental issues, such as land
degradation, climate change, or the food crisis (Pravilie, Nita, et al., 2021). Consequently, global or continental
data on soil carbon dynamics are crucial for the overall understanding of SOC-related environmental
disturbances.

However, there are very few large-scale (global) studies on SOC changes and their environmental stressors that
act as driving forces for soil carbon losses. One such global study, focused on recent spatio-temporal trends in
SOC (in the 30-cm deep profile), revealed remarkable changes across the planet during the 2001-2015 period
(Pravilie, Nita, et al., 2021). The results highlighted various rates of global SOC changes that were, however,
mostly negative across continents, with annual values that even exceeded —500 t C km® yr™" in vast areas of
Northern Eurasia, Northern North America, and Southeast Asia (Figure 15). The study revealed that most SOC
negative annual rates ranged between —0.1 and —100 t C km?* yr~' (Figure 15), a class that encompasses ~75% of
all global SOC decreases or >55% of the total (negative and positive) SOC changes detected worldwide. At the
opposite pole, some positive trends in SOC stock were identified across the planet, but to a much lesser extent
compared to global SOC decreases (Figure 15). The geospatial results of negative and positive trends (examined
in balance) revealed a total net area of SOC decline of ~1.9 million km? (~2.7 million km? with global negative
SOC trends vs. ~0.8 million km?® of positive SOC rates) throughout the Earth's terrestrial surface (Figure 15).

The same research (Pravilie, Nita, et al., 2021) emphasized some remarkable findings regarding the total global
amount of SOC changes, estimated as losses (~5 Pg C) and gains (over 1.8 Pg C) since the beginning of the 21st
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Figure 14. Covariates with the highest local significance in predicting SOC content based on the fitted General Additive Models fitted to the 43,459 mineral soil samples.
(a) The most significant covariates explaining the topsoil SOC content (0—7 cm) variation at each observation site. (b) Box plots illustrating the distribution of local
covariate significance across different soil depths. The box plots display the median, lower and upper quartiles, as well as the non-outlier minimum and maximum
values. Outliers are defined as values exceeding 1.5 times the interquartile range (IQR) beyond the upper or lower quartiles. For each observation, the local significance
of a covariate in predicting SOC was determined by calculating its absolute effect relative to the sum of absolute effects of all other covariates, excluding the intercept

(after Hassani et al., 2024).

century. It seems that worldwide net losses of SOC over the 15-year period (>3.1 Pg C) represent ~8% of all
global SOC losses recorded during the Holocene (the last 12,000 years, with total historical carbon losses esti-
mated at 37 Pg C for the same soil profile of 0.3 m depth (Sanderman et al., 2017)), although it occurred in only
~0.1% of this time period.

The recent accelerated loss of large amounts of SOC indicates an alarming signal for climate change. This threat is
greater considering that Canada and Russia were most affected by carbon leaks from soils (Figure 15), cumu-
latively recording 58% of all global net carbon losses after 2001 (Privilie, Nita, et al., 2021). These countries hold
the largest permafrost areas of the planet, with frozen soils containing large amounts of carbon that can leak into
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Figure 15. Spatio-temporal changes of SOC (pixel-level trends detected at 95% confidence level), mapped and quantified as impacted areas (in millions (M) of km? and
%) across the global terrestrial surface, during 2001-2015 (after Pravilie, Nita, et al., 2021). Panels from (a) to (g) illustrate the geographic regions where a zoom was
applied to enable a better view of SOC changes across the globe.

the atmosphere, as CO, and (especially) CH, (Schuur et al., 2015). Consequently, it was reported that significant
SOC losses at high latitudes could contribute to shifts in climate patterns, affecting global climate stability.

3.2.4. Salinization

Soil salinization represents a significant and escalating issue within the broader context of global soil degradation.
This chemical phenomenon, influenced by both natural processes and human activities, adversely affects soil
productivity, water quality, and the overall health of ecosystems (Shokri et al., 2024). The terms “soil salinity”
and “soil salinization” are closely related yet distinct concepts that are essential for comprehending soil degra-
dation as a chemical process. “Soil salinity” specifically refers to the concentration of soluble salts in the soil
solution, which primarily includes sodium (Na®*), chloride (C17), sulfate (SO42_), calcium (Ca®"), magnesium
(Mg>"), and bicarbonates (HCO;™; Abrol et al., 1988). This concentration is quantitatively assessed through the
electrical conductivity (EC) of the soil solution, typically reported in deciSiemens per meter (dS m™'). The
accumulation of salts can interfere with osmotic potential (W. Hu et al., 2023; S. Hu et al., 2023; C. Zhang
etal., 2022; D. Zhang et al., 2022; Z. Zhang et al., 2022), reducing water availability for plants, and can lead to ion
toxicity, nutrient imbalances, and structural deterioration (Metternicht & Zinck, 2003; Shokri et al., 2024).
Additionally, saline soils exhibit reduced microbial diversity and activity, which negatively affects nutrient
cycling and soil fertility (Singh, 2016).
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Table 2
The Severity of Salt-Related Issues in Soil Is Typically Classified Based on the Electrical Conductivity of the Saturated Soil
Extract (EC,) and Exchangeable Sodium Ion Levels, and Soil Salt Content by Weight (Adopted From Omuto et al., 2020)

Sodicity
Intensity (FAO, 2024) Salinity (EC, dS/m) (ESP)
FAO/IIASA/ISRIC/ISSCAS/ Abrol
Intensity JRC (2012) Richards (1954) Intensity et al. (1988) Amrhein (1996)
None <0.75 0-2 None <15 <6
Slight 0.75-2 2-4 Slight 15-30 6-10
Moderate 2-4 4-8 Moderate 30-50 10-15
Strong 4-8 8-16 High/Strong 50-70 15-25
Very Strong 8-15 >16 Extreme/Very >70 >25
Strong
Extreme >15
Chinese classification scheme (weight of salt per unit kg of soil)
(Chinese Academy of Sciences, 2001)
Region None Light Moderate Severe Solonchak
Coastal, semi-humid, <1.0 g/kg 1-2 g/kg 2-4 g/kg 4-6 g/kg >6 g/kg
semiarid, and arid
Semi-desert and desert <2.0 g/kg 2-3 g/kg 3-5 g/kg 5-10 g/kg >10 g/kg
regions

Soil salinization, a significant factor in land degradation, often leads to alterations in plant diversity, which
subsequently affects microbial diversity and composition (G. Zhang et al., 2024; B. Zhang et al., 2024). Unlike
general soil salinity, salinization specifically denotes the process of salt accumulation, which can be progressive
and potentially reversible if appropriate remediation measures are implemented. The term “soil salinization”
describes the gradual increase in soil salinity over time (Hassani, Azapagic & Shokri, 2020). The presence of
excessive salts in the soil solution reduces soil productivity, resulting in a series of negative impacts on ecosystem
services, such as food production and the preservation of biodiversity (Shokri et al., 2024). As a result, lands
affected by salinization frequently become abandoned, contributing to desertification and the destruction of
habitats for both plants and animals (Sentis, 1996). Additionally, salinization impairs the ability of soil to
sequester carbon, thereby intensifying greenhouse gas emissions influencing climate (Hassani et al., 2024).

Sodic soils, on the other hand, are marked by a high concentration of sodium (Na*) ions in comparison to other
cations, particularly calcium (Ca*") and magnesium (Mg>*; Bleam, 2016). The degree of sodicity is quantita-
tively assessed using the “Exchangeable Sodium Percentage” (ESP), which indicates the fraction of sodium ions
present in the soil's Cation Exchange Capacity (CEC). A soil is classified as sodic when its ESP exceeds 15% or
when the “Sodium Adsorption Ratio (SAR)” exceeds 13 mmol L™, alongside conditions of pH greater than 8.5
and electrical conductivity (electrical conductivity of saturated paste extract: EC,) below 4 dS m™' (Abrol
et al., 1988; Richards, 1954; refer to Table 2 adopted from Omuto et al., 2020). In contrast to general soil salinity,
which includes all soluble salts, sodicity specifically addresses the predominance of sodium and its adverse ef-
fects on soil structure and quality. Elevated sodium levels lead to the displacement of divalent cations such as
calcium and magnesium from clay particles, resulting in clay dispersion and the disintegration of soil aggregates.
This deterioration manifests as compromised soil structure, diminished infiltration rates, and reduced perme-
ability, which further aggravate waterlogging and hinder root growth (De la Paix et al., 2013). The decline in
physical soil properties due to sodicity adversely impacts agricultural productivity by limiting the availability of
water and nutrients to plants. Additionally, sodic soils are often susceptible to surface crust formation, erosion,
and decreased microbial activity, all of which contribute to a decline in soil fertility and the ability to provide
ecosystem services (Singh, 2016; Wong et al., 2010). The effects of sodicity are particularly severe in irrigated
and semi-arid regions, where poor water quality and insufficient drainage intensify sodium accumulation.
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3.2.4.1. Drivers of Soil Salinization

The drivers of soil salinization can be broadly categorized into “natural” (primary) and “anthropogenic” (sec-
ondary) processes, which often act synergistically to exacerbate salinity (Eswar et al., 2021). Natural salinity arises
from the weathering of parent rocks, which release soluble salts into the soil. In regions with poor drainage, such as
inland basins and river deltas, salts accumulate over time due to limited leaching. The rise of saline groundwater is
another critical factor, particularly in low-lying areas or regions with high water tables (Rengasamy, 2006). Sa-
line groundwater can contribute to soil salinization through capillary rise, particularly under high evapotranspi-
ration conditions (Kamai & Assouline, 2018; Sadeghi et al., 2012; Shokri, 2019; Shokri-Kuehni et al., 2020;
Vogelbacher et al., 2024). Climate plays a pivotal role in natural salinization. Arid and semi-arid climates, which
account for approximately 40% of the global land surface, are particularly vulnerable due to high evaporation rates
and low precipitation (Abrol et al., 1988; Hassani et al., 2021). The lack of sufficient rainfall limits salt leaching,
allowing salts to concentrate in the soil, particularly close to the soil surface (Jannesarahmadi et al., 2024, 2025;
Shokri-Kuehni et al., 2017a, 2017b, 2022). Geomorphological factors, such as topography and proximity to saline
water bodies, also influence salinization. Coastal areas, for example, are prone to salinity due to sea spray aerosols
and seawater intrusion, particularly under conditions of sea-level surges (Mazhar et al., 2022; Sobhi
Gollo et al., 2024). The rate of salt deposition in coastal regions can be an order of magnitude higher than in inland
areas due to the proximity to marine sources and the dynamics of coastal environments (Hillel, 2000).

On the other hand, irrigation is among the largest contributors to secondary salinization (Ritzema, 2016). The use
of poor-quality irrigation water, particularly groundwater with high salt concentrations, is a primary cause (Shokri
et al., 2024). Furthermore, inefficient irrigation practices, such as over-irrigation and poor drainage systems,
exacerbate salt accumulation in the root zone. Excessive and unbalanced fertilizer use can indirectly contribute to
soil salinization by increasing the ionic concentration of soil solutions. Additionally, conversion of natural
ecosystems to croplands often leads to changes in hydrological regimes, exacerbating salinization. Deforestation,
for instance, can lead to rising water tables and salt accumulation (Rengasamy, 2006). The global threat of
secondary salinization is further compounded by climate change, which intensifies salinity through rising tem-
peratures, altered precipitation patterns, sea-level rise, over-extraction of inland/coastal groundwater resources
and sea salt intrusion (Hassani et al., 2021; Sobhi Gollo et al., 2024). For example, sea salt intrusion into inland
water resources has led to the salinization of tracts of coastal agricultural lands in countries like Bangladesh,
Vietnam, and Egypt (Ding et al., 2020; Mahmuduzzaman et al., 2014; Nguyen & Savenije, 2006).

Saline dust storms and saline aerosols are also contributors to soil salinization, especially in arid and semi-arid
regions (Hassani, Azapagic, D'Odorico, et al., 2020). These phenomena occur when winds pick up and trans-
port salt-laden particles from salt flats, dried-up lakebeds, and other saline landscapes over distances. Saline dust
storms are particularly prevalent in regions where water bodies have receded due to climate change or human
activities, exposing salt-encrusted soils (Borda et al., 2022; Hassani, Azapagic, D'Odorico, et al., 2020; Wurts-
baugh et al., 2017). The known examples are Lake Urmia in Iran and Owens Lake in the United States, where lake
desiccation has created expansive salt flats that serve as sources for large-scale saline dust storms. When these
salt-rich particles settle on soil surfaces, they increase the soil's salinity levels through dry deposition. Subsequent
rainfall or irrigation dissolves the deposited salts, leading to their infiltration into the soil profile.

3.2.4.2. Global Extent of the Salt Affected Soils

The Global Map of Salt-Affected Soils (GSASmap) V1.0.0 of FAO (2021a), compiling data from over 118
countries and 257,419 locations, with the participation of more than 350 national experts provides the latest
official spatial distribution of salt-affected soils (FAO, 2021b). GSASmap considers key indicators such as
electrical conductivity (EC), exchangeable sodium percentage (ESP), and pH levels for mapping the salt-affected
soils at two depth intervals (0-30 cm and 30—-100 cm). The data, which covers 85% of the global land area, shows
that 424 million hectares of topsoil and 833 million hectares of subsoil are affected by salinity or sodicity, with the
majority found in arid and semi-arid regions. The map reveals that 85% of salt-affected topsoils are saline, while
62% of subsoils are saline.

Although the map includes data from multiple countries, some regions, like Eurasia and the Near East and North
Africa, faced challenges in preparing their maps due to data gaps or limited capacities. Accordingly, the global
extent of salt-affected soils, including saline, sodic, and saline-sodic soils, remains highly uncertain, with esti-
mates ranging from approximately 4.2 million to 17 million square kilometers (Shokri et al., 2024). This
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Figure 16. Salt-affected soil extent estimates according to different studies. Each estimate (data point) is annotated with a
number (1, 2, 3, ..., 12), which corresponds to specific explanations provided in the text.

variability arises from differences in measurement, modeling, mapping techniques, and the vertical depth
considered in assessments. A major source of uncertainty lies in the variation of soil classification systems and the

threshold values used to define salt-affected conditions. For example, soil salinity is classified using different
thresholds: some systems define salinity at EC, values of 4 dS m~! (Abrol et al., 1988; Richards, 1954), while
others, such as the Harmonized World Soil Database (HWSD; FAO/IIASA/ISRIC/ISSCAS/IRC, 2012), use
2dS m™", the limit that can be intolerable for highly sensitive crops. Additionally, estimates may vary depending
on whether sodic soils and soil pH are included alongside saline soils. Figure 16 presents the extent of salt-
affected soils according to various studies. The numbers next to the symbols provide more information about

each estimate as follows:

1.

D B~ W N

11.

Szabolcs (1989), Abrol et al. (1988), Rengasamy (2006)—Estimates include both saline and sodic soils
across more than 100 countries. Data is based on the FAO/UNESCO Soil Map of the World and other
available sources at the time. Different classification and grouping systems were applied in individual
countries.

. Squires and Glenn (2011)—Covers salt-affected soils (saline, sodic, saline sodic).

. Martinez-Beltran and Manzur (2005)—Includes salt-affected soils.

. Wicke et al. (2011)—Extent of salt-affected soils based on a global assessment.

. Ivushkin et al. (2019)—Multi-year salinity maps were produced; the reported value corresponds to the year

2016.

. Hassani, Azapagic & Shokri. (2020)—Defined salt-affected soils using an EC, threshold of 4 dS m™" and/or

an ESP of 6%. Annual maps for soil salinity and sodicity (0-30 cm depth) were generated for the period
1980-2018.

. GSAS Map (FAO, 2021b)—Covers 75% of global land and includes data from 118 countries. Critical

thresholds of EC, = 2 dS m™", ESP = 15%, and pH = 8.2 for used to identify salt-affected soils.

. Similar to 7, for 70-100 cm depth.
. Negacz et al. (2022)—Estimates saline soils using EC, = 4 dS m™" as the critical threshold.
10.

HWSD v2.0 (FAO and ITASA, 2023)—Maps of salinity and sodicity were generated for different soil depths
up to 2 m, but here, only the sum of saline or sodic topsoils (0-20 cm) are reported, assuming an EC,
threshold of 4 dS m™" and an ESP of 6%.

Similar to 10, for 20—40 cm soil depth.
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Figure 17. Likelihood of the surface soils (0-30 cm) with an EC, > 4 dS m™" and/or ESP >6% between 1980 and 2018
(after Hassani, Azapagic & Shokri, 2020) at 1 km spatial resolution. This likelihood is dimensionless, calculated by dividing
the number of years with EC, > 4 dS m~" and/or ESP > 6% by the total number of years studied. Hassani, Azapagic &
Shokri. (2020) estimated likelihoods within the latitude range of —55° to 55°.

12. Global Status of Salt-Affected Soils Main Report (FAO, 2024)—Estimates include both saline and sodic
soils. The assessment is primarily based on the GSAS map, with additional estimates for countries not
covered in GSAS, derived from miscellaneous sources.

These inconsistencies between different estimates make it challenging to establish accurate local-to-global as-
sessments of the extent, severity, and temporal changes of salt-affected soils, particularly in areas experiencing
secondary salinization. Addressing these differences and uncertainties is a critical task for policymakers, land
managers, and researchers (Hassani, Azapagic & Shokri, 2020; Shokri et al., 2024).

However, it is evident that salinization is particularly prevalent in arid and semi-arid regions (Figure 17), where
high evapotranspiration rates exacerbate the accumulation of salts in the soil profile. Major hotspots include the
Indo-Gangetic Plain in South Asia (Sharma & Mondal, 2006), the Murray-Darling Basin in Australia (Hart
et al., 2020), and the San Joaquin Valley in the United States (Quinn, 2020). In such regions, salinization reduces
agricultural productivity by up to 50% for crops sensitive to salinity, such as rice, wheat, and maize, leading to
annual global economic losses exceeding $27 billion (Qadir et al., 2014).

3.2.5. Soil Contamination

Soil contamination is a major form of land degradation occurring through the presence of various (generally
human-made) chemicals, which above a certain critical level causes the reduction or loss of soil ecosystem
functions and services (FAO and ITPS, 2015; FAO and UNEP, 2021). It is a soil disturbance usually caused by
polluting industrial and mining activities, unsustainable farming practices, or poor waste management, wearing
many forms of occurrence, which may include soil contamination by heavy metals, pesticides, petroleum hy-
drocarbons, radionuclides, organic substances (e.g., PFAS), microplastics (Aminzadeh et al., 2025; Jannesar-
ahmadi et al., 2023) and other groups of chemical elements or compounds (FAO and UNEP, 2021).

Globally, soil contamination is an emerging threat and a complex environmental challenge due to the vast number
of potential contaminants, many of which remained unmapped. As a result, comprehensive global maps of soil
contamination, both overall and for specific types, are still lacking. Global cartographic data are crucial for
guiding policymakers on protecting soils, preventing further contamination (pollution) and reducing risks to
ecosystems and human health (Hou & Ok, 2019). However, some contaminants have received more attention in
large-scale mapping efforts across certain continents or regions.

Soil contamination with heavy metals across Europe is a key example in this regard. This aspect of land
degradation has recently been explored in numerous pan-European studies, focused on spatial modeling of arsenic
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(Fendrich et al., 2024), cadmium (Ballabio et al., 2024), zinc (Van Eynde et al., 2023), mercury (Ballabio
et al.,, 2021), copper (Ballabio et al., 2018) or several heavy metals addressed simultaneously (Pravilie
et al., 2024). While significant progress has been made in understanding the spatial distribution of heavy metals in
Europe, gaps remain in our knowledge of this type of soil contamination, particularly due to a lack of data in most
countries outside the European Union.

Upon analysis of some spatial data used in a recent study focused on land multi-degradation in Europe (Pravilie
et al., 2024), it appears that soil contamination with arsenic is by far the greatest heavy metal pollution threat
across vast pan-European (agricultural) soils (28% of which are affected by critical levels of arsenic), particularly
in the developed countries located in Western and Southern Europe (e.g., France, Spain, or Italy; Figure 18b). Soil
pollution with critical concentrations of nickel is also notable (especially in Greece and Italy), affecting about 3%
of European agricultural landscapes (Figure 18i), which total about 2 million km? in the investigated countries
(Pravilie et al., 2024). The other toxic elements affect continental agricultural lands to a much lesser extent,
corresponding to about 1% (or less) of their surface (Figure 18). Overall, it was found that about 31% of pan-
European agricultural lands are affected by the heavy metal pollution (Pravilie et al., 2024), an area resulting
from joining (intersecting) the individual raster data classified as critical concentrations in topsoils (Figure 18).

Critical concentrations of heavy metals have multiple negative implications for soil health and productivity, or for
human health, in Europe and worldwide. In agricultural environments, adverse ecological effects can materialize
by reducing the biomass and microbial activity, disrupting nutrient availability, injuring plants via chlorosis and
necrosis, inhibiting chlorophyll biosynthesis, or hindering root growth and crop yields due to phytoaccumulation
and phytotoxicity (Angon et al., 2024; Nagajyoti et al., 2010). Essentially, the various negative agro-ecological
effects potentially triggered by critical levels of heavy metals can significantly reduce soil fertility, impacting land
productivity and food security in the affected areas of the world.

3.3. Soil Biological Processes

For the purposes of dividing processes for this discussion, we have provided subsections on physical and chemical
processes. It should be understood, however, that many physical and chemical processes will manifest their
effects in terms of biological processes, in the sense that many physico-chemical changes will in turn lead to
changes in the soil microbiome, for example, in the community composition of the soil bacteria or fungi (Phil-
ippot et al., 2024).

There are also several biological processes that lead to soil degradation. There is soil biodiversity loss (Lal
et al., 1989), which can be viewed variously as a result of degradation or as a driver of further degradation. Well-
studied cases of soil diversity losses are from agroecosystems, where, for example, populations and diversity of
arbuscular mycorrhizal fungi are often in decline in response to certain management practices, including tillage,
pesticide use, and excessive fertilization.

The second biological process is the arrival and spread of antibiotic resistance genes (ARGs) within the soil
bacterial community. The enhanced levels of environmental ARGs have recently been conceptualized as a factor
of global change in their own right (Rillig, Lehmann, et al., 2024; Rillig, Li, et al., 2024). The reason for this
proposal is that ARGs can increase in abundance and diversity in soils for reasons entirely unrelated to antibiotics,
since several other drivers (e.g., heavy metals or salinity) also lead to increased ARG levels, and because ARG
can spread within the microbial community, for example, when ARGs are coded on mobile genetic elements, such
as plasmids.

A third biological process leading to soil degradation is the arrival of invasive species. This case is most studied
for invasive plant species, as some of them can lead to the disruption of soil biota. One well-studied example is the
reduction of plant root symbionts such as mycorrhizal fungi (Barto et al., 2011; Stinson et al., 2006), caused by the
invasive, non-mycorrhizal plant species Alliaria petiolata (garlic mustard, an allelopathic herbaceous plant in the
family Brassicaeae), with overall consequences for the functioning of the soil and the performance of native
plants. On the other hand, there are also invasive microbial species (Litchman, 2010), such as invasive fungi,
including ectomycorrhizal fungi (Dickie et al., 2016), that can lead to disruption of soil functioning. There is a
large research gap in identifying invasive microbial species that do not form conspicuous fruiting bodies or that do
not cause disease symptoms in plants or other hosts; this means that the real magnitude of this process of microbial
invasion is likely underestimated at present.
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Figure 18. Spatial pattern and distribution of nine heavy metals in Europe, depicting critical levels of concentrations in agricultural soils for antimony (Sb) (a), arsenic
(As) (b), cadmium (Cd) (c), chromium (Cr) (d), cobalt (Co) (e), copper (Cu) (f), lead (Pb) (g), mercury (Hg) (h) and nickel (Ni) (i) (data processing after Toth, Hermann,
Szatmari, and Pasztor (2016), Ballabio et al. (2018, 2021), and Privilie et al. (2024)). Critical levels of soil pollution (red areas) were delimited based on the high
concentrations (expressed in mg/kg) of heavy metals that exceed the standard guideline thresholds of toxic elements (Toth, Hermann, Szatmari, & Pasztor, 2016; Téth,
Hermann, Da Silva, & Montanarella, 2016; Pravilie et al., 2024). Non-critical levels of soil pollution (green areas) were delimited via the lower concentrations of heavy
metals, falling below the standard guideline thresholds of toxic elements. The light gray areas represent the non-agricultural lands in the investigated countries, while
dark gray areas highlight uninvestigated countries across Europe, due to the unavailability or insufficiency of heavy metal data.

3.4. Multiple Concurrent Drivers

Drivers of global change, particularly anthropogenic factors, exert their influence on soil degradation not in
isolation, but rather through their interactions. While there is a comprehensive understanding of the individual
chemical, physical, and biological challenges that soils face, the collective impact of these factors on terrestrial
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ecosystems and their soils remains significantly less understood. The reasons for this knowledge gap are relatively
straightforward: in addition to logistical challenges and the increasingly fragmented nature of research in global
change biology, a fundamental issue is the combinatorial explosion problem (Katzir et al., 2019). This phe-
nomenon refers to the rapid increase in the number of experimental treatment combinations as the number of
factors considered grows. For instance, if there are 10 factors, each with two levels, the total number of treatment
combinations would be 2'°, which equals 1024. Conducting experiments of this scale is impractical.

A systematic mapping revealed that in the body of the published literature on soils and global change, experiments
have used one or two factors only in 98% of cases, meaning we know almost nothing about the effects of more
than two factors (Rillig et al., 2019). Contrast this with the high number of factors to be expected to act at the same
time (Bowler et al., 2020), the true dimensionality of which is basically unknown, but given that there are an
estimated 350,000 registered substances in industrial use alone (F. Wang et al., 2020; Z. Wang et al., 2020), in
addition to all kinds of other factors of global change (Rillig et al., 2021), it is clear that the real number of factors
affecting any soil at any time anywhere must be very high indeed. Furthermore, it is crucial to acknowledge that
the influences on plants and soil can manifest at various levels within the ecological hierarchy, ranging from
individual soil-plant interactions to broader landscape dynamics. These effects can propagate both upwards and
downwards, resulting in complex, non-additive consequences for soil degradation (Rillig, Lehmann, et al., 2024;
Rillig, Li, et al., 2024).

One way out of this conundrum is to ask a different question, and one question that has been asked is about the
number of factors (Rillig et al., 2019; Yang et al., 2022). The experimental design involves creating a gradient in
factor number, thereby de-emphasizing factor identity and composition. This is achieved by randomly sampling
from a factor pool for each of the replicates or a given “number of factors” level. In each replicate corresponding
to a specific number of factor levels, factors are selected without replacement from a designated pool, guaran-
teeing that each replicate is assigned the required number of factors. Conversely, within replicates of the same
level, the random sampling occurs with replacement, allowing for the possibility that factors may be selected in
multiple replicates. This generates a factor number gradient with de-emphasized importance of the composition of
factors, since each of the replicates of each level of “factor number” will have a composition, that is, determined
by chance alone. When this is done in an experiment, soils respond in a linear fashion to the increasing number of
factors (with factor number alone explaining a substantial part of variability, e.g., 50%).

Examples of soil degradation-related response variables for which this has been found are several process rates,
such as soil aggregation, decomposition or respiration, and also fungal biodiversity, as assessed by high-
throughput sequencing (Rillig et al., 2019), and bacterial diversity (Rodriguez del Rio et al., 2025; Yang
et al., 2022). Losses of biodiversity in the fungi were not random, since members of the Basidiomycota phylum
were lost disproportionately compared to members of the Ascomycota or Mucoromycota phyla. Furthermore, the
findings revealed unexpected results, particularly regarding soil water repellency, as assessed by water drop
penetration time. Significant effects emerged when five factors were considered in the sandy soils utilized in this
study. These effects could not be anticipated based on the influence of individual factors, all of which demon-
strated no significant response in this parameter, except for a minor effect attributed to drought. The reason for the
frequently linear response to the factor number gradient remains ambiguous, as it could potentially exhibit a
curvilinear pattern or demonstrate a threshold response. It is possible that the gradient generated by 10 factors (for
instance, in increments of 0, 1, 3, 5, 8, and 10 factors) was inadequate to reveal such behaviors in a statistically
significant manner. Future experiments may need to explore higher dimensionality, potentially increasing the
number of factors to 30 or 50, a figure, that is, not implausible considering the degree of environmental
contamination in certain human-impacted settings.

Recent research has demonstrated that, beyond the mere count of factors, the degree of dissimilarity among these
factors significantly influences the observed responses in soil properties and process rates (Bi et al., 2024). This
conclusion was reached through the experimental creation of 150 distinct “communities” characterized by
varying compositions of factors, which were assessed at three different levels of factor count and evaluated for
dissimilarity based on their calculated effects derived from individual factor impacts. The study revealed that a
greater likelihood of synergistic interactions, which increased with dissimilarity, accounted for these effects while
controlling for the so-called sampling effect, an artifact inherent to this experimental design. The sampling effect
refers to the tendency for the probability of including a disproportionately influential factor in random selections
to rise as the number of factors increases.
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Alongside experimental data, observational data can also be utilized to demonstrate that a specific proportion of
the total variability in multifunctionality across approximately 200 ecosystems globally can be linked to the
number of factors involved (Rillig et al., 2023). To facilitate this analysis, continuous data underwent trans-
formation through thresholding (to generate counts) and grouping (to reduce multicollinearity). This indicates that
greater dissimilarity among the factors influencing soil simultaneously leads to more detrimental effects on soil
properties and processes, resulting in increased soil degradation.

The processes that drive the influence of various factors on soil degradation remain poorly understood, as the
random sampling approach does not allow for the identification of specific combinations of factors responsible
for the observed effects. Nevertheless, metagenomic analyses conducted by Rodriguez del Rio et al. (2025)
indicate that certain bacterial taxa are favored in treatments involving multiple factors (eight combined factors)
when compared to those involving individual factors. These selected taxa exhibit characteristics associated with
stress tolerance and antibiotic resistance. Furthermore, it was observed that members of the rare biosphere present
in the control samples became predominant bacterial phylotypes in the treatments with high factor combinations.

Clearly, understanding the effects of numerous, concurrently acting drivers on soil and its processes and
biodiversity will remain a challenge and current results are to be seen as a starting point. A more in-depth
mechanistic investigation into the combined effects of various factors acting together will be essential for
advancing our knowledge of soil degradation.

4. Drivers of Soil Degradation
4.1. The Difference Between Soil Degradation Drivers and Perturbations

In this review, we frame soil degradation processes through our own conceptual distinction between drivers and
perturbations. Drivers are sustained natural or human-induced forces, such as climate change, tectonic activity, or
intensive agriculture, that maintain or shift soil system states over extended periods, from months to geological
timescales. Perturbations are short-term disturbances such as floods, droughts, extreme weather, or sudden land-
use changes that temporarily disrupt the system, testing its resilience. Over time, frequent or prolonged pertur-
bations may become drivers. Depending on the timescale, the same factor may act as either; for example, human
activity is a perturbation on geological scales but a driver in the context of modern land management.

Distinguishing between anthropogenic and natural drivers, as well as between drivers and perturbations, is
essential both for accurately attributing the causes of soil degradation, and for identifying effective management
or policy interventions in order to slow or reverse these degradation trends. Critically, understanding root causes
of soil degradation and the magnitude of new drivers or perturbations may help society prioritize management
response with limited resources (based on urgency of intervention or importance of the soil in a particular
ecosystem). In practice, a goal for soil degradation research is to understand degradation rather than eliminate it,
and learn how to minimize its impact. It should also help devise better soil management and land use to attain
more sustainable states and increase system resilience. These topics will be considered in the following review.

4.2. Unsustainable Agricultural Practices

Unsustainable agricultural methods encompass various techniques that emphasize immediate profits at the
expense of enduring ecological health (Adamsone-Fiskovica & Grivins, 2024). This also includes practices that
are not adapted to the local environmental characteristics, such as soils, climate, or topography (Liebig
etal.,2017). Such practices frequently result in considerable environmental harm, adversely affecting soil quality,
water resources, and biodiversity. Several unsustainable approaches remain prevalent today, such as intensive
tillage, monoculture cultivation, and the extensive application of chemical fertilizers and pesticides (Adamsone-
Fiskovica & Grivins, 2024; Garnett, 2013).

The process of tillage entails the mechanical disruption of soil, which results in alterations to its structure and an
escalation in erosion (Thapa & Dura, 2024). Additionally, repeated tillage fractures soil aggregates, diminishing
crucial soil organic matter and microbial activity that are essential for sustaining overall soil health. This practice
also heightens surface runoff, contributing to the erosion of topsoil, that is, critical for plant development (Liu
et al., 2024). Ultimately, over time, tillage can lead to soil compaction, which adversely affects water infiltration
and reduces soil fertility.
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One unsustainable agricultural practice is the cultivation of a single crop species in a specific area, known as
monoculture farming. This method can result in various environmental challenges (Uekoetter, 2008). Mono-
culture is deemed unsustainable because it can deplete essential soil nutrients necessary for the growth of that
particular crop (Uekoetter, 2008). Additionally, it diminishes biodiversity, rendering crops more susceptible to
pests and diseases (Altieri, 1999). Consequently, implementing crop rotation is crucial to avoid dependence on
chemical inputs for pest and disease management and to preserve soil fertility.

The prevalent use of chemical fertilizers, pesticides, and herbicides in contemporary agriculture is primarily
aimed at enhancing crop yields (R. Igbal et al., 2020; S. Igbal et al., 2020; Pahalvi et al., 2021). However, these
substances can have harmful effects on the environment. The excessive application of fertilizers can lead to
increased nutrient runoff into water bodies, such as rivers and streams, resulting in eutrophication and detrimental
impacts on aquatic ecosystems (Chislock et al., 2013). Moreover, pesticides and herbicides can pollute soil and
water, posing threats to various species, including beneficial insects and soil microorganisms (Douglas, 2015).
Ultimately, the overuse of these chemicals can contribute to the emergence of resistant pest species, necessitating
even greater chemical applications (Chislock et al., 2013).

In summary, the unsustainable practices outlined have been shown to intensify environmental degradation.
Tillage and monoculture agriculture are known to diminish soil health and biodiversity, rendering ecosystems
more susceptible and fragile to changes (Thapa & Dura, 2024). The heavy dependence on fertilizer inputs further
deteriorates soil quality and adversely affects water resources (Zimnicki et al., 2020). Consequently, it is crucial to
acknowledge the benefits of implementing sustainable farming methods, such as crop rotation, reduced tillage,
and integrated pest management, as these practices are vital for alleviating these negative effects and fostering
long-term agricultural sustainability (Liu et al., 2024).

4.3. Deforestation and Land-Use Change

Assessing soil degradation necessitates precise and detailed descriptions of land use and its evolving patterns
(Borrelli et al., 2020; Panagos et al., 2021). The intricate relationships between global trade and agricultural
production have led to an estimated 32% of the world's land undergoing changes in use from 1960 to 2019
(Winkler et al., 2021). This net change in land use indicates a transition from forested areas to agricultural
cropland and pasture. Additionally, urban expansion is anticipated to exacerbate soil sealing (van Vliet, 2019),
intensifying land take pressures and potential conflicts. There are significant geographical disparities in land use
changes across different hemispheres and regions, which are crucial to understanding soil degradation. The
Global South is witnessing a decline in forested areas, while the Global North is experiencing a net increase or
trend toward reforestation. Consequently, deforestation disproportionately impacts soil degradation, with the
Brazilian Amazon, Southeast Asia, and West Africa exhibiting the highest rates of ecosystem alteration due to
deforestation (Winkler et al., 2021). These shifts in land use are critical to the soil system, potentially leading to
the loss of natural vegetation, increased fertilizer application, the use of plant protection measures, drainage, and
irrigation, all of which contribute to various degradation pressures.

Historical data underscores the critical role of land use changes in intensifying soil erosion rates (Figure 19). For
instance, following the arrival of European settlers in the Americas, soil erosion rates increased dramatically, by
one to two orders of magnitude (Montgomery, 2007). On a global scale, the drainage of peatlands has led to a
significant reduction in soil organic carbon and diminished the land's ability to buffer against rising emissions
(Smith et al., 2015). Currently, Borrelli et al. (2020) have determined that more than half (54%) of global water
erosion occurs in areas designated for annual crops, permanent crops, and managed pastures. Changes in land use,
particularly the expansion or reduction of global cropland, are major factors influencing variations in soil erosion
rates (Borrelli et al., 2017a; Nearing et al., 2017), nutrient levels (De Rosa et al., 2024), soil fertility (Khaledian
etal., 2017), compaction (Hamza & Anderson, 2005), and salinization (Hassani et al., 2021; Shokri et al., 2024).
The exposure of bare soil to rainfall significantly accelerates the natural rates of erosion (Montgomery, 2007;
Nearing et al., 2017).

Feedback loops represent a crucial aspect of the interactions between land use, climate, and the environment (Le
Quéré et al., 2013). The strong interconnection between land use and soil degradation indicates that the latter is
significantly influenced by factors such as dietary choices, global trade dynamics, land optimization, and the
closure of yield gaps (Beyer et al., 2022). The proliferation of unsustainable land management practices into
marginal regions with limited environmental capacity increases the likelihood of both acute and chronic
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Borrelli et al., 2017a).

degradation, which can lead to further changes in land use or even abandonment (Vanwalleghem et al., 2017).
Additionally, feedback loops are altered by climate and environmental changes, with soil degradation playing a
multifaceted role in both contributing to and regulating these changes, while also affecting the planet's ability to
buffer against rising carbon emissions (De Rosa et al., 2024). Therefore, large-scale trends in land use that in-
fluence soil degradation must take into account the interplay of climate change and socioeconomic factors
(Stehfest et al., 2019). The critical role of land use underscores the necessity of protecting existing natural
ecosystems and restoring degraded ones through methods such as rewetting, re-establishing vegetation cover, and
afforestation, as essential strategies for halting and mitigating global soil degradation (Smith et al., 2016).

4.4. Climate Impact on Soil Degradation
4.4.1. Changes in Temperature and Precipitation Patterns

There is a consensus that the average land surface temperature worldwide has risen by 1.53°C since the prein-
dustrial era (Jia et al., 2019), and this trend is projected to persist. The rate of warming in dryland regions is
approximately double that of the global average (Lickley & Solomon, 2018), and an expansion of dryland areas is
anticipated. Furthermore, while it is evident that global mean precipitation is expected to rise due to alterations in
the energy budget (Allen & Ingram, 2002), the specific regional variations in precipitation patterns remain
uncertain.

Variations in temperature and precipitation patterns influence soil degradation processes by altering soil energy
and moisture dynamics. Projected global warming and precipitation variability disrupt water availability and
evapotranspiration patterns, resulting in diminished soil moisture and increased surface temperatures, which alter
radiative energy partitioning over terrestrial surfaces (Aminzadeh & Or, 2014; Brutsaert, 2005). Rising soil
temperature, coupled with changes in diurnal temperature variations, intensify plant stress and increase the
likelihood of crop failure (Aminzadeh et al., 2023; Hultine et al., 2023; Nobel et al., 1986). Covering around 12%
of global terrestrial surfaces, temperature increase and moisture deficits further influence the health and

SHOKRI ET AL.

48 of 103

85U8017 SuOWILLOD 3AER1D 8jgeatidde au Aq pausenob ake saplie WO ‘88N JO S3In1 104 AIq 1T BUIIUO AB|IA UO (SUORIPUOD-PUE-SWBY IO B 1M AReIq1BUl|UO//SANY) SUORIPUOD PUB SWB | 83 885 *[5202/ZT/2T] U0 Ariqiauliuo AB|IM RUiolqIasIYSRAIUN BinguieH T3SRAIIN 8UaSIUYIe L. AG E8B000DUSZ0Z/620T OT/I0p/L0D" A3 |1m:Aseiqijeutjuo'sgndnBe//sdpy oy pepeojumod ‘v ‘S20Z ‘8026 6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Reviews of Geophysics 10.1029/2025RG000883

functionality of biocrusts, which serve as critical ecological and biogeochemical hotspots, particularly in arid
regions (Antoninka et al., 2022; Belnap, 2013; Escolar et al., 2012; Finger-Higgens et al., 2022). Long-term
experiments by Phillips et al. (2022) on the Colorado Plateau in North America showed that a 4°C rise in tem-
perature, combined with precipitation variability, significantly hindered biocrust recovery, resulting in a 19%
decline in mosses and a 4% decrease in lichens. The rise in surface temperature further impacts soil carbon
dynamics with strong evidence indicating an accelerated loss of soil carbon due to warming, thereby affecting soil
carbon storage and global carbon cycling (Crowther et al., 2016; Reichstein et al., 2013; Ren et al., 2024).

While declining rainfall causes soil desiccation, which negatively affects soil structure, microbial communities,
soil health, and agricultural productivity, increased precipitation can accelerate soil erosion and elevate the risk of
land degradation. The analysis conducted by Thackeray et al. (2022) suggests that precipitation extremes will
occur approximately 32 + 8% more frequently than at present by 2100. Such shifts in precipitation patterns could
lead to a projected average increase in global rainfall erosivity of 26.2%-28.8% by 2050 and 27%-34.3% by 2070,
as indicated by Panagos et al. (2022). Climate change, coupled with the anticipated increase in rainfall erosivity, is
expected to be the main factor driving a projected rise in soil erosion rates of 30%—66% by 2070 (Panagos,
Borrelli, et al., 2022; Panagos, Van Liedekerke et al., 2022).

4.4.2. Increased Frequency of Extreme Events

The frequency and severity of extreme weather and climate events are projected to shift during the 21st century
with general increases in drought, heatwave, heavy precipitation, wildfire events, and desertification on conti-
nental to global scale (AghaKouchak et al., 2020; Huning, Love, et al., 2024; Kim & Villarini, 2024; van der Wiel
& Bintanja, 2021; Waidelich et al., 2024). These changes are expected to accelerate ongoing land degradation.
The frequency, intensity, and duration of heatwaves have increased and will continue to increase. It is projected
that between 50% and 80% of the world's land will experience significantly more severe hot extremes compared to
historical data (Jia et al., 2019). Similarly, in several regions, such as the Mediterranean, North Africa and the
Middle East, sub-Saharan Africa, central China, the southern Amazon, India, East and South Asia, parts of North
America and eastern Australia, drought frequency and intensity have increased. Extreme precipitation events are
likely to rise, as warmer atmospheric conditions enable air to retain more moisture, leading to an increase in
record-breaking rainfall occurrences (Jia et al., 2019).

These extremes influence soil physiochemical environment (e.g., soil aggregate stabilization), microbial com-
munity and functionality, and soil hydrology and nutrient cycling thereby accelerate land degradation processes
by intensifying floods, landslides, soil erosion, and salinization (Clarke & Rendell, 2007). Future projections
indicate substantial spatio-temporal variability in these extremes, underscoring the complexity of their impacts on
soil ecosystems and landscapes. During drought events, a combination of high evapotranspiration, reduced
precipitation, and reliance on inappropriate irrigation methods often leads to increased soil salinity and con-
tributes to crop failure (Hassani et al., 2021; Shokri et al., 2024). Additionally, drought conditions reduce
vegetation cover, exposing soil to erosion and limiting organic matter input from plant residues, which is essential
for maintaining soil fertility and structure. Research indicates that SOC is expected to decline by an average of
10.5% globally in response to climate extremes associated with a 1.5°C increase in temperature (Wang
et al., 2024). On the other hand, rising atmospheric moisture content in a warming climate enhances extreme
precipitation events (Pfahl et al., 2017), thus intensifying water-driven soil erosion and increasing the risk of
landslides. Soil erosion is projected to increase globally 13.7% by the end of the century, with Africa anticipated
to experience the most significant increase (Lal, 2012). Borrelli et al. (2020) estimated that the combined effects
of land use and climate change could lead to 66% increase in global soil erosion by 2070. Climate change was
identified as the primary driver behind these projected changes in soil erosion, highlighting its critical role in
intensifying soil degradation processes. Changes in precipitation patterns, prolonged droughts, and increasing
agricultural water demands have intensified pressure on groundwater resources (Aminzadeh et al., 2024; Nev-
ermann et al., 2024). Over the past few decades, many croplands have experienced a decline in groundwater levels
due to over-extraction and insufficient natural recharge (Davydzenka et al., 2024; Haghshenas Haghighi &
Motagh, 2024; Noori et al., 2023). The cumulative stress of these factors has not only threatened crop yields and
agricultural production, but has also led to land subsidence, causing irreversible damage to soil structure and
further undermining land productivity (Davydzenka et al., 2024; Huning et al., 2024b).
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Figure 20. (a) Conceptual representation of changes in soil properties due to wildfire induced thermal alterations. Variations in critical temperatures and their
corresponding penetration depths influence soil structure, induce hydrophobicity, modify SOM/SOC through pyrolysis, alter soil minerals, and affect soil fauna and
ecological functions to varying extents. (b) Characteristic time scales for post-fire recovery of parameters that influence saturated hydraulic conductivity.

(c) Hypothetical curve for recovery of saturated hydraulic conductivity; the inset depicts the values of measured saturated hydraulic conductivity from a study in Spain

(adapted from Or et al., 2023).

Wildfires are among the most significant natural perturbations in vegetated regions that leave significant imprints
on soil and vegetation status long after the event. Evidence suggests persistent increase in wildfire frequency and
magnitude (especially in the Western US). In part, this trend is attributed to a drier climate, but also to legacy of
fire suppression and fuel management (Shuman et al., 2022). The impacts of wildfires on landscapes and soil have
been studied extensively, indicating long-term alterations in landscape and ecosystem functioning (DeBano
et al., 1998; Keeley et al., 2011; Roces-Diaz et al., 2022). The nature and extent of wildfire impacts on soil are
related to wildfire characteristics (heat release and duration of active fire over the land). In addition, vegetation
loss, soil organic carbon alterations, and soil structure degradation may significantly alter soil hydrology, leading
to increased runoff, accelerated erosion, and greater soil loss, while reducing infiltration and evapotranspiration
(Or et al., 2023). The increase in runoff and sediment yield following wildfire events has been reported by Lamb
et al. (2011), Mayor et al. (2007), and Moody and Martin (2009). The destabilization of soil combined with ash
accumulation can lead to high-viscosity slurries (Burns & Gabet, 2015) that may trigger landslides (Thomas
etal., 2021) and debris flows (McGuire et al., 2017). Various studies (e.g., DeBano et al., 1998; Neary et al., 1999,
2005) have quantified aspects of wildfire impacts on soil functions. In addition to wildfire characteristics that
influence the impact and define the boundary conditions for recovery, climate significantly affects recovery rates.
Interestingly, different soil functions may be restored at different rates, as indicated by the range of data in
Figure 20.

4.5. Industrial Activities and Mining

Intense industrial activity during the last two centuries has had a serious impact on soil contamination. The main
associated contaminants are mineral oils, trace elements (e.g., arsenic, cadmium, lead, nickel, and zinc), and
organic contaminants such as halogenated and non-halogenated solvents, polychlorinated biphenyls, and poly-
cyclic aromatic hydrocarbons (Vieira et al., 2024).

A significant aspect of global land use is the extraction of mineral and fossil fuel resources, which leads to various
forms of soil degradation. This sector is distinct from other land uses in two primary respects: the intensity of soil
degradation and the financial resources available for remediation. Although mining activities can considerably
disrupt site hydrology and agro-ecological functions, these factors are not addressed in this review. In this
analysis, we focus on three main categories of resource extraction: two forms of mining and the extraction of oil
and gas. Each of these extraction methods has multiple effects on soil and presents different soil management
challenges.
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1. Surface mining, which constitutes the predominant method of mineral extraction, accounts for approximately
80% of mining activities in terms of ore and waste generation (Ramani, 2012; Tibbett, 2024). This process
entails the complete removal of soil and underlying materials to access minerals. Examples include the
extraction of coal, iron, bauxite, oil sands, as well as sand and gravel. It may also encompass placer mining,
which involves extracting minerals from sediments through dredging with water.

2. Underground mining, which involves the extraction of ore along with associated waste materials. Notable
examples include coal and gold mining.

3. Oil and gas extraction through well drilling.

Tang and Werner (2023) estimated mining's total global footprint as 65,585 km?, this comprising pits, ore
stockpiles, waste rock dumps, water ponds, tailings dams, heap leach pads, and processing/milling infrastructure.
This does not include oil and gas production, with this encompassing not only oil and gas production facilities but
also pipelines and processing infrastructure. For these activities there doesn't appear to be an estimate of global
footprint.

Mining and oil and gas production result in soil degradation in several ways:

1. Removal of various soil horizons and exposure of subsoils and underlying substrates. Consequences include
the loss of soil nutrients, organic matter, and biologic functions (Worlanyo & Jiangfeng, 2021). Where
rehabilitation occurs, some of the removed soil material may be returned, or the underlying subsoil treated to
enable re-establishment of vegetation. Reduce compaction or manage high bulk density, non-structured ma-
terials (Koch & Hobbs, 2007; Tibbett, 2024).

2. Management of overburden and processing wastes
(a) Overburden may be stockpiled in waste rock dumps (Tibbett, 2024) during mining and not returned to the

void following mine closure. Considerable work has been undertaken on stabilization of waste rock
dumps, with an aim of developing functional soils (Kumar et al., 2023; Williams, 2022). One aim is to
promote the development of plant cover to reduce the percolation of water through the waste dump and
thus acidic leakage (Williams, 2022). Issues relate to the properties of the capping soil such as pH,
sodicity, and compaction and soil erosivity. Several recent papers (e.g., Ruiz et al., 2020a, 2020b) have
considered the properties of constructed soils (e.g., Technosols (Schad, 2018)) on mining wastes.

(b) Several types of mining involve beneficiation of ores by physical or chemical processes to increase the
concentration of or extract the target element. This results in a range of residue materials, or tailings
(Tibbett, 2024) ranging from those that are inert through to toxic or radioactive contaminants. These
residues may be retained in waste rock dumps or dams (Tibbett, 2024), buried under other materials
(Ramani, 2012), or disposed of by incorporating into existing soils (Santini & Fey, 2018). In some cases,
attempts are made to promote plant growth via establishment of a soil cover on tailings to prevent drainage
of toxic elements (Karaca et al., 2018).

3. Mine infrastructure, including exploration tracks, haul roads, mining infrastructure, access roads, and power
supplies.

(a) Compaction of soils through construction of exploration tracks, roads, and easements for conveyor belts,
pipelines, and power supplies.

(b) Soil contamination with hydrocarbons is particularly an issue with oil and gas production, with recent
reviews on impacts and remediation approaches (Lim et al., 2016; Ossai et al., 2020). Heavy metal
contamination of soils is also common across mine sites and downstream areas; methods of remediation
include removal and burial of contaminated soil, soil washing, and attempts to decrease the bioavailability
of metals (Karaca et al., 2018).

4. Disruption of a site's water balance and changes in recharge, discharge, and surface runoff. For example, the
discharge of mine-waters when de-watering mine voids can contaminate soils with a range of heavy metals
(e.g., lead, arsenic, cadmium) and, in some cases, carbonates. The release of hydraulic fracturing fluids and
also contaminated groundwater can occur in oil and gas projects. Pichtel (2016) reviews the effect of this water
on soils; contaminants include salts, radioactive materials, and hydrocarbons.

Certain elements of rehabilitating soils affected by mining exhibit parallels with the restoration of soil functions in
other land-use contexts. These commonalities encompass the challenges associated with the loss of nutrients and
organic matter, addressing chemical concerns such as sodicity and extreme pH levels, as well as soil contami-
nation. Additionally, various physical soil issues, including compaction, dispersion, hardsetting, and loss of soil
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structure, are relevant. However, the degradation of soils due to mining diverges from other land uses primarily in
the extent of the damage incurred. This includes the total removal and inversion of soil profiles, the exposure of
non-soil materials and substrates, and the scale and intensity of degradation, particularly regarding soil
contamination linked to mining operations and oil and gas extraction.

Furthermore, the regulatory frameworks and funding mechanisms differ significantly; the financial returns from
mining often allow for substantial restoration efforts. In some areas, mining activities are governed by stringent
mine-closure regulations that mandate subsequent restoration (Lima et al., 2016), while in other locations, soil
restoration may not take place at all (Worlanyo & Jiangfeng, 2021).

4.6. Biological Drivers of Soil Degradation

A comprehensive review by Sims (1990) on “Biological soil degradation” provides an authoritative overview of
key soil biological processes and agents operating in soil, emphasizing how land management, toxic substances,
and mining operations affect soil biology. While the title of Sims (1990) review resembles this section's heading,
the emphasis is different—here we focus on how biological agents drive soil degradation. This aspect of soil
degradation is relatively understudied (from the soil perspective), and it is often motivated by ecological impacts
on ecosystems (e.g., species invasion). The primary examples reviewed here involve the role of invasive fauna
and plant species on soil properties and functions; identifying conditions that promote soil pathogen outbreaks
due to land management (e.g., crop rotation avoidance with repeated use of monoculture); and biologically driven
modification of soil microbial communities (suppression of nitrogen fixers and rhizobiome keystone members).

Simberloff et al. (2013) provide a summary of the pervasiveness and impacts of biological invasions and their
ecologic, economic, and social damages. The monitoring and assessment of impacts are often hampered by poor
monitoring and lack of clear metrics. The primary modifiers of soil functions and services are invasive plants
(nonnative species that become locally dominant). Plant invasions are often a byproduct of globalization and may
have considerable ecological and economic impacts, including effects on soils (Ravi et al., 2022). We will also
review invasive soil-fauna and their impacts on soil functions.

4.6.1. Invasive Plants

Meta-nalyses of plant invasion impacts on their new habitats and soils (Liao et al., 2008) demonstrate a complex
web of positive and negative feedback loops in which nutrient cycles, microbiomes (Reinhart & Callaway, 2006)
and soil properties (Gibbons et al., 2017) can be relatively quickly modified to benefit the invading plant species.
On balance, these may not amount to soil degradation in the classical sense of diminished productivity; on the
contrary, studies have shown an increase in soil carbon stocks, or in nitrogen and other nutrient concentrations
(Berhe, 2019; Gibbons et al., 2017; Liao et al., 2008) and overall increase in productivity. However, the alteration
of belowground soil biota (Reinhart & Callaway, 2006) to benefit the invading plants, or indirectly benefiting
from lesser pressures of soil-borne enemies result in facilitation of invasion while inhibiting native species
function (Callaway et al., 2004). It is with this perspective that we consider the process of exotic plant invasion as
a component of soil degradation.

Torres et al. (2021) list strategies for soil microbiota manipulation by exotic plants, for example, exudence of
chemical substances that reduce survival and regeneration of native plants, changes in microbial communities in
the rhizosphere, alteration of decomposition processes, metabolizing labile and recalcitrant substrates, and
modifying soil enzyme activities. More mechanisms for plant-soil microbiota interactions are elaborated in the
review of Reinhart and Callaway (2006). A global meta-analysis of the effects of plant invasion on native soil
biota and microbial activity is summarized in a recent review by Negesse et al. (2025) providing quantitative
trends of the effects that were also listed by Torres et al. (2021).

Some invading plants modify the soil hydrologic regimes, such as cheatgrass (Bromus tectorum), an invasive
grass pervasive across the water-limited Intermountain Western US (Terry et al., 2024). Cheatgrass has been
shown to effectively compete with native vegetation on shallow water stored after the winter. Additionally, the
grass is linked to major increases in fire frequency and promotes accumulation of soil nitrogen. Cheatgrass covers
>15% of 210,000 km? (31%) of the Intermountain West, doubling the likelihood of burning relative to native
shrublands (Balch et al., 2013). Gibbons et al. (2017) have studied three invasive plant species in the Inter-
mountain Western US. There included the spotted knapweed (Centaurea stoebe; perennial forb), leafy spurge
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(Euphorbia esula; perennial forb), and the cheatgrass (Bromus tectorum; annual grass) discussed above. They
found that spotted knapweed and leafy spurge-invaded plots had higher soil pH and potassium concentration than
native sites, while cheatgrass plots had higher phosphate concentration than native plots. Then invaders imprinted
their distinct signatures on soil chemistry, and on other abiotic properties (soil pH) and certainly on the microbial
composition of invaded plots relative to native vegetation. The Russian thistle (Salsola tragus or tumble weed) is
considered the fastest plant invader in the US history. Introduced in the late 1800s, it quickly spread across the
Western US where it competes with crops and is known to consume soil water after wheat harvest, thus
compromising the yield of the following crop. In its dry state it creates a fire hazard and may indirectly promote
soil degradation as it tumbles and disrupts fragile soil crusts, thus promoting dust emissions.

4.6.2. Earthworm Invasion Affecting Soil Properties

Hale et al. (2005) identified the leading-edge of (European) earthworm invasion in forests of northern Minnesota
and documented changes in soil characteristics before and after the earthworm invasions. They observed the rapid
disappearance of the O horizon with increasing thickness, bulk density, and total soil organic matter content of the
A horizon. Different earthworm species assemblages affected the magnitude and type of change in these soil
parameters (associated with different feeding and burrowing habits). A study by Bohlen et al. (2004) observed
similar trends as reported in Hale et al. (2005) with the most dramatic effect being the loss of the forest floor at an
undisturbed forest site that also altered soil nutrient cycling. Hendrix et al. (2008) reviewed earthworm invasion in
a broader global context in nearly every geographic region.

The detrimental impacts of earthworm invasion into pristine lands and forests are placed here in the context of soil
degradation with an important caveat. Indeed, the massive loss of soil organic carbon cited by Bohlen et al. (2004)
is detrimental to these ecosystems and may propagate to other changes in the ecosystem such as loss of
aboveground arthropod communities (Jochum et al., 2022). However, earthworms are also known as soil envi-
ronmental engineers that support soil structure and improve soil functioning. A recent study by Fonte et al. (2023)
estimated that earthworms contribute about 6.5% of global grain production.

Interestingly, the New Zealand flatworm (Arthurdendyus triangulatus) is another invasive soil organism intro-
duced from the South Island of New Zealand into the UK and Northern Europe (Boag & Yeates, 2001). Being an
effective predator of lumbricid, A. triangulatus has been estimated to reduce native earthworm communities by
20% (Murchie & Gordon, 2013), altering many soil ecosystem functions that native earthworms provide.

4.6.3. Crop Rotation and Soil-Borne Pathogens

One of the oldest and most studied phenomenon of biological soil degradation is associated with the detrimental
impacts of continuous monoculture that often lead to deterioration of soil conditions for that crop due to build-up
of soil-borne pathogens and other factors. Evidence suggests that crop rotation increases soil health, promotes
microbial diversity, and enhances soil disease suppressive capacity (Peralta et al., 2018). The exact mechanisms
by which crop rotation sequence and crops affect soil health and productivity for future crops are complicated
(Peralta et al., 2018), however an area of consensus relates to central role of soil microbiome composition and
“biological legacy” in the root zone as studied by Zhou et al. (2023) and Neupane et al. (2021). Important ex-
amples of the massive impacts of biological soil degradation on important agricultural crops (and the effec-
tiveness of crop rotation over chemical sterilization of soils) include the enormous economic losses caused by
Fusarium oxysporum and Macrophomina phaseolina (soil borne fungi) on strawberry production worldwide
(Pastrana et al., 2023). Peanut (Arachis hypogeaea L.) is another susceptible crop to soil borne pathogens due to
the close association of peanut pods with soil and difficulty applying fungicides through canopy to soil profiles
(Thiessen & Woodward, 2012) in addition to environmental concerns. The long history of crop rotation (practiced
since Roman times and fallow practices mentioned in the Bible) involve other aspects than affecting soil mi-
crobial communities and disrupting disease inducing pathogen life cycles; in some cases, the use of legumes to
boost nitrogen stocks in soil or leaving a field fallow to capitalize on soil water storage across seasons are factored
into crop rotation strategies.

4.6.4. Overgrazing and Soil Alteration by Domestic and Wild Ungulates

We conclude this section on biological drivers of soil degradation by briefly mentioning the critical role of
domestic and wild ungulates in overgrazing and compacting rangelands, especially in arid landscapes where
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vegetation response is slow and landscapes are susceptible to overgrazing. Livestock and wild ungulates are also
known to modify various soil biogeochemical cycles (prominently the nitrogen cycle) and alter soil biota (Sitters
& Andriuzzi, 2019).

5. Quantification of Soil Degradation at Different Scales
5.1. Traditional Quantification Approaches and Their Limitation

Various approaches have been developed to evaluate soil degradation and its impact on soil ecosystem services
and functions. The most commonly used methods include expert assessments (using diagnostic indicators), land
users' insights (through questionnaires and interviews), field monitoring and observations, modeling, and remote
sensing techniques (Kapalanga, 2008). Analytical approaches offer a more comprehensive evaluation of soil
quality. For instance, the Soil Management Assessment Framework (SMAF), developed based on analytical
indicators, incorporates 81 potential indicators to assess soil functions in relation to management practices and
ecosystem services (Biinemann et al., 2018). However, the methodologies for assessing soil degradation (whether
qualitative, quantitative, or a combination of both) often lead to variability in identifying degradation levels due to
differences in indicator selection, interpretation, and environmental conditions.

Field surveys, which rely on direct observations and measurements of soil physical, chemical, and biological
quality parameters, provide valuable localized data. Nonetheless, selecting suitable diagnostic indicators,
establishing their thresholds, and interpreting the results pose significant challenges, as these elements frequently
differ across various land types and climatic conditions (Molchanov et al., 2015). Additionally, while large-scale
soil monitoring initiatives such as LUCAS surveying campaigns (Orgiazzi et al., 2018) provide extensive data
sets, most field-based assessments are constrained spatially and lack scalability. The quantitative evaluations of
soil degradation derived from these measurements are challenging to scale up and necessitate ongoing monitoring
to capture seasonal and annual fluctuations. On the other hand, remote sensing techniques provide a wider
perspective on soil degradation; however, they face challenges related to spatio-temporal resolution, data
accessibility, and precision.

While these methods provide useful insights, their limitations highlight the need for modern technological ad-
vancements (Rinot et al., 2019). Integrating local measurements with high-resolution remote sensing data and
leveraging Al-based tools can significantly enhance soil degradation assessments. These advancements allow for
improved spatial coverage, more precise monitoring, and a better understanding of soil degradation dynamics.
They effectively overcome the limitations of traditional methods, which often struggle with scalability, stan-
dardization, and real-time monitoring. This is particularly crucial in dynamic environments where soil degra-
dation is driven by climatic variations, land management practices, and human activities.

5.2. Ongoing National, Continental and Global-Scale Efforts and Assessments

Evaluations of land degradation employ a variety of quantitative and qualitative methods, utilizing both bottom-
up and top-down strategies, as well as hybrid approaches (Gibbs & Salmon, 2015). These evaluations have been
conducted by a range of entities, including national, multinational, and intergovernmental organizations, in
addition to independent research groups (Figure 21). Global estimates suggest that the area of degraded land
ranges from 1 to 6 billion hectares (Gibbs & Salmon, 2015). These assessments highlight the significance of
aridity and soil erosion as contributing factors (Pravilie, Patriche, et al., 2021). Additionally, the widespread use
of inorganic fertilizers to bridge the yield gap and mitigate potential declines in yields due to soil degradation is
another significant factor contributing to land degradation (Gerber et al., 2024).

The Global Assessment of Soil Degradation (GLASOD), initiated by the United Nations Environment Program
(UNEP), is among the first global initiatives aimed at systematically mapping the extent of soil degradation
(Oldeman, 1991). As mentioned earlier, at the time of its development, the GLASOD methodology relied heavily
on expert judgment, primarily due to the limitations of remote sensing technologies and computational capa-
bilities. GLASOD was groundbreaking in its global assessment of soil degradation; however, its limitations in
spatial analysis (such as the lack of physiographic regionalization) and methodological approaches (including an
insufficient evaluation of driving factors) highlighted the need for enhancements in subsequent assessments.

LADA (Land Degradation Assessment in Drylands) and GLADA (Global Assessment of Land Degradation and
Improvement) emerged as successors to GLASOD, concentrating on assessments of land degradation at multiple
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Figure 21. Proportion of cell area impacted by land degradation as assessed through four distinct evaluation methodologies
(after Gibbs & Salmon, 2015).

scales, regional, national, and global, to evaluate its condition and trends. LADA employs the DPSIR framework,
which encompasses Driving-force, Pressure, State, Impact, and Response, to characterize land degradation
through a decentralized participatory approach. In contrast, GLADA utilized variations in the Normalized Dif-
ference Vegetation Index (NDVI), exemplifying data-driven methodologies for mapping degradation through
remote sensing (Bai et al., 2008).

National and multinational strategies are better suited to address the specific challenges that soils encounter across
various geographic and political landscapes. Prominent multinational evaluations include the National Resources
Inventory (NRI) conducted by the Natural Resources Conservation Service (NRCS), the 2024 report on the state
of soils in Europe, the national soil erosion census in China (Zhen, 2013), and the Desertification and Land
Degradation Atlas of India, among others. Advances in data, modeling, and computational techniques are
enhancing the ability of these extensive assessments to capture the detailed nuances of soil degradation. For
instance, evaluations of soil degradation within the European Union suggest that 60%—70% of soils are degraded,
based on soil sampling and modeling efforts (Panagos et al., 2024c; Veerman et al., 2020). This methodology
employs a convergence of evidence approach (Gianoli et al., 2023), which aims to synthesize information from
diverse and independent sources to ascertain the degradation status and spatially highlight the intensity and
location of multiple concurrent land degradation processes (Pravilie et al., 2024; Figure 22). The harmonization
and convergence of data across various political boundaries and geographic scales will promote the comparability
of national, continental, and global evaluations of soil degradation. As the volume of data increases, along with
our capacity to derive significant insights from it (Bernardino et al., 2025), a persistent challenge will be to
integrate and reconcile the various elements of soil degradation, particularly in capturing process interactions
without incurring high complexity costs. Erosion serves as a prime example of this challenge, where numerous
factors are identified, yet model coupling (i.e., the exchange of information) is lacking, hindering the under-
standing of process interactions and feedback mechanisms (Borrelli et al., 2023).
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Figure 22. Land Multi-degradation Index (LMI) in Europe, illustrated as the number of simultaneous land degradation processes occurring in agricultural (left) and
arable (right) landscapes of the continent (after Pravilie et al., 2024). Panels from (a) to (c) illustrate the spatial distribution, histogram, and mean of agricultural LMI
values across the European countries, while panels from (d) to (f) illustrate the spatial distribution, histogram, and mean of arable LMI values across Europe.

5.3. The Challenge of Quantification of Soil Degradation: Lack of Standardized Methods

Efforts to quantify soil degradation face limitations due to the lack of a universally accepted methodology. As a
result, discrepancies in data collection, interpretation, and evaluation have arisen across various regions. The
diverse processes of soil degradation, including erosion, compaction, chemical imbalances, and loss of biodi-
versity, necessitate tailored assessment methods. Existing approaches, such as expert assessments, remote
sensing, field measurements, and feedback from land users, exhibit considerable variability in their methodol-
ogies, often lacking the necessary harmonization and comparability (Kapalanga, 2008). This inconsistency leads
to fragmented data sets that hinder the development of comprehensive global assessment frameworks.

Recent efforts to improve soil degradation assessments have introduced methodologies that utilize various soil
health indicators to create binary maps categorizing areas as healthy or degraded based on established thresholds,
which are then aggregated to determine the overall level of soil degradation. However, the dependence of these
tools on binary classifications and indicators that may be affected by local conditions could limit their ability to
accurately reflect the intensity and cumulative effects of degradation processes within a given region (Panagos
et al., 2024c; Pravilie, Patriche, et al., 2021; Privalie et al., 2024).

Soil characteristics differ across various pedo-climatic zones. Indicators such as soil organic carbon (SOC), pH,
and salinity are often subject to varying interpretations influenced by land use, environmental factors, and
management objectives (Figure 23). This variability poses challenges for standardization, hindering the ability to
compare soil degradation levels across diverse geographic areas (Campbell et al., 2025). Additionally, the
inconsistent classification of degraded soils presents another obstacle. Employing a binary degradation model that
categorizes soil as either “degraded” or “non-degraded” based on a set of thresholds might fail to account for the
varying degrees of degradation intensity, which are essential for formulating effective soil restoration strategies.
These challenges highlight the necessity for a cohesive, standardized methodology that incorporates multiple soil
indicators to facilitate a more objective and practical assessment framework.

5.4. Toward Quantification of Soil Degradation

Several studies have concentrated on developing standardized, multi-scale, and objective methodologies for
measuring soil degradation (Biinemann et al., 2018; Panagos et al., 2025; Poppiel et al., 2025; Pravilie
et al., 2024). These initiatives primarily focus on the incorporation of physical, chemical, and biological indicators
into unified frameworks, facilitating a more thorough evaluation that can guide targeted interventions and inform
policy decisions.
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Figure 23. Variability of erosion rate (a), EC (b), pH (c), and SOC (d) over croplands across Land Use/Cover Area Frame
Survey data (LUCAS) observations.

A prominent initiative in this domain is the Soil Degradation Dashboard, established by the EU Soil Observatory
(EUSO), which aims to systematically monitor the condition of soils throughout Europe (Panagos et al., 2024c).
This dashboard utilizes 19 indicators of soil health that encompass the principal degradation processes, including
erosion, compaction, chemical imbalances, and loss of biodiversity (Figure 24). By establishing thresholds for
these indicators, the EUSO framework employs a “one out, all out” principle, categorizing soils as degraded if any
individual indicator exceeds its specified limit. This principle offers a harmonized and structured approach that
could potentially be applied beyond Europe, contributing to the standardization of soil degradation assessments
on a global scale.

In addition to the EUSO developments, the Land Multi-Degradation Index (LMI) serves as a framework that
consolidates various degradation processes, such as soil compaction, acidification, nutrient imbalances, pollution,
and different erosion mechanisms, into a singular, cohesive index (Prdvilie et al., 2024). This integration
effectively captures the cumulative impacts and interactions of multiple stressors, thereby identifying degradation
hotspots and prioritizing areas for remediation.

Another contribution in the quantitative evaluation of soil degradation is represented by the development of the
Soil Degradation Proxy (SDP). The SDP is derived by first rescaling four indicators of soil erosion rate, electrical
conductivity (EC), soil pH, and soil organic carbon (SOC) to a scale of 0—1 using their empirical cumulative
distribution functions across LUCAS observations. For erosion rate and EC, higher observed values correspond to
proportionately greater rescaled scores (i.e., “more is worse”). In contrast, SOC is inversely related, meaning that
soils with higher organic carbon content receive lower (healthier) scores. Given soil pH values on both extremes
(acidic or alkaline) negatively affect soil health, the rescaling for pH imposes penalties for deviations from the
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Figure 24. Convergence of evidence of soil degradation in the EU according to the EUSO Dashboard (after Panagos
et al., 2024c¢).

ideal midpoint of 6.5. Ultimately, these four rescaled indicators are averaged with equal importance to yield an
SDP value ranging from 0 (lowest degradation risk) to 1 (highest degradation risk).

Figure 25 compares soil degradation levels as assessed by (a) the EUSO Soil Health Dashboard, (b) the LMI, and
(c) the SDP. Overall, the three maps are spatially consistent. Areas identified as having a high risk of degradation
by the EUSO or LMI approaches generally also show elevated SDP values. However, whereas the EUSO and
LMI typically rely on binary or threshold-based classifications to categorize soils as “degraded” or “not
degraded,” the SDP transitions the assessment to a continuous metric that measures the severity of soil degra-
dation. This flexibility overcomes the shortcomings of the subjective thresholds employed in previous meth-
odologies and provides a more objective proxy for tracking soil degradation intensity over time and across
different land-use conditions.
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Figure 25. Comparison of soil degradation assessments across Europe using different methodologies. (a) The EUSO Soil
Degradation Dashboard, (b) the Land Multi-Degradation Index (LMI), and (c) the Soil Degradation Proxy (SDP).

On a wider spatial scale that transcends Europe, there are also some global assessments of soil degradation that
were performed in an integrated manner, in which multiple processes and environmental conditions were
considered to examine soil and land degradation in general. For example, a previous study explored five key co-
occurring land degradation processes (soil erosion, soil salinization, soil organic carbon decline, vegetation
degradation, and aridity), which act synergistically across the world's arable environments (Prévilie, Patriche,
etal., 2021). Another integrated assessment of soil degradation can be found in the World Atlas of Desertification
Report (last edition), which was focused on examining both causes and some processes that act in the complex
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mechanism of soil degradation through a global “convergence of evidence” approach (Cherlet et al., 2018). A
final relevant example is a global study that investigated the synergistic effects of various environmental con-
ditions potentially leading to soil degradation, using a multicriteria sensitivity model (Mediterranean Desertifi-
cation and Land Use—MEDALUS) that is widely used in the multi-scale analysis of land susceptibility to
degradation (Ferrara et al., 2020).

6. Sustainable Land Management Practices to Combat Soil Degradation
6.1. Soil Conservation and Agricultural Practices

Soil and agricultural practices which prioritize conservation are essential to protect natural resources and provide
sustainable food production. These approaches support long-term productivity and improve resilience in the face
of global challenges such as climate change and soil degradation.

Our commitment to sustainable agriculture reflects the urgent need to balance food production with environ-
mental responsibility. It is an integrated approach aimed at producing food, fiber, and other resources in ways that
are environmentally suitable, economically viable, and socially equitable (Trigo et al., 2021; Velten et al., 2015).
The core objective of sustainable agriculture is to meet present needs without compromising the ability of future
generations to do the same (Velten et al., 2015). A central pillar of this approach is sustainable land management,
which directly addresses soil degradation. As pressures from climate change intensify, these strategies offer a
pathway to secure food systems while conserving biodiversity, lowering greenhouse gas (GHG) emissions, and
supporting rural livelihoods. By adopting conservation principles into farming systems, we aim to cultivate
landscapes which are both productive and regenerative.

Soil health is foundational to sustainable agriculture. Practices that improve water conservation, reduce pollution,
and enhance soil quality are key to maintaining environmental integrity (Shahmohamadloo et al., 2022; Tahat
et al., 2020; Velasco-Mufioz et al., 2018). For sustainability to be viable, it must also be economically rewarding
for farmers, ensuring profitability and stable incomes (Gurubasappa, 2022). Equally important is the welfare of
farmers, workers, and communities, with safe working conditions and support for local economies.

Biodiversity conservation is another vital principle. Diverse farms contribute to ecological resilience, improving
pest control, pollination, and soil function (Frison et al., 2011; Trigo et al., 2021). Efficient resource use,
particularly water, energy, and nutrients, is also important. Technologies such as precision farming can enhance
understanding of agricultural environments and optimize inputs.

To maintain and improve soil health, a variety of sustainable land management techniques can be used. Con-
servation tillage, including no-till and reduced-till methods, minimizes disturbance, preserving structure and
reducing erosion (Sharma et al., 2024). Crop rotation disrupts pest cycles, enhances fertility, and reduces chemical
dependency (Himmelstein et al., 2017; Raghavendra et al., 2020; Sharma et al., 2024). Agroforestry integrates
trees and shrubs into farming systems, boosting biodiversity and soil stability (Raghavendra et al., 2020). Cover
crops like clover and rye improve soil health, suppress weeds, and reduce herbicide use (Sharma et al., 2024).

Organic fertilizers such as compost and manure enhance microbial activity and nutrient cycling (Sharma
et al., 2024). Integrated pest management, combining biological, cultural, and mechanical methods, reduces
pesticide reliance and promotes ecological balance (Raghavendra et al., 2020; Sharma et al., 2024). Water
management practices like drip irrigation and rainwater harvesting maintain moisture levels while preventing
salinity and erosion (Sharma et al., 2024). Additional techniques such as terracing (Plekhov et al., 2024; Socci
et al., 2019), contour farming (Adamsone-Fiskovica & Grivins, 2024; Garrity, 1999), mulching (El-Beltagi
et al., 2022; R. Igbal et al., 2020; S. Igbal et al., 2020), and windbreaks (Brandle et al., 2004; Kort, 1988) offer
targeted solutions for managing runoff, preventing erosion, and retaining nutrients.

Collectively, these practices encourage healthier soils that are more productive, resilient to climate change, and
capable of sequestering greater amounts of soil organic carbon, contributing to reduced GHGs. They also improve
biodiversity and water quality as well as mitigate risks from natural disasters such as floods and landslides. By
integrating these strategies, agriculture can evolve into a more resilient and sustainable system that meets the
needs of both current and future generations.
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Figure 26. Influence of agroforestry on various direct and indirect benefits in the degraded lands (after Jinger et al., 2023).

6.2. Reforestation and Afforestation

Reforestation and afforestation (see Figure 26) are increasingly acknowledged as vital approaches for addressing
long-term soil degradation (Cunningham et al., 2015; Khorchani et al., 2023; Luo et al., 2023). Initiatives aimed at
restoring vegetation, such as China's Grain-for-Green Program (GFGP), have been effective in curtailing soil
nutrient depletion. According to Zhao et al. (2020), the extent of eroded land diminished from 41.8% to 26.7%,
thereby significantly alleviating erosion severity. Additionally, Chen et al. (2019) demonstrated that the transition
from arable land to kiwifruit orchards led to a reduction in nitrogen and organic carbon loss, although it resulted in
an increase in available phosphorus loss due to excessive fertilizer application. A global meta-analysis conducted
by Shi et al. (2016) investigated variations in carbon (C), nitrogen (N), phosphorus (P), and sulfur (S) in the
mineral soils of planted forests across various climatic regions, utilizing data from 139 studies. Their findings
indicated that soil C and N experienced a slight decrease when grasslands were converted to forests, a moderate
increase with the transformation of croplands, and a significant rise following the afforestation of barren lands.
While total soil P levels remained stable, there was a marked decline in available P after the forestation of
grasslands and croplands with nitrogen-fixing species.

Although afforestation offers multiple benefits, it also has certain limitations. For example, reductions in soil
carbon or albedo, as well as increased fire severity (due to higher fuel loads and connectivity), can reduce the
effectiveness of afforestation strategies for mitigating climate change. Additional negative impacts are also
possible, such as reductions in native biodiversity and productivity, significant water yield losses, and alterations
in nutrient cycles, which may exacerbate other global change drivers (Moyano et al., 2024). Therefore, while
afforestation is a valuable tool for combating land degradation, it is equally important to consider and manage its
potential negative consequences.

The improvement in soil quality or reduction in soil degradation also depends significantly on the vegetation
restoration methods employed. For example, Qian et al. (2024) demonstrated that native tree species restoration,
such as Larix principis-rupprechtii (FL), resulted in the most substantial improvements in soil quality, with higher
levels of SOC, TN, and TP compared to exotic species and grassland restoration methods. In contrast, the
introduction of exotic species, such as Pinus sylvestris var. mongolica (FP), showed minimal improvements.
These findings highlight the superior effectiveness of native species in enhancing soil health and offer valuable
insights for ecological restoration in similar transitional landscapes.
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Figure 27. Digital agriculture in agricultural systems (after Basso & Antle, 2020).

6.3. Precision Agriculture

Since the beginning of the 21st century, precision agriculture has gained prominence as a significant research
focus, with the goal of transforming the agricultural sector. By using cutting-edge technologies (e.g., artificial
intelligence (Al), drones, robotics, and Internet of Things (IoT) sensors), precision agriculture seeks to assist
farmers in optimizing water usage, reducing the requirement for chemical and fertilizer applications, and
improving soil health management (Soussi et al., 2024; Xing & Wang, 2024). Consequently, these technological
advancements are expected to promote more sustainable and efficient farming practices (Figure 27; Basso &
Antle, 2020).

Water is an indispensable resource in the agricultural sector, and its judicious utilization is vital for promoting
sustainable farming practices. Technologies such as artificial intelligence, drones, and Internet of Things (IoT)
sensors are instrumental in enhancing water management through advanced irrigation systems and continuous
monitoring (Duguma & Bai, 2025). While the application of chemical fertilizers and pesticides is common in
agriculture, their overuse can result in environmental contamination and soil deterioration. Precision agriculture
technologies facilitate the reduction of chemical inputs by allowing for targeted application and accurate
monitoring (Idier et al., 2024). Moreover, healthy soil serves as the cornerstone of effective agriculture. These
precision agriculture technologies help in the assessment and management of soil health by offering
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comprehensive insights into soil conditions and supporting sustainable farming methods. Table 3 provides a
summary of how these advanced technologies can enhance precision agriculture.

6.4. Policies and Incentives to Address Soil Degradation

Numerous national initiatives are dedicated to safeguarding soils and enhancing soil health. In their analysis of
national policies utilizing the FAO registry of soil-related legal instruments and governance legislation (SoiLEX),
Smith et al. (2024) identified a total of 3,823 legal instruments and category combinations, with some instruments
addressing multiple categories. Specifically, over 900 instruments focus on soil conservation, more than 600 on
soil pollution, and between 100 and 400 on issues such as waterlogging, biodiversity loss, sealing, nutrient
imbalance, soil organic carbon (SOC) loss, erosion, monitoring, soil quality, and restoration and remediation.
Fewer than 100 instruments tackle compaction, acidification, salinization, and sodification (see Figure 28).
Overall, 173 countries have enacted some form of legislation aimed at protecting and improving soil health, with
Russia leading in the number of instruments, many of which are tailored to various regions within the country.
Canada and Mexico also possess a diverse range of legal instruments, often specific to different regions in those
nations (see Figure 29; Smith et al., 2024).

The issues surrounding soil degradation and its management are widely recognized. However, as noted by
Carter (1977), even four decades after the Dust Bowl in the United States, the recurrence of erosion indicates that
soil degradation remains a persistent challenge. This situation persists despite significant investments in research,
practical programs, and the creation of legal frameworks. Particularly, the causes, mechanisms, and management
strategies for all types of soil degradation are well understood.

Approaches to managing soil degradation generally fall into several categories (Hannam, 2020; Weersink &
Wossink, 2005):

1. Education programmes; related to educating landowners on the best management practices,

2. Legislation and penalties,

3. Government incentive programs (e.g., payments to remove non-arable, or erosion prone land from produc-
tion), and

4. Market-based mechanisms such as payments for ecosystem services (e.g., carbon mitigation, water quality).

Quite often land-managers are well aware of the soil degradation problems that they are confronted with, but
either choose to ignore the problem or cannot deal with the problem due to a lack of capital. In some areas of the
world soil degradation occurs because of extreme poverty (e.g., extensive grazing systems) or as an externality of
other land-uses (e.g., deforestation). Several studies have examined the adoption gap by land-managers of soil
health practices (Carlisle, 2016).

6.5. Case Studies of Successful Restoration

Effective land management has been instrumental in reversing land degradation across various regions globally.
This section will present two case studies, highlighting the historical degradation faced in these areas, detailing
the transformative measures implemented to achieve these positive changes.

Case Study 1: The Loess Plateau, China

Situated in north-central China, the Loess Plateau represents one of the country's most important geographical
areas. This elevated region spans the provinces of Shanxi, Shaanxi, Gansu, and Henan, with an average elevation
of approximately 1,200 m and covering around 635,000 km squared. The soil of the Loess Plateau consists of fine,
yellow-buff silt known as loess, which was developed from dust carried by wind and deposited during the
Quaternary period. These sedimentary layers can reach thicknesses of up to 100 m and are increasingly sus-
ceptible to erosion. This vulnerability is exacerbated by sparse vegetation, heavy rainfall, particularly during the
summer months, and the region's rugged topography (Tang & Cai, 1991; Xia & Tang, 1992).

Historically, the Loess Plateau has served as a vital foundation for numerous Chinese societies, facilitating
agricultural activities that provide and produce food, fuel, and fiber. However, centuries of extensive defores-
tation and unsustainable agricultural practices have resulted in increased soil erosion, land degradation, and
diminished agricultural output (Encyclopaedia Britannica, 2024). By the late 1980s, the region was characterized
by a huge significant ecological crisis as a result of extensive barren land areas and the formation of deep gullies.
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Table 3
Ways in Which Advanced Technologies Can Aid Precision Agriculture

Soil related issue for precision
agriculture Technologies

Optimizing Water Usage Al-Powered algorithms which can aid Smart Irrigation: Analyses conducted from
various sources (e.g., soil moisture sensors, weather forecasts, and historical crop
data) to determine the precise water needs of specific crops. A data-driven
approach ensures that water is only applied when and where appropriate,
reducing water wastage and improving crop yields (Vallejo-Gomez et al., 2023;
Wei et al., 2024).

Drones for Water Management: Equipped with multispectral and thermal cameras to
capture detailed images of fields, identifying areas where moisture levels are
variable. This helps farmers target irrigation efforts more precisely, ensuring that
water is distributed more evenly across the field. Drones can also help monitor
irrigation systems for leaks or other discrepancies (Guebsi et al., 2024).

IoT Sensors for Real-Time Monitoring: Sensors placed in the soil to continuously
monitor a range of environmental factors (e.g., moisture levels, temperature). IoT
sensors can provide real-time data and monitoring for farmers, enabling them to
make informed decisions about irrigation schedules and water management
(Sishodia et al., 2020; Tornese et al., 2024).

Minimize chemical and fertilizer use Al-Driven Algorithms to assess Pest and Disease Management: Analyses data from a
range of sources (e.g., drones, sensors, and satellite imagery) to detect early signs
of pest infestations and diseases. By rapidly identifying affected areas, farmers
can apply pesticides only where required, reducing overall chemical usage.
AI-Driven algorithms can help this become a targeted approach which minimizes
environmental impact and lowers costs (Guebsi et al., 2024; Li et al., 2024).

Drones for Precision Spraying: Equipped with advanced sensors and Al-driven
software to perform precision spraying of fertilizers and pesticides. Drones can
identify specific areas that require treatment and apply chemicals with high
accuracy, preventing over-application and reducing waste. This method ensures
protecting the crops and the environment (Zhang, Bai, et al., 2024; Zhang, Jia,
et al., 2024).

1oT Sensors for Soil and Crop Health Monitoring: Provide continuous data and
information on a range of factors (e.g., soil nutrient levels, crop health, and
environmental conditions). IoT sensors allow farmers to tailor their practices to
the specific needs of their crops, applying the right amount of nutrients when
appropriate. Through this approach, crop growth is seen to be improved while the
risk of nutrient runoff and soil contamination is reduced (Chaudhari et al., 2022;
Tornese et al., 2024).

Improving soil health management  Al-Powered Soil Analysis: Processes data from a range of information (e.g., soil
sensors, drones, and satellite imagery) in order to assess soil health parameters
(e.g., nutrient status, pH, and soil organic matter/carbon). AI-Powered soil
analysis can help farmers understand the specific needs of their soil and
implement appropriate management practices. The Al can recommend certain
strategies (e.g., crop rotations, cover cropping, and organic amendments) to
improve soil fertility and structure (Awais et al., 2023; Huere-Pefia et al., 2024).

Drones for Soil Monitoring: Equipped with hyperspectral and thermal sensors to
capture high-resolution images of fields, showing the variations in soil
properties. Allows farmers to identify areas categorized as having poor soil
health and take appropriate action(s) (e.g., adjusting irrigation, applying organic
matter, or implementing erosion control measures). It can also facilitate effective
soil sampling by offering precise locations for collection of samples (Najdenko
et al., 2024).

10T Sensors for Continuous Soil Monitoring: Can provide real-time data (e.g.,
moisture levels, temperature, and nutrient content) in the soil. Allows farmers to
track changes in soil health over time and make appropriate decisions to maintain
or improve soil quality based on this data-driven approach. Furthermore, farmers
can receive actionable recommendations for soil management, ensuring that their
practices are both sustainable and effective (Guo, 2021; Tornese et al., 2024).
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Figure 28. Soil-related legal instruments and soil governance legislation by category, showing totals across all countries.
Data are from SoiLEX, a global database from the Food and Agriculture Organization of the United Nations that aims to
facilitate access to information on existing legal instruments on soil protection and prevention of soil degradation (after
Smith et al., 2024).

In response to severe environmental degradation, the Chinese government initiated a series of extensive resto-
ration projects in the 1990s, focusing on reforestation, terracing, and sustainable land management practices
(Tsunekawa et al., 2014). These initiatives aimed to stabilize soil, mitigate erosion, and improve the ecological
conditions of the region while promoting sustainable development (Lu et al., 2012). In 1994, the Chinese gov-
ernment, in partnership with the World Bank, launched the Loess Plateau Watershed Rehabilitation Project (Chen
et al., 2004; World Bank, 2006). This initiative was recognized as one of the largest erosion control programs
worldwide, with the goal of transforming the degraded landscape into a sustainable agricultural zone, benefiting
both the environment and the livelihoods of local populations.

The reforestation efforts concentrated on planting indigenous tree species to stabilize the soil and minimize
erosion. Additionally, terracing techniques were created to reshape the landscape into stepped formations, pre-
venting runoff and retaining water (Zhang et al., 2017). Furthermore, sustainable agricultural practices, such as
crop rotation and organic fertilizer application, were encouraged to enhance soil fertility and productivity (Lu
et al., 2012). The Loess Plateau Watershed Rehabilitation Project also implemented policies prohibiting defor-
estation on steep slopes and free-range grazing, both of which had previously exacerbated degradation (World
Bank, 2006). These strategies, alongside community education and active participation, resulted in notable im-
provements within the region. Over time, there was an increase in vegetation cover, a reduction in soil erosion,
and a rise in agricultural productivity (Liu et al., 2018), ultimately enhancing local livelihoods and restoring
ecological balance and biodiversity in the Loess Plateau area.

The restoration of the Loess Plateau faced numerous and significant obstacles. The region experienced severe
degradation, complicating the identification and establishment of vegetation necessary for soil stabilization (Zhao
et al., 2024). Additionally, the limited availability of water and resources posed challenges for both reforestation
and agricultural initiatives (Zhao et al., 2018). Ensuring an adequate water supply for newly planted trees and
crops was essential. Furthermore, many local communities depended on unsustainable agricultural practices for
their livelihoods, making the shift to more sustainable methods a challenge. This required various incentives,
motivations, and financial assistance (Zhang, 2018). The execution of activities such as large-scale terracing and
reforestation demanded considerable technical expertize and resources. The rugged landscape and loess deposits
further complicated the restoration efforts. Finally, engaging the community in this restoration initiative presented
its own set of challenges (Wang, Du, et al., 2023; Wang, Min, et al., 2023; J. Wang, et al., 2023). This involved
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Figure 29. Global map showing the total number of soil-related legal instruments and pieces of soil governance legislation in each country included in the SoiLEX
database. In areas of the map where labels would be overlapping and illegible, countries appear below the map in alphabetical order by region (after Smith et al., 2024).

building trust, cooperation, and support among local residents, as well as educating farmers on sustainable
practices. The active involvement of these stakeholders was crucial for the project's success. Despite these
hurdles, the restoration project of the Loess Plateau achieved notable success, largely due to the backing of the
Chinese government, international partnerships, and community participation.

The restoration of the Loess Plateau, completed in 2002, brought about significant environmental and economic
changes in the region. It is estimated that the incomes of most farmers more than doubled, increasing from around
$70 to $200 per year per person, primarily due to enhanced agricultural productivity (World Bank,; 2007). From
an ecological perspective, the project led to a substantial increase in vegetation cover, with perennial plants
doubling in number. The initiatives of reforestation and the adoption of sustainable farming techniques
contributed to a marked decrease in soil erosion and sedimentation in waterways, resulting in a reduction of
sediment flow into the Yellow River by over 100 million tons each year (Zhao et al., 2020). This not only
mitigated flooding risks but also improved water storage for agricultural use and local communities (Zhang
et al., 2017).

Moreover, the project fostered an increase in employment rates as both on-farm and off-farm job opportunities
became more accessible. The employment rate rose from 70% to 87%, with notable improvements in job op-
portunities for women (Khan et al., 2020; World Bank, 2007). Food security also saw enhancements, as terracing
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and sustainable agricultural practices led to more reliable and higher crop yields, thereby reducing the reliance on
emergency food aid during periods of drought (Kosmowski (2018)).

Case Study 2: The Tigray Region, Ethiopia

The Tigray Region, situated in northern Ethiopia, has historically played a crucial role in the development of
Ethiopian civilization. Covering an area of approximately 53,000 square kilometers, it is bordered by Eritrea to
the north, the Amhara region to the south, the Afar region to the east, and Sudan to the west. The region's
topography is marked by elevated plateaus, steep mountains, and profound valleys, with altitudes ranging from
1,500 to 3,300 m. The Tekeze and Mareb rivers traverse the area, serving essential functions in agriculture and
water provision. Despite its difficult landscape, Tigray has long been a center for agricultural practices, partic-
ularly in farming and livestock rearing (Gebru et al., 2024). In recent years, Tigray has encountered significant
environmental and conflict-related issues.

The Tigray Region of Ethiopia has been the focal point of numerous restoration efforts aimed at mitigating severe
land degradation and enhancing the livelihoods of local communities. A prominent initiative in this regard is the
EthioTrees project (EthioTrees, 2020). This highland region has experienced various environmental challenges,
including drought, erosion, and overgrazing, which have significantly exacerbated land degradation. Initiated in
2016 and completed in 2022, EthioTrees emphasizes natural regeneration through the planting of indigenous trees
and the creation of “exclosures” to restrict livestock grazing.

The active participation of the community has been essential, with local inhabitants providing labor and receiving
compensation from carbon credit revenues. These funds have been reinvested into the community to support
diverse development initiatives (Mekuria et al., 2011). This strategy has not only contributed to environmental
restoration but has also bolstered the economic stability of the local populace. The achievements of the EthioTrees
project highlight the effectiveness of integrated, community-oriented approaches to land restoration, offering
important insights for other regions facing comparable challenges (Teshome et al., 2016).

Restoration initiatives in Tigray encountered substantial challenges, akin to those faced in the Loess Plateau
Watershed Rehabilitation Project in China. A primary obstacle was the severe environmental degradation caused
by extensive deforestation, overgrazing, and unsustainable agricultural methods (Nyssen et al., 2009). These
factors hindered the establishment of vegetation and the stabilization of soil. The Tigray region is also susceptible
to frequent and intense droughts, which significantly complicates reforestation and agricultural efforts (Kassa
etal., 2022). Consequently, securing a reliable water supply for newly planted crops and trees was essential for the
success of these initiatives. Moreover, many local communities depended on unsustainable farming practices for
their livelihoods, necessitating financial support and incentives to facilitate a shift towards sustainable methods
for effective restoration (Mekuria et al., 2011). The implementation of large-scale restoration activities, such as
terracing and reforestation, required specialized technical knowledge and resources (Nyssen et al., 2015), further
complicated by the region's uneven terrain. Lastly, building trust and garnering support from local communities
was vital for the success of the projects (Wang, Du, et al., 2023; Wang, Min, et al., 2023;J. Wang, et al., 2023). By
educating farmers on sustainable practices and actively involving them in the restoration process, the overall
effectiveness of the project was significantly enhanced.

Despite these challenges, the restoration efforts in Tigray achieved notable progress, attributed to the collabo-
rative efforts of the local Ethiopian government, communities, and international partners. The implementation of
exclosures and reforestation efforts resulted in enhanced vegetation cover, which contributed to soil stabilization,
diminished erosion, and bolstered overall ecological health (Tefera et al., 2024). Additionally, the construction of
terraces and other conservation measures improved soil fertility and moisture retention, thereby augmenting
agricultural productivity and resilience to drought conditions. These restoration activities also fostered increased
biodiversity, particularly through the proliferation of various native plant species, while simultaneously
enhancing habitat conditions for diverse local wildlife (Solomon et al., 2024). Furthermore, projects like
EthioTrees generated economic advantages for local communities by creating numerous job opportunities and
enhancing livelihoods (Hagazi, Gebrekirstos, et al., 2020; Hagazi, Gebremedhin, et al., 2020), which in turn
boosted agricultural output and contributed to greater food security.
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7. Big Data Analytics for Studying Soil Degradation
7.1. Remote Sensing and GIS

Technological advancements, particularly the accessibility of high-resolution remote sensing data, Geographic
Information System (GIS) software, and platforms such as Google Earth Engine, have significantly enhanced the
modeling and mapping of soil degradation processes (Khasanov et al., 2023). The ability to quantify and map
various soil degradation phenomena, including soil erosion, landslide susceptibility, heavy metal contamination,
soil compaction, salinity, and the depletion of nitrogen and phosphorus, has markedly progressed over time. A
notable instance of this progress is the development of soil erosion models, such as the Revised Universal Soil
Loss Equation (RUSLE). Panagos et al. (2014) emphasized the advancements in the vegetation factor and
illustrated the application of satellite data from sources like NOAA-AVHRR (1.1 km), SPOT-VGT (1 km),
MODIS (500 m), ENVISAT MERIS (300 m), and Proba-V (333 m) for vegetation and land cover mapping at low
to moderate resolutions. Furthermore, medium- and high-resolution sensors, including Landsat-8/9 (30 m) and
Sentinel-2 (10-20 m), offer superior imagery for monitoring vegetation, soil, and water, benefiting from enhanced
spectral bands and more frequent revisit intervals. Similar progress is evident in digital elevation models (DEMs),
which serve as critical inputs for soil hydrological models. Contemporary unmanned aerial vehicles (UAVs)
equipped with high-resolution cameras can now capture imagery at the centimeter scale, facilitating the creation of
ultra-high-resolution DEMs that are applicable in mapping soil degradation processes (Backes & Teferle, 2020).

Shokri et al. (2024) have delineated the primary factors contributing to soil salinization across different scales,
which encompass climate, geomorphology, hydrology, land use, and anthropogenic influences. The utilization of
remote sensing data pertaining to these factors is crucial for the effective mapping of soil salinization. Particu-
larly, the volume of research in this area has surged from 14 studies in 2014 to 81 in 2022, employing various
satellite technologies such as RADAR, Hyperspectral, Sentinel-2, Sentinel-1, UAVs, MODIS, and Landsat
(Sahbeni et al., 2023). The application of UAVs equipped with multispectral and hyperspectral sensors for the
purpose of mapping soil salinization is on the rise (Hu et al., 2019; Zhu et al., 2021), although its current
application is primarily confined to field and catchment scales.

In recent times, numerous studies have concentrated on the mapping of soil compaction at the field level through
remote sensing techniques. For instance, Dematté et al. (2010) assessed soil density by analyzing spectral
reflectance to investigate the impacts of compaction. Their findings indicated that soils subjected to artificial
compaction exhibited greater spectral intensity in comparison to those that were less compacted, revealing a linear
relationship between spectral data and soil bulk density. Additionally, Mishra et al. (2020) detected transient
water bodies throughout West Africa utilizing medium- and high-resolution satellite imagery. Straffelini
et al. (2021) employed UAV-based Structure from Motion (SfM) technology to identify regions susceptible to
surface water accumulation in an agricultural field in Italy. Furthermore, Amanor et al. (2024) utilized a
hyperspectral sensor to map the spatial distribution of soil compaction, offering significant insights for informed
tillage practices.

Remote sensing products serve as valuable covariates for the mapping of heavy metal concentrations, which
include elements such as arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), lead (Pb), zinc
(Zn), antimony (Sb), cobalt (Co), and nickel (Ni). For instance, studies by Ballabio et al. (2018, 2021, 2024) and
Toth, Hermann, Szatmari & Pasztor. (2016) employed the MODIS Enhanced Vegetation Index and Digital
Elevation Model (DEM) data as covariates to map heavy metals utilizing the LUCAS data set. In recent de-
velopments, hyperspectral imagery has gained traction for the detection of heavy metals in soil samples. Research
conducted by Guo et al. (2022) and Q. Yang et al. (2024), N. Yang et al. (2024) utilized Gaofen-5 (GF-5)
hyperspectral images to assess heavy metal concentrations in opencast coal mines in Northern China and urban
soils, respectively, revealing a strong correlation between the predicted and actual concentrations.

7.2. Soil Databases and Models

Numerous point databases, including WOSIS (Batjes et al., 2024), LUCAS (Orgiazzi et al., 2018), SPADE
(Kristensen et al., 2019), and NABODAT (Rehbein et al., 2011), are essential for analyzing soil degradation on
both regional and global levels. For instance, WOSIS has been extensively utilized in various research efforts,
such as mapping bulk density as an indicator of compaction in Mediterranean agro-ecosystems (Schillaci
et al., 2021), modeling soil salinity (Shi et al., 2023), monitoring changes in global soil salinity (Ivushkin
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et al., 2019), and creating multi-hazard maps (Pouyan et al., 2021). A detailed compilation of existing point soil
databases is accessible through SoilHydroDB and SoilChemDB, which can serve as valuable resources for
investigating soil degradation.

LUCAS stands out as the sole database that encompasses three distinct time periods, 2009, 2015, and 2018, and its
Soil Module represents the only harmonized and systematic soil survey across the European Union (Orgiazzi
et al., 2018), rendering it exceptionally valuable for analyzing trends in land degradation. In 2022, approximately
38,000 soil samples were gathered, which is double the amount collected during the 2018 campaign (19,000
samples), although this data has not yet been made publicly accessible (Panagos et al., 2024c, 2024d). LUCAS is
extensively employed in the formulation of soil degradation indicators and the assessment of soil health.
Furthermore, this data set is frequently utilized for the mapping of soil degradation indicators through remote
sensing and machine learning techniques (Ballabio et al., 2021, 2024). Some of these indicators, along with
additional ones, indicate that nearly 60%—70% of soils in Europe are affected by one or more soil degradation
processes and can be considered unhealthy (Panagos et al., 2024c). Recently, De Rosa et al. (2024) leveraged
LUCAS data to estimate soil organic carbon (SOC) loss in both cropland and grassland across Europe from 2009
to 2018.

These data sets have facilitated the creation of soil property maps, which are routinely employed for soil
degradation mapping. For instance, WOSIS data contributed to the development of SOILGRIDS, a globally
recognized soil data set with a spatial resolution of 250 m (Poggio et al., 2021). Additionally, Borrelli
et al. (2017a) utilized this data to produce a global soil erosion map. Similarly, spatial maps of physical properties
(Ballabio et al., 2016) and chemical properties (Ballabio et al., 2019) were derived from LUCAS data and are
widely applied throughout Europe. The SSURGO soil survey data from the United States was instrumental in
creating the POLARIS soil property maps, which have a spatial resolution of 30 m (Chaney et al., 2016). More
recently, Nauman et al. (2024) developed the Soil Landscapes of the United States (SOLUS) database at a 100-m
spatial resolution, incorporating multiple U.S. soil surveys. Likewise, a high-resolution organic carbon map was
generated using the Soil Data Federator, developed by CSIRO in Australia (Wadoux et al., 2023).

These data sets play a crucial role in the modeling of soil degradation phenomena, including soil erosion, runoff,
carbon depletion, compaction, and salinity, at both regional and global levels. Borrelli et al. (2021) conducted a
review of various soil erosion models, all of which necessitate soil data as a fundamental input. Their findings
indicated that 31% of researchers employed the Revised Universal Soil Loss Equation (RUSLE) and the Universal
Soil Loss Equation (USLE), both of which utilize soil property data to assess soil erodibility, a measure of soil's
vulnerability to erosion.

7.3. Machine Learning and Al for Soil Degradation

Machine learning and artificial intelligence are increasingly recognized as influential instruments in the field of
soil science and the assessment of land degradation processes (Davydzenka et al., 2022; Hassani et al., 2024;
Hengl et al., 2017; Minasny et al., 2024; Tahmasebi et al., 2020; Yulianto et al., 2023). Machine learning al-
gorithms have demonstrated high efficiency in identifying the key drivers of soil degradation, such as climatic
shifts, land use changes, and alterations in soil biochemical properties (Chen et al., 2024). These models integrate
diverse data sets, ranging from remote sensing imagery and climate factors to field observations, allowing for a
more comprehensive and scalable assessment of soil health. Integration of multi-scale data, in particular, Earth
Observation data, with Al-powered tools can fill the gap between local soil conditions and global degradation
trends, offering continuous maps of soil degradation processes worldwide. Figure 30 presents a typical workflow
for an Al-driven framework to predict soil properties and soil health index.

Barakat et al. (2023) successfully employed various machine learning techniques, including random forest, k-
nearest neighbor, and extreme gradient boosting, to evaluate soil erosion vulnerability across 3,034 erosion
sites. Khosravi et al. (2023) utilized deep learning methodologies, such as convolutional neural networks (CNN),
recurrent neural networks (RNN), and long short-term memory networks (LSTM), to forecast soil water erosion.
Ballabio et al. (2021, 2024) implemented deep neural networks and ensemble machine learning models to map the
distribution of heavy metals, leveraging the LUCAS data set. Bakhshian et al. (2025) developed a deep learning
model to predict near-term soil moisture dynamics using soil parameters and climatic variables, which were
evaluated against field measurements (Hohenegger, Ament, et al., 2023; Hohenegger, Korn, et al., 2023). The
results illustrated the robustness and efficiency of machine learning formalism for the spatio-temporal prediction
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Figure 30. A typical workflow for an Al-driven framework to predict soil health.

of soil moisture. Achu et al. (2023) applied machine learning to model landslide susceptibility, generating ac-
curate maps that identify areas at high risk. Additionally, Hassani, Azapagic & Shokri. (2020) created tree-based
predictive models to assess global soil salinity and sodicity over a span of four decades, achieving a resolution of
approximately 1 km?. Collectively, these investigations underscore the considerable promise of artificial intel-
ligence and machine learning in the mapping of land degradation processes.

Artificial Intelligence (AI) and Machine Learning (ML) play a crucial role in pinpointing areas of soil degra-
dation, thereby enabling policymakers to respond swiftly (Hassani et al., 2021). Gholami et al. (2024) employed
deep learning techniques to assess global susceptibility to wind erosion, uncovering that 26.1% of the world's land
is at a very high risk. According to Hassani, Azapagic & Shokri. (2020), from 1980 to 2018, approximately 11.73
million square kilometers of non-frigid soils were affected by salinity in at least 75% of the observed years, which
included 0.16 million square kilometers of agricultural land. Ballabio et al. (2024) detected cadmium contami-
nation hotspots in Ireland, Poland, and Slovenia, while Ballabio et al. (2021) reported elevated mercury con-
centrations near mining operations in Spain, Italy, Slovenia, and Slovakia. Saha et al. (2020) identified that 7% of
the Hinglo River basin in India is highly vulnerable to gully erosion. A multitude of studies underscores the
application of Al and ML in recognizing both current and potential land degradation hotspots (Hassani
et al., 2021). Furthermore, Hassani et al. (2021) forecasted future soil salinity levels for the periods 2031-2060
and 2071-2100 under various climate scenarios (RCP 4.5, RCP 8.5, SSP 2-4.5, SSP 5-8.5), pinpointing sali-
nization hotspots in the arid regions of South America, Australia, Mexico, the southwestern United States, and
South Africa, while anticipating a decrease in salinity in areas such as the northwestern United States, the Horn of
Africa, Eastern Europe, Turkmenistan, and Kazakhstan. In a similar vein, Panagos et al. (2022) projected a global
increase in rainfall erosivity for the periods 2041-2060 and 2061-2080, estimating a rise of 26.2%-34.3%
compared to the baseline of 2010, a change attributed to climate change. This escalation could result in a
30%—66% increase in soil erosion rates by 2070. Additionally, Park and Lee (2021) utilized ML to assess landslide
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susceptibility in South Korea under climate change scenarios (RCP 8.5), noting an upward trend in susceptibility
over time.

The ability to obtain real-time data on rainfall, soil samples, and various remote sensing products now enables the
continuous enhancement of soil degradation maps and real-time assessments through the application of evolu-
tionary machine learning and artificial intelligence. For instance, Panagos et al. (2017) produced a global map of
rainfall erosivity based on information from 3,625 monitoring stations, which was subsequently updated in 2023
(Panagos et al., 2023) with the addition of 314 new stations. Kumar et al. (2021) developed a straightforward ML
framework for modeling streamflow in real time, utilizing satellite-derived rainfall and soil moisture data while
controlling for other variables. Likewise, Ghadekar et al. (2024) employed the UNET deep learning architecture
to identify real-time soil erosion by analyzing satellite imagery sourced from Google Earth Engine.

Although these technologies are new tools for environmental analysis, it is essential to recognize their limitations.
Field validation and expert interpretation remain irreplaceable components of soil degradation assessment. The
integration of Al-driven approaches should be seen as complementary, not a substitute, for ground-based mea-
surements and domain knowledge.

8. Soil Degradation and the UN Sustainable Development Goals (SDGs)

Soil degradation represents a major challenge to soil health, directly impacting the achievement of the United
Nations SDGs, which aim to address critical issues such as poverty, hunger, public health, and environmental
sustainability (Bouma & Montanarella, 2016; Shokri et al., 2025). This situation underscores the urgent need for
effective strategies to safeguard soils from degradation, as healthy soil is fundamental for food production, the
preservation of water resources, the provision of ecosystem services, and climate regulation, all vital components
for a sustainable future (Robinson et al., 2014; Smith et al., 2015). These initiatives are essential for the sus-
tainability of soil and natural resources. The FAO has highlighted that healthy soil is “a prerequisite to achieving
the SDGs.”

As extensively examined in prior research (Hou et al., 2020; Lal et al., 2021), the health of soil is intricately
connected to several United Nations SDGs. Healthy soils are vital for agricultural productivity, which in turn
provides income and financial security for millions globally. Consequently, soil health is essential for achieving
SDG 1 (No Poverty), as the degradation of soil diminishes agricultural output, thereby intensifying poverty and
economic difficulties. Likewise, SDG 2 (Zero Hunger) is inherently linked to soil health; nutrient-dense soils
promote plant growth and crop yields, whereas degraded soils lead to diminished harvests, heightening the risk of
malnutrition, particularly among vulnerable populations. The advancement of innovative strategies for sustain-
able soil management and the monitoring of soil conditions is crucial for ensuring long-term food security and
resilience. Furthermore, degraded soils and eroded landscapes contribute to the occurrence of sand and dust
storms, increase exposure to harmful pollutants, and limit access to nutritious crops, all of which have direct
implications for public health, thereby connecting soil degradation to SDG 3 (Good Health and Well-being).
Additionally, in numerous areas, women represent a significant portion of the agricultural labor force. When soil
degradation leads to reduced crop yields and agricultural efficiency, it disproportionately impacts women's in-
come, economic autonomy, and food security, underscoring its relevance to SDG 5 (Gender Equality). Healthy
soils also function as natural water filtration systems, preventing contamination and enhancing access to clean
drinking water, which is vital for SDG 6 (Clean Water and Sanitation). In contrast, soil degradation results in
erosion and water pollution, adversely affecting sanitation. Moreover, soils are integral to sustainable industrial
practices, especially in the fields of agriculture and construction.

The quality of soil influences the frequency of natural disasters, which can compromise infrastructure and
economic stability, thereby highlighting its connection to Sustainable Development Goal 9 (Industry, Innovation,
and Infrastructure). Additionally, the degradation of soil adversely affects agricultural livelihoods, exacerbating
social inequalities and economic instability, which are critical aspects of Sustainable Development Goal 10
(Reduced Inequalities). Furthermore, deteriorating soil conditions heighten the risk of natural disasters such as
landslides and dust storms, presenting substantial challenges for urban environments, thus underscoring the
importance of soil health for Sustainable Development Goal 11 (Sustainable Cities and Communities). Sus-
tainable Development Goal 12 (Responsible Consumption and Production) relies on the maintenance of healthy
soils to support sustainable food systems. As soil degradation diminishes agricultural productivity, effective soil
management becomes essential for ensuring long-term agricultural viability. In addition, soils are crucial for
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climate regulation, influencing the water cycle, land-atmosphere interactions, and vegetation dynamics. They
serve as carbon sinks; however, when degraded, they can release stored carbon, thereby impacting climate, which
is a key focus of Sustainable Development Goal 13 (Climate Action). The implications of soil health for Sus-
tainable Development Goal 15 (Life on Land) are significant, as soil degradation threatens biodiversity, disrupts
ecosystems, and diminishes ecosystem services. When soil degradation results in resource scarcity and economic
downturns, it can lead to socio-economic instability (Chen & Mueller, 2018), conflicts, and even forced
migration, making the health of soil a fundamental component of Sustainable Development Goal 16 (Peace,
Justice, and Strong Institutions).

9. Future Needs and Research Directions

We have performed thorough analyses of multiple dimensions of soil degradation, addressing its definition,
implications, fundamental processes, and driving factors. Furthermore, we discussed techniques for measuring
soil degradation, sustainable land management strategies aimed at reducing its impacts, the application of big data
analytics in research related to soil degradation, and its relevance to the UN SDGs. In the subsequent sections, we
will outline challenges, open issues, and prospective research directions for soil degradation.

9.1. Multidisciplinary Investigations

Addressing soil degradation effectively requires a cross-disciplinary approach that integrates insights from
various fields, yet such collaborations remain limited. Climate science plays a crucial role in understanding how
changing weather patterns, extreme events, and shifting precipitation trends contribute to soil erosion, loss of
organic matter, and desertification. Economics and social sciences help assess the financial and societal impacts
of soil degradation, guiding the development of policies and incentives that encourage sustainable land man-
agement. Soil science provides the foundational knowledge of soil degradation processes, while IoT and sensing
technologies offer real-time monitoring solutions, enabling precise data collection on soil health parameters such
as moisture levels, nutrient content, and microbial activity. Meanwhile, advancements in computer science,
including artificial intelligence and machine learning, can enhance predictive modeling of degradation trends,
while engineering innovations contribute to the design of sustainable land management practices and soil
restoration techniques. Despite the potential benefits of integrating these disciplines, challenges such as lack of
standardized methodologies and limited collaboration between researchers from different fields hinder progress.
Moving forward, fostering interdisciplinary research initiatives and creating frameworks that facilitate knowledge
exchange will be essential for developing more comprehensive strategies to mitigate soil degradation.

9.2. Interactions Between Climate, Land Use and Soil Degradation Processes

The interplay between climate change and land use practices often results in intricate feedback mechanisms that
intensify soil degradation. For instance, climate change-induced loss of vegetation cover can increase the risk of
erosion, which subsequently reduces the organic matter content of the soil and its overall fertility. Soil erosion not
only removes essential nutrients but also compromises soil structure, thereby accelerating the degradation pro-
cess. Conversely, soils that are already degraded, become increasingly susceptible to climate-related stressors,
including extreme weather events, temperature variations, and precipitation patterns. These stressors can diminish
the soil's capacity to retain moisture, hindering its ability to support plant growth, which creates a vicious cycle of
declining soil health.

Furthermore, alterations in land use, such as deforestation or intensified agricultural practices, can result in a
decrease in soil biodiversity. This loss of biodiversity undermines the soil's capacity for regeneration and
adversely impacts the populations of crucial organisms, such as earthworms, microbes, and fungi, that are vital for
sustaining soil fertility and structure. The decline of these essential organisms further restricts the soil's resilience
to climate variability, worsening the degradation process.

Despite the recognition of these interconnections, the specific dynamics among climate-related factors, land use
practices, and soil degradation are not yet fully understood. There is a pressing need for further research to clarify
how various climate scenarios and land management approaches affect soil degradation across different regions
and ecosystems. Future investigations should focus on these complexities through both mechanistic modeling and
data-driven techniques. This approach will enhance our understanding of the diverse environmental and anthro-
pogenic factors contributing to soil degradation and help with developing more effective mitigation strategies.
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Original NASA blue marble

10
Wind speed

Figure 31. Global simulation conducted with the next-generation climate model ICON. The simulation was integrated with
coupled atmosphere, land and ocean processes and using a grid spacing of 1.25 km. On the left, the original NASA Blue
Marble image is presented alongside a visualization derived from the ICON output (Visualization credit: MPI-M, DKRZ and
NDVIA). On the right, the simulation illustrates wind speed, featuring a detailed view of wind patterns over southern Africa.
These plots represent snapshots captured on 11 December 1972, at 10:39 UTC (left) and 11:30 UTC (right).

9.3. Integration of New Generation of km-Scale Climate Models

Predicting climate conditions essential for studying soil degradation has traditionally been conducted on a global
scale using models that simulate the interactions among various components of the Earth system, including land,
atmosphere, ocean, and particles, with a grid resolution of 100 km. Recently, a new generation of climate models
has been developed (Figure 31), capable of simulating these interactions at a global level with a much finer grid
spacing of 10 km or less (Hohenegger et al., 2023; Rackow et al., 2025). Additionally, advancements have been
made in modeling the transport of particles, extending beyond hydrometeors (Weiss et al., 2025). This progress
for instance enables the simulation of dust release due to soil degradation, its subsequent transport by large-scale
wind patterns, and its impacts on radiation, cloud formation, precipitation, and the feedback mechanisms
influencing the climatic factors that drive soil degradation.

In the context of examining and forecasting soil degradation, employing global climate models at the kilometer
scale presents two significant advantages over coarse-resolution models. Firstly, these models provide a more
accurate representation of land surface heterogeneity. Secondly, they allow for the explicit modeling of
convective storms by directly solving the fundamental fluid dynamics equations, rather than relying on uncertain
statistical approximations known as convective parameterizations. This methodological shift has notable im-
plications for climate simulations, as it alters the characteristics of precipitation from continuous light rain to
brief, intense localized storms. Additionally, convective storms generate gusty winds, which are typically not
captured in coarse-resolution models. The ability to simulate the organization and movement of mesoscale
convective systems, such as squall lines in Africa, is now feasible. It is important to note that a kilometer-scale
climate model is not merely a refined version of its coarse-resolution equivalent; evidence suggests that explicitly
resolving convection, particularly over land, modifies the interactions between the land and atmosphere, resulting
in a reduced sensitivity of the atmosphere to land surface conditions (Yoon & Hohenegger, 2025). Furthermore,
unlike km-scale atmosphere-only regional climate models, the latest generation of global coupled km-scale
climate models allows for the large-scale circulation to evolve organically in response to localized land
changes, including their remote impacts on the ocean. Although the implications of resolving the Earth system at
kilometer scales for soil degradation have yet to be explored, the aforementioned distinctions indicate that
research on soil degradation could greatly benefit from the application of these advanced modeling tools.
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9.4. Interdisciplinary Investigations for Socio-Economic Research

The examination of the socio-economic consequences of soil degradation reveals significant deficiencies in the
existing literature that must be addressed to enhance the understanding of these impacts and to refine policy
interventions. A primary issue is the absence of a precise definition of soil degradation, which is often conflated
with land or environmental degradation. This ambiguity complicates the assessment of degradation's effects
(Olsson et al., 2023) and leads to inconsistencies that hinder comparative analyses across various studies, where
the terms may carry different interpretations and methodologies. Therefore, establishing standardized definitions
related to land and soil degradation would facilitate more effective comparisons over time and across different
regions. Much of the existing research concerning the effects of soil degradation on crop yields and agricultural
productivity originates from the 1970s (e.g., Eriksson et al., 1974; Gill, 1971), indicating a pressing need for
contemporary evaluations that utilize modern methodologies for assessing the impacts of soil degradation.

Although numerous localized studies have explored the various aspects of soil degradation and its socio-
economic ramifications, there is a critical need for more comparative research to gain a comprehensive under-
standing of the broader societal impacts of soil degradation, particularly concerning rural livelihoods and the
adaptation strategies employed by affected populations, such as migration and income diversification. The
concept of soil security (Koch et al., 2013) may serve as a valuable framework for conducting such interdisci-
plinary investigations.

Furthermore, the role of soil or land degradation as a driver of migration has been less scrutinized compared to
climate-related factors, despite the recognized significance of healthy soils for agricultural productivity (Hermans
et al., 2023). Additional research is necessary to explore the ways in which land degradation influences migration
and mobility, taking into account the complexities surrounding these phenomena, including reduced mobility and
the role of soil health as a facilitator of movement. The field can benefit from insights gained from the climate-
migration literature, which will aid in identifying the key research questions pertaining to the relationship between
soil degradation and migration.

9.5. Better Data Sharing and Integration Policy

One of the key challenges in advancing soil degradation assessments is the lack of a standardized and compre-
hensive data sharing and integration policy. Fragmented data sources form a major obstacle toward a holistic
understanding of the drivers, impacts, and solutions of soil degradation. Several factors currently prevent proper
data sharing and integration. Soil data is often fragmented across different institutions, countries, and research
projects. Also, many soil databases are proprietary or restricted, for instance, for privacy issues linked to soil
pollution (see e.g., Gobezie & Biswas, 2024). In addition, shared soil data sets are not always accompanied with
standardized, machine-readable metadata, and not all research articles are published together with an open-access
data set. Reusing soil data from previous studies also faces other problems, such as the lack of data harmonization
and the absence of communication between data providers and data aggregators (see e.g., Todd-Brown
et al., 2022).

Addressing these issues requires (a) soil data providers to follow the FAIR data principles, (b) open-access soil
data repositories, (c) metadata standards and data harmonization, and (d) collaboration between data owners and
data collectors. Firstly, the FAIR data principles aim to improve the Findability, Accessibility, Interoperability,
and Reuse of scientific data (Wilkinson et al., 2016). These are essential guidelines to increase the reusability and
longevity of soil data. Formulated more than a decade ago, most soil scientists are aware of the FAIR principles,
but their application is still not widespread. The FAIR data principles should also be applied for restricted data.
For example, soil data that are subjected to privacy issues and cannot be openly shared should still meet the FAIR
principles. Secondly, making soil data FAIR requires the use of trustworthy digital soil data repositories,
following the TRUST principles (i.e., Transparency, Responsibility, User focus, Sustainability, and Technology
(Lin et al., 2020)). Examples are Zenodo, the general-purpose open repository maintained by CERN, and the
ISRIC WDC-Soils data repository, an example of a domain-specific repository for soil data. Thirdly, widely
accepted metadata standards for soil data should form the base for data management and are crucial for successful
data sharing (R. Hoffmann et al., 2020; C. Hoffmann et al., 2020). Consistency between the methodology used to
gather and analyze soil samples is also important, and harmonization of field and laboratory measurement
techniques are needed, especially for large-scale predictive modeling (see e.g., Hassani, Azapagic &
Shokri, 2020). Fourthly, improving the willingness and ability to share and re-use soil data is not sufficient. To
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increase the reusability of soil data and the combined use of soil data from different sources, collaboration and
conversation between data owners and data collectors are needed. Also, collaboration between different types of
data owners, such as governments, research institutions, and private entities is needed. Working groups and
stakeholder interactions, as well as working toward common goals, can help to achieve this.

Several open-access initiatives are actively working along these lines and are addressing these issues. For
instance, the World Soil Information Service (WoSIS; Batjes et al., 2020; Ribeiro et al., 2018) provides freely
available, standardized, and harmonized soil data. The European Soil Data Center (ESDAC), gathering and
disseminating more than 130 soil related data sets and knowledge at the EU-level, such as the LUCAS Soil data
set, applies an open access data policy and provides associated metadata and documentation (Panagos, Borrelli,
et al., 2022; Panagos, Van Liedekerke, et al., 2022). The ESDAC will work in the upcoming years toward a new
portal, the EU Soil Health Portal, reflecting the requirements specified in the proposed EU Soil Monitoring and
Resilience Directive. This portal will integrate data from European and national soil monitoring schemes with
other data streams coming from earth observation, citizen science, proximal sensing, as well as from research
projects funded by the Mission Soil. In addition, the Soil Mission promotes the open access principle for the data
sets that will be produced within the 60+ projects currently running and the 100 Living Labs.

9.6. Opportunities From Industry 4.0 Technologies

Al and predictive modeling frameworks are currently transforming the evaluation of soil degradation by creating
novel avenues for detecting early warning signs of degradation prior to the attainment of critical thresholds
worldwide. Through the analysis of large-scale environmental data sets, Al models present an effective and
scalable method for monitoring soil health, thereby minimizing the necessity for comprehensive field surveys. Al
models can also analyze high-resolution spatial and temporal data to detect expected changes in soil salinity,
organic carbon content, erosion risks, and other factors that often trigger soil degradation processes. Moreover,
Al-driven simulations allow for scenario-based projections of soil conditions under different climate and land use
scenarios, providing policymakers and land managers with actionable insights for preventive interventions
(Borrelli et al., 2020; Hassani et al., 2021; Shokri et al., 2024).

Limitations still need to be addressed for these technologies to be fully effective in tackling soil degradation. Al
models often struggle to quantify the uncertainty in predictions, which can be critical when making decisions that
impact soil management practices. Providing reliable confidence intervals would help stakeholders understand
the reliability of the results and the potential risks associated with predictive models. Moreover, the effectiveness
of Al in soil degradation assessments depends on the availability and quality of input data. AI and machine
learning models are highly dependent on the data they are trained on. Several global soil monitoring data sets
provide essential input for Al-driven predictive modeling, including the Land Use/Cover Area Frame Survey
(LUCAS), the SoilGrids data set from ISRIC, the Global Soil Organic Carbon Map (GSOC), the European Soil
Data Center (ESDAC), the Harmonized World Soil Database (HWSD), and the World Soil Information Service
(WoSIS). These data sets can be used to facilitate large-scale and high-resolution assessments of soil degradation
trends worldwide by integrating field-based observations with remote sensing products. When the data used to
develop the models does not adequately represent the full range of environmental, climatic, and soil conditions,
the models may generate skewed or context-specific results. As a result, the predictions may not generalize well to
new or different regions, making them less effective for broader applications in soil degradation monitoring.

Errors in input data, such as satellite imagery or field observations, can propagate through Al models, leading to
inaccurate predictions. These errors may amplify, especially when integrating large-scale data sets from diverse
sources with varying levels of quality, which can result in unreliable assessments of soil health (Hassani, Aza-
pagic & Shokri, 2020). Also, different Al and machine learning models might identify different sets of critical
parameters or drivers of soil degradation, making it difficult for practitioners to trust or implement Al-driven
recommendations across diverse regions and contexts. Ensuring reproducibility across different models and
data sets is a key challenge.

9.7. Citizen Science in Soil Science for Enhanced Soil Degradation Monitoring and Prevention

Citizen science is an emerging research approach that actively involves non-expert participants in scientific in-
vestigations, allowing for large-scale data collection and fostering public engagement. In the context of soil
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science, citizen science holds great potential for improving the monitoring, understanding, and mitigation of soil
degradation. Traditional soil assessment methods rely on expert-led field surveys and remote sensing, but citizen-
driven data collection can complement these approaches by increasing spatial and temporal coverage. This is
particularly relevant for soil degradation, which requires continuous observation to detect early warning signs and
implement timely interventions.

One significant initiative embracing citizen science in soil monitoring is the EU Mission A Soil Deal for Europe
(Mission Soil), which aims to establish 100 living labs and lighthouses to drive the transition toward healthier
soils by 2030 (Panagos et al., 2024c). A living lab is an open-innovation ecosystem where researchers, policy-
makers, industries, farmers, and citizens co-develop and test sustainable soil management practices in real-world
settings (Veeckman et al., 2013). These initiatives emphasize participatory approaches, bridging the gap between
scientific knowledge and practical applications.

9.8. Lack of Time-Series Data for Predictive Modeling

One limitation of the available input data sets to assess soil degradation using Al-driven models or other ap-
proaches is the lack of dynamism in data collection. Dynamic soil parameters, such as SOC or salinity data, are
often sampled at different locations, with limited efforts to revisit the same sites in subsequent data collection
campaigns. This reduces the ability of Al models to make dynamic predictions or conduct longitudinal evalua-
tions of soil degradation trends over time. The LUCAS soil sampling campaigns represent one of the attempts to
establish periodic resampling, aiming to provide temporal insights into soil condition changes (Orgiazzi
et al., 2018). However, even within LUCAS, certain parameters and locations have not been consistently
revisited, leading to gaps in long-term monitoring. This limitation poses challenges for Al-driven modeling, as
robust trend analysis and predictive capabilities require data sets with temporal continuity. Future advancements
in Al-based soil degradation assessments would greatly benefit from standardized, frequent, and spatially
consistent resampling efforts to enhance the reliability of long-term projections.

Additionally, the future advancements in Al-driven soil degradation assessments must prioritize the refinement of
predictive frameworks by integrating high-resolution data sets and enhancing model precision. Incorporating
additional soil degradation indicators, such as microbial activity and soil chemical properties (e.g., soil pH), can
improve the sensitivity and reliability of AI models in capturing different aspects of soil degradation. Expanding
the spatial and temporal resolution of global soil monitoring networks can further enhance predictive capabilities
of the Al models to detect soil degradation hotspots under different scenarios.

9.9. Data Integration Platforms and GIS Tools

As mentioned earlier, the amalgamation of Geographic Information Systems (GIS) with diverse data sets, such as
satellite imagery, field observations, and climate information, is on the rise. This interdisciplinary methodology is
progressing swiftly, empowering researchers to refine their analyses and acquire more in-depth understanding of
soil degradation. A variety of initiatives have been initiated and are continuously developing. For instance,
contemporary GIS software incorporates integrated packages for different models aimed at estimating spatial soil
erosion and surface runoff within catchment areas. Noteworthy examples include ArcSWAT (Yadav &
Singh, 2024) and QSWAT (Tanksali & Soraganvi, 2021), which utilize the Soil Water Assessment Tool (SWAT)
model within ArcGIS and QGIS, respectively. Additionally, several geospatial platforms facilitate the imple-
mentation of the Water Erosion Prediction Project (WEPP) model across various software environments and
scenarios, including GeoWEPP (Renschler, 2003), GEMSE (Baigorria & Romero, 2007), QWEPP (Miller
et al., 2022), and WEPPcloud (Lew et al., 2022). Recently, QGIS has launched QGeoWEPP to support high-
resolution, watershed-level assessments of soil erosion (Zhang & Renschler, 2024). These software tools
allow users to leverage high-resolution satellite and climate data for research purposes without necessitating
programming skills.

High-resolution Geographic Information System (GIS) analysis requires substantial computational resources,
which can limit access for researchers, particularly in developing countries. To mitigate this issue, there is a
growing trend among researchers to utilize cloud-based platforms such as Google Earth Engine (GEE) and
Microsoft Planetary Computer. These platforms provide scalable computing capabilities, extensive geospatial
data sets, and Al-enhanced analytics for processing large volumes of environmental data (Lukacz, 2022; Zhao
et al., 2021). For instance, Chen et al. (2021) employed GEE to assess the degradation of temperate forests
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through Landsat time series analysis. Nonetheless, a significant obstacle associated with these platforms is the
requirement for coding skills in programming languages such as JavaScript and Python, which can hinder re-
searchers who lack such expertise.

Additionally, high-resolution satellite imagery can be costly, and while free data sets like Sentinel and Landsat are
available, they often suffer from limitations such as reduced temporal resolution or issues with cloud cover. To
overcome these challenges, NASA's Harmonized Landsat-Sentinel (HLS) initiative integrates data from both
satellite systems, delivering consistent, high-quality, and frequent imagery for global environmental monitoring
(McCormick et al., 2025). Furthermore, there is a notable deficiency in hyperspectral data sets for monitoring land
degradation. Presently, only two hyperspectral data sets are accessible at no cost: the PRISMA (PRecursore
IperSpettrale della Missione Applicativa) satellite and the EnMAP (Environmental Mapping and Analysis Pro-
gram) satellite. Both data sets provide a spatial resolution of 30 m, with PRISMA featuring a swath width of
20 km and a 5-day revisit cycle, while EnMAP offers a 30-km swath and a 4-day revisit cycle (Chabrillat
et al., 2024; Delogu et al., 2023). Future missions, such as the European Copernicus Next Generation Hyper-
spectral Satellite (CHIME) and Hyperfield-1a, are anticipated to enhance this data set availability (Rast
et al., 2021; Tikka et al., 2023).

9.10. Ethical Dimensions of Soil Degradation and Conservation

Soil degradation presents numerous ethical challenges, particularly in light of our enhanced ability to quantita-
tively assess soil conditions. The following discussion will highlight three of the most urgent challenges and
identify future avenues for ethical inquiry.

9.10.1. Data Protection

The quantitative assessment methods presented in this paper yield novel types of soil data that can be very
sensitive, enabling a broader spectrum of predictions and thereby also holding significant economic implications.
For example, soil degradation data can affect land valuation, agricultural subsidies, investment choices, and even
aspects of food and national security, necessitating a specialized framework for both analysis and protection. The
governance of such soil data, particularly through artificial intelligence technologies, emerges as a vital area of
research that intersects with data ethics, environmental justice, and global sustainability. Future investigations
should focus on designing regulatory frameworks that guarantee access to data, prevent the misuse of sensitive
information, and leverage soil intelligence for the advantage of local farmers and overall ecological stability. A
solely individualistic approach to data ownership, which treats soil data as private property of landowners, may
prove inadequate, especially considering that soil degradation has far-reaching environmental repercussions,
including cross-border desertification, sand and dust storms, and biodiversity loss. However, conceptualizing soil
data solely as a public resource could raise fairness concerns, particularly for farmers who might be forced to
share their data with corporations or governmental entities without adequate safeguards. The prevalent consent-
based model of data governance appears particularly problematic in this scenario: farmers frequently lack
negotiating power, may be coerced into agreements that validate exploitative data practices, or may not fully
grasp the implications of for example, Al-driven data analytics on their land's value and their future resource
access (Cofone, 2024). An alternative framework, such as Helen Nissenbaum's Contextual Integrity, offers a
potentially more effective approach by emphasizing that both data acquisition and data flow should align with the
appropriate norms of the given context. This perspective transcends the transactional focus of traditional consent
models. Contextual Integrity posits that privacy encompasses more than merely controlling access to information
through individual consent; it involves ensuring that data flows are appropriate and respectful of prevailing social,
ethical, and political norms (Nissenbaum, 2004). This perspective prompts essential inquiries regarding the
governance of soil data: What norms should guide the collection of soil data? Should various categories of soil
data be managed differently according to their ecological, economic, or security significance? How can data
sharing or restrictions be implemented to reconcile private land ownership with collective environmental
stewardship?

9.10.2. Responsibility

The enhanced accuracy of soil degradation assessments has also revealed its transboundary impacts, and it will
now raise ethical and geopolitical questions about responsibility, prevention, and reparations. Degradation
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occurring in one country can adversely affect other countries; for example, salinization transported by wind
(Hassani, Azapagic, D'Odorico, et al., 2020) or water, desertification that crosses borders, and carbon emissions
from compromised land can influence climatic conditions in distant regions. This situation complicates traditional
models of responsibility, which typically concentrate on a narrow range of causal factors or agents. Soil depletion
arises from a multifaceted interaction of local agricultural practices, global market dynamics, historical envi-
ronmental policies, and broader environmental changes. Moreover, the repercussions of soil degradation extend
beyond national boundaries, particularly when they influence food security, migration patterns, and economic
stability across various regions. In light of this complexity, a simplistic liability model for assigning responsibility
may no longer suffice; instead, it is essential to develop a framework that recognizes diverse types of re-
sponsibilities and obligations based on causal contributions and possibly factors such as vulnerability and eco-
nomic power (Kiener, 2024). Critical questions that emerge include: If a less economically developed country is
responsible for degradation but lacks the means to address it, should wealthier nations offer financial assistance?
If high-income countries are responsible for industrial agriculture and deforestation that lead to depletion else-
where, do they have an obligation to support soil restoration efforts? When degraded soil exacerbates climate
change, should nations face penalties for inadequate land management, or would a global incentive system prove
more effective? Tackling these issues asks for a reevaluation of how concepts of sovereignty, responsibility, and
economic principles intersect with ethics in a context where soil degradation is increasingly acknowledged as a
collective challenge rather than solely a national concern.

9.10.3. Sustainability and Food Security

A significant challenge lies in reconciling sustainability with food security, as the need to ensure immediate food
availability often conflicts with soil conservation, leading to potentially complex trade-offs (Van de Poel, 2015;
Van den Hoven et al., 2015). In emergency scenarios, such as those marked by food shortages that jeopardize
livelihoods, it may be justifiable to prioritize agricultural production over short-term soil sustainability. Never-
theless, there exists a critical threshold beyond which continued exploitation of soil resources becomes ethically
indefensible, particularly when empirical evidence reveals irreversible environmental degradation or when the
adverse effects disproportionately impact marginalized communities that do not gain from the exploitation of the
soils in question. The complexity of these issues is further compounded when food production is outsourced
globally, where some countries may deplete soil resources in other regions while safeguarding their own. This
situation raises important questions regarding global environmental justice, as the immediate agricultural gains
for some often result in long-term soil sustainability challenges for all. Drawing the line between short-term
advantages and long-term sustainability, as well as equitably distributing the associated benefits and burdens,
requires a framework that integrates scientific insights with ethical principles. Critical inquiries include: At what
point should nations that rely on external soil resources play a role in supporting their sustainability and resto-
ration? Is there a threshold at which the environmental damage inflicted by a nation becomes so severe that its
sovereignty over agricultural policies must yield to a collective global obligation for sustainability? Ultimately,
are sustainability and food security inherently conflicting objectives, or can they be reconceptualized as inter-
dependent responsibilities?
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