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Abstract

Soils are estimated to contain more than half of the biodiversity on our planet, encompassing a rich spectrum of
genes, organisms and functions that play a crucial role in many ecological processes, such as nutrient cycling, organic
matter decomposition, and the creation of a well-structured soil matrix. However, soils encounter many threats
that significantly challenge their functionality and biodiversity. The FAO Report on the State of Knowledge of Soil
Biodiversity identified 12 primary threats to soil and soil biodiversity, highlighting regional and unique ecozonal
perspectives. Most threats to soil come from anthropogenic land use activities and management practices associated
with intensive agriculture, livestock, forestry, and other resource extraction activities, as well as industrial activities,
infrastructure and urbanization, which vary in strength across various regions and ecozones. However, these threats
are highly interconnected and often culminate in losses to soil organic matter (SOM) and soil organic carbon (SOC)
— also considered a threat itself — that drives changes in physical, chemical and biological attributes of the soil
environment that lead to soil biodiversity loss. We conceptualize these interlinked threats as a threat network or ‘threat-
work’, where the loss of SOM plays a pivotal role. Addressing this threat-work requires a mechanistic understanding
of how soil biodiversity loss occurs across diverse landscapes and ecozones. SOM is essential for creating a favorable
environment for soil biodiversity by enhancing nutrient availability, water retention, and soil structure. Losses in
SOM, closely tied to the mechanisms of soil biodiversity loss, alter physical, chemical, and biological soil attributes,
leading to biodiversity decline. Such knowledge can identify priority areas for restoration and inform best practices
to conserve soil biodiversity. Protecting and enhancing SOM is central to these efforts. By disentangling the drivers
of soil biodiversity loss and their interactions within this threat network, we can develop holistic strategies to mitigate
soil biodiversity loss, safeguard soil health, and ensure the sustainability of soil ecosystems globally.
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1. Introduction

Soils are estimated to contain more than half the
biodiversity of our planet (Anthony et al. 2023),
encompassing a rich spectrum of genes, organisms and
functions that play a crucial role in many ecological
processes such as nutrient cycling, organic matter
decomposition, and the creation of a well-structured
soil matrix (Coleman 2008, Wan et al. 2022, Wu et
al. 2024). Recognizing the critical functionality of
soil biodiversity has spurred interest in understanding
the intricate relationships between soil organisms and
their roles in sustaining ecosystem functions (Cadel et
al. 2023). Herewith, soil biodiversity has emerged as
a central topic in scientific research (Wall et al. 2012,
Wagg et al. 2014, Delgado-Baquerizo et al. 2020,
Philippot et al. 2024). Concomitant is a noticeable shift
from localized studies that quantify soil biodiversity to
a broader exploration of theories and fundamentals on a
global scale (Adhikari & Hartemink 2016, Orgiazzi et al.
2016a). This shift in focus reflects a growing awareness
of the crucial contributions of soil biodiversity to global
processes, such as nutrient cycling, carbon sequestration,
primary productivity and overall ecosystem resilience
(Coleman 2008).

Soil biodiversity, like all global biodiversity, is facing
severe declines, and a comprehensive review of the
interactive effects of multiple threats and stressors is
warranted (Jeffery & Gardi 2010, Gardi et al. 2013, Geisen
et al. 2019, Rillig et al. 2019, Tibbett et al. 2020, Guerra
et al. 2020a, Barreto & Lindo 2022, Guerra et al. 2022).
Declines in soil biodiversity come from a multitude of
threats and stressors that present significant challenges
to their functionality and biodiversity (Blankinship et
al. 2011, Lindo 2015). In this context, threats are defined
as factors, conditions or environmental trends with
potentially negative impacts on ecosystem components
(e.g., the well-being of a species, population, community
or ecosystem), while stressors are defined as specific
processes that harm ecosystem components, causing
lethal or sublethal negative effects on the ecosystem
components. The effects of threats or stressors may be
acute, while some may be more chronic. Either can carry
legacy effects that create time lags or feedback (e.g.,
Rousk et al. 2013), making a thorough understanding to
prevent or ameliorate these threats and stressors difficult.

The FAO Report on the Status of Soil Biodiversity
(FAO et al. 2020) outlined 12 primary threats to soil
biodiversity (Table 1; Figure 1). Although these threats
may differ among various regions in the world, the
majority of them predominantly stem from anthropogenic
land use activities and management practices, such
as intensive agriculture, livestock farming, ranching,

forestry, deforestation, resource extraction activities such
as mining, and oil and gas exploration, and industrial
activities, infrastructure and urbanization (Gregory et
al. 2015, Orgiazzi et al. 2016b). These landscape-level
human-induced activities degrade soil and disrupt the
soil’s physical, chemical and biological characteristics
that are critical for maintaining soil biodiversity. Physical
disruptions to soil structure include compaction, soil
sealing and erosion (Gardi et al. 2013) that result in the
loss of pore space, diminished oxygen availability, altered
soil temperature, and hinder the movement of air, water
and nutrients. Chemical alterations in soil arise from
direct applications of substances like chemical fertilizers,
pesticides, and pollutants (Biswas et al. 2018), as well as
indirect consequences of other activities and management
practices that can shift soil pH, ion concentrations,
nutrient availability, metals and/or salts, or redox potential
(Semple et al. 2003). Reductions in bioregulation and
biocontrol manifest through the introduction of invasive
species (Gardi et al. 2013), shifts in the dominance of
certain species like pests and pathogens, and losses in
key species that maintain stability in soil food webs (de
Castro et al. 2021), multifunctionality (Wagg et al. 2014),
and mutualistic relationships.

The most substantial indicator of degraded soil,
and a common result of most threats is the loss of soil
organic matter (SOM) (Figure 1) (Jeffery et al. 2010).
Soil organic matter plays a pivotal role in maintaining
soil physical properties, while SOM decomposition by
microorganisms, and faecal pellet formation by soil
fauna in particular (McGill & Spence 1985) contributes
to the formation of stable soil aggregates, fostering a
well-structured soil matrix (Oades 1984). The depletion
of SOM also leads to the loss of essential components
such as carbon and nutrients (Johnston et al. 2009),
along with adverse effects on moisture-holding capacity
and soil structure (Li et al. 2018). Soil organic matter
forms an important resource basis for the soil food
web (Hunt et al. 1987), and the trophic interactions
among soil organisms, in particular the soil fauna, are
recognized as important components in the cycling of
materials, carbon and nutrients in soils (Barreto et al.
2024). The relationship between soil biodiversity and
SOM is intimately linked (de Vries and Caruso 2016); not
only does SOM form the basis of food webs, but recent
studies have indicated that a large percentage of SOM
is soil organism necromass (Wang et al. 2021), and the
loss of SOM may be indicative of a negative feedback
loop in this relationship (Camenzind et al. 2023). The
loss of SOM can have additional feedback effects on
physical, chemical and other biological attributes of the
soil environment, further exacerbating negative impacts
on soil biodiversity.
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Table 1. The main threats to soil biodiversity, as outlined by the UN-FAO report on the Status of Soil Biodiversity (2020), are linked to
specific stressors and the mechanisms of soil biodiversity loss.

Threat as outlined by UN-FAO

Stressor

Mechanism

Deforestation
Urbanization
Agricultural intensification

Loss of pore space

Reduced oxygen availability
Changes in soil temperature
Change in water holding capacity

Compaction and soil sealing

Loss of SOM/SOC Soil loss and erosion . . .
Fi Changes in soil horizon structure
ire .
. Loss of topsoil

Erosion L.

. . Reduction in SOM
Desertification L . .

Reduction in soil nutrients

Deforestation Loss of pore space

Soil compaction

Reduced oxygen availability

Compaction and soil sealing

Desertification Change in water holding capacity
Loss of pore space
Reduced rainwater infiltration
Urbanization Loss of soil nutrients

Soil sealing

Disrupt soil aggregates
Changes in soil temperature
Reduced oxygen and other gas exchange

Deforestation
Compaction and soil sealing
Climate Change

Changes in soil temperature

Changes in soil moisture
Influence metabolic activity (enzymes, growth)

Deforestation

Agricultural intensification
Compaction and soil sealing
Climate Change

Changes in soil moisture

Influence metabolic activity (enzymes, growth)
Reduce oxygen availability
Influence redox potential

Agricultural intensification

Chemical fertilizers

Alter nutrient availability
Increase soil acidification
Increase soil salinization
Toxicity

Urbanization
Agricultural intensification
Pollution

Pollutants and contaminants

Toxicity

Changes in soil porosity
Changes in water infiltration
Influence metal transport

Acidification and nutrient imbalances

Acidification

Solubility of soil nutrients and nutrient availability

Agricultural intensification
Compaction and soil sealing
Acidification and nutrient imbalances
Salinization and sodification

Salinization and sodification

Affects soil structure (disperse clay particles) and
breakdown soil aggregates

Form soil crusts

Influence availability of soil nutrients

Creates osmotic stress and affects water availability
Leach nutrients

Toxicity

Influence oxygen availability

Invasive species

Climate Ch Ch in red tential
fmate thange anges i redox potentia Influence availability of soil nutrients
Affects SOM quality and quantity
Urbanization Influence soil acidity
Climate Change Invasive species Influence soil nutrients

Modity soil structure
Affects soil water infiltration
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Table 1 continued

Threat as outlined by UN-FAO

Stressor

Mechanism

Agricultural intensification
Fire
Invasive species

Changes in plant-soil interactions

Affects SOM quality and quantity
Modity soil structure

Influence soil moisture availability
Toxicity

Invasive species

Changes in soil food webs

Altered predator-prey interactions

Loss of SOM/SOC Reduced systems stability
Affects cation exchange capacity
. Affects pH buffer and soil acidity
Deforestation . I
L Loss of nutrient availability
Urbanization

. . . . Reduce oxygen and other gas exchange
Agricultural intensification . .
Reduce water holding capacity

Loss of SOM/SOC Loss in SOM - .
- Diminished soil pore space
ire
Increase erosion potential
Climate Change . P
. . Affects soil temperatures
Desertification

Loss of soil aggregates
Loss of soil food web basal resource

Figure 1. Main threats to soil biodiversity as outlined by the UN-FAO report on the Status of Soil Biodiversity (2020). Threats operate
as interconnected and interacting factors that drive soil biodiversity loss through diverse mechanisms, and often culminate in the loss of
soil organic matter (SOM), either directly or indirectly. The complex interactions within this network of threats is referred to as the ,,soil
biodiversity threat-work®. Understanding these interactions is essential for developing sustainable soil management practices aimed at
preserving soil biodiversity, and mitigating soil biodiversity loss.
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In this review, we address how an interconnected
network of threats to soil biodiversity cumulate in losses
to SOM and soil organic carbon (SOC) across local,
regional and global scales that drive changes in physical,
chemical and biological attributes of the soil environment
that lead to soil biodiversity loss. We refer to this network
of interconnected threats to soil biodiversity as the
threat-work.

2. Soil Organic Matter Loss as a

Mechanism of Soil Biodiversity
Loss

The importance of SOM cannot be understated. Soil
organic matter interacts dynamically with physical,
chemical, and biological attributes of soil, influencing
soil structure, fertility, nutrient cycling, and ecosystem
functioning (Powlson et al. 2011, Cotrufo et al. 2013). Yet,
nearly all the FAO listed threats (of which loss of SOM is
one) culminate in losses of SOM (Figure 1). Agricultural
intensification, deforestation, and climate change

typically lead to a net loss of SOM and SOC through
a variety of mechanisms, largely related to disturbing
soil structure, removing or altering organic inputs, and
promoting decomposition (Lal 2004, Haddaway et al.
2015). The loss of SOM can be considered habitat loss at
the scale of most soil organisms, and a main mechanism
of soil biodiversity loss (Newbold et al. 2015). The loss
of SOM is also a significant concern for biologically
mediated soil functions, particularly those associated
with the cycling of carbon and nutrients, moisture-
holding capacity and soil structure (Figure 2). Hence,
the preservation of SOM content and composition plays
a key role in supporting, conserving, and promoting soil
biodiversity.

SOM contributes to the Physical soil environment
influencing its porosity, water-holding capacity,
and aeration. Soil organic matter acts as a natural
cementing agent in soil, promoting the formation of
stable aggregates through the binding action of organic
compounds such as polysaccharides and microbial by-
products (Haynes & Swift 1990). These aggregates play
a crucial role in soil structure, stability, and fertility,

Soil Organic Matter

Figure 2. Losses of soil organic matter (SOM) and soil organic carbon (SOC) at local, regional, and global scales drive changes in the
physical, chemical, and biological attributes of the soil environment, ultimately leading to soil biodiversity loss. Declines in SOM are
particularly detrimental to biologically mediated soil functions, including carbon and nutrient cycling, moisture retention, and maintaining
soil structure. Key chemical attributes of SOM include maintaining cation exchange capacity (CEC), pH, nutrient availability, and oxygen
levels; physical attributes include moisture retention, the creation of diverse pore sizes, erosion resistance, temperature regulation, and soil
structure. SOM also forms the biological foundation of the soil food web. Hence, the preservation of SOM content and composition plays

a key role in supporting, conserving, and promoting soil biodiversity.
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influencing water retention, nutrient cycling, and plant
growth. The promotion of soil aggregation plays a critical
role in creating and maintaining macropores (larger
channels for air and water movement) and micropores
(smaller spaces between soil particles) that enhance soil
aeration and facilitate water infiltration, root growth,
and nutrient movement. These pore spaces also provide
habitat and facilitate the movement of non-burrowing
soil organisms (Porre et al. 2016). Soil organic matter
provides physical support for plant roots and forms a
protective layer on the soil surface, reducing the impact
of raindrops and erosive forces, which helps prevent soil
erosion. Soil organic matter also acts as an insulating
layer, regulating soil temperature and reducing moisture
loss (Rinke et al. 2008).

SOM affects the Chemical soil environment by
influencing nutrient cycling, pH buffering, cation
exchange capacity, chemical stability, and metal chelation.
Soil organic matter improves the cation exchange
capacity (CEC) of soil (Stevenson 1982) by providing
binding sites for positively charged ions (cations; e.g., Ca,
Mg, K, NH4*) because SOM contains many negatively
charged functional groups such as carboxyl, phenolic,
and hydroxyl groups that attract and retain cations in
the soil matrix. This increased CEC conferred by SOM
enhances nutrient retention, soil fertility, and cation
availability in soil ecosystems (Solly et al. 2020). The
organic acids and bases in SOM can neutralize excess
acidity or alkalinity in soil and buffer the soil pH, keeping
it within a relatively stable range. Soil organic matter can
also chelate metals in soil, influencing their solubility,
mobility, and bioavailability, reducing their toxicity
and potential for leaching or runoff, which can reduce
ecological impacts on soil organisms and plants. SOM
serves as a reservoir and source of essential nutrients (N,
P, K) and micronutrients, and the chemically stable forms
of organic matter contribute to soil carbon sequestration,
soil organic carbon storage, and climate change mitigation
efforts.

SOM influences the Biological environment of soil,
serving as the basal resource for the soil food web,
providing habitat for the myriad of species living in the
soil, and facilitating the cycling of nutrients and energy
(Hunt et al. 1987). Soil organic matter consists of a diverse
array of organic compounds that serve as substrates for
microbial metabolism and contributes to the chemical
diversity of the soil environment, thus supporting diverse
trophic interactions. Soil organic matter is also the source
of food for bioturbating invertebrates like earthworms
that are crucial in producing the stable macroaggregates
that constitute a major proportion of the friable soil

structure in many ecosystems (Six et al. 2004). The soil
food web feeds back into the detrital pool of SOM through
decomposition and necromass production (Delgado-
Baquerizo et al. 2020), which is estimated at 30-50%
of total SOM for temperate soils (Liang et al. 2019) and
forms persistent SOM (Wang et al. 2021). Biodiversity
and SOM are so closely related that, in some cases, SOM
is used as a proxy for soil biodiversity (Jones et al. 2021).
The loss of SOM 1is a critical issue driven by
interconnected physical, chemical, and biological
threats, which act through reinforcing processes that
accelerate SOM decline and reduce soil biodiversity.
Physically, soil erosion and compaction disrupt the
structural stability essential for SOM protection,
exposing organic matter to decomposition. Chemically,
acidification, salinization, and nutrient imbalances alter
soil chemistry, reducing SOM stability and impairing its
sequestration. Biologically, biodiversity loss diminishes
microbial activity and ecosystem functions critical for
SOM formation and decomposition regulation. These
threats and associated stressors operate synergistically,
creating feedback loops that exacerbate SOM depletion
and soil degradation. The following sections explore
these physical, chemical, and biological dimensions,
emphasizing their mechanisms, interactions, and
cascading impacts.

3. Physical Threats to Soil

Biodiversity Loss

Threats to soil biodiversity that alter the physical soil
environment include direct effects of soil erosion,
compaction and soil sealing, as well as indirect effects
of intensive agriculture, deforestation and climate change
on soil structure, temperature and moisture. Physical
disturbances to soil structure, both compaction and
erosion can lead to loss of pore space, reduced oxygen
availability, changes in soil temperature, changes in water
infiltration, soil moisture and water holding capacity,
that affect soil biodiversity, including disruption of
fungal networks, and changes in whole biotic community
composition or structure.

Soil loss and erosion through the removal of the soil
cover by urbanization, landslides, water or wind erosion,
and fire affect soil biodiversity directly and indirectly.
Erosion can physically remove topsoil leading to a direct
loss of soil biodiversity and a reduction in SOM and soil
nutrients (Qiu et al. 2023). This loss of the uppermost
soil layer, where most soil microbial and faunal species
inhabit, has a direct impact on soil biodiversity through
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habitat loss at these small spatial scales. The removal of
this nutrient-rich layer can also deprive soil organisms of
essential resources since the organic matter in this layer
serves as the basal resource for the soil food web. The
loss of this resource shifts community composition and
reduces soil biodiversity (Guerra et al. 2020b). Erosion
can also change soil properties, such as surface soil
texture and structure, as the finer particles and organic
matter are lost from the surface soil.

Altering these soil characteristics can impact habitat
suitability for various soil organisms because changes
in soil texture and structure can affect water retention,
aeration, and nutrient availability, influencing the
survival and distribution of soil biodiversity (Brussaard
et al. 2007). Erosion can also lead to soil compaction,
especially in areas where soil is exposed and vulnerable to
compaction by external forces such as rainfall and traffic.
The disturbance caused by erosion creates opportunities
for pioneer species that may have different ecological
requirements than the original soil community. This can
shift the composition of the soil community, potentially
favouring invasive species that can outcompete native
species and further contribute to soil biodiversity loss.

Soil compaction and loss of soil pore space not
only impact soil structure but also diminish habitat
heterogeneity within soil ecosystems. Pore spaces
serve multiple functions that support soil biodiversity
and ecosystem functioning. Compaction reduces soil
porosity and air space, limiting the movement of air,
water, and nutrients within the soil profile and removing
habitat for mesofauna and microfauna who cannot create
habitable pore space for themselves (Porre et al. 2016).
Soil pore spaces are also exploited by plant roots as
anchor points and for access to soil water and oxygen,
nutrient uptake and interactions with soil biota. The
presence of pore spaces creates microhabitats within the
soil environment, contributing to habitat heterogeneity
and offers regions of the soil profile that differ based
on factors such as moisture, aeration, protection from
predators, and nutrient availability. The availability
of varied microenvironments created by soil pore
spaces supports the coexistence of multiple species and
promotes biodiversity within soil ecosystems (Anderson
1975, Giller 1996).

Oxygen is vital for the aerobic respiration of most soil
organisms and the exchange of gases through pore spaces
helps maintain aerobic conditions in the soil, facilitating
the metabolic activities of soil organisms and preventing
the accumulation of other gases. Moreover, pore spaces
function as conduits for water movement within the
soil profile via capillary action and gravity, distributing
moisture throughout the soil matrix (Bodner et al.

2023) and, in doing so, transporting nutrients. Adequate
water movement within the soil profile helps maintain
optimal moisture levels for soil organisms, preventing
waterlogging or drought conditions that can negatively
impact soil biodiversity (e.g., Larsen et al. 2004, Turnbull
& Lindo 2015).

Soil sealing is the process by which the soil surface
becomes compacted and impermeable due to human
activities. Soil sealing, typically associated with
urbanization and infrastructure development, involves
the covering of soil surfaces with impermeable materials
such as concrete or asphalt for roads and pavement.
This process disrupts natural soil processes and reduces
the permeability of the soil, leading to altered water
infiltration and runoff patterns. Soil sealing can also
limit the exchange of gases between the soil and the
atmosphere, affecting soil aeration and microbial activity
(Pereira et al. 2021). As a result, soil biodiversity is
impacted, with many soil organisms unable to survive
or thrive in sealed environments (Wei et al. 2013). Soil
sealing is often concomitant with compaction, reducing
the overall porosity of the soil, while sealed surfaces
create a barrier that prevents rainwater from infiltrating
into the soil and seedling emergence, increasing run-off
that can cause flooding and enhancing erosion and losses
of soil nutrients, as well as impeding the exchange of
gases, especially oxygen (Scalenghe & Marsan 2009).
Sealed surfaces tend to absorb and reflect heat, leading to
enhanced temperature fluctuations in the underlying soil.

Soil temperature influences the metabolic rates of
microorganisms. As temperatures rise, microbial
activity generally increases, promoting higher rates of
decomposition, nutrient cycling, and organic matter
turnover (Hopple et al. 2020). Conversely, high
temperatures can inhibit microbial activity or exceed the
thermal death points of organisms (Gonzalez & Aranda
2023). Different species have distinct temperature
preferences, and changes in soil temperature can
influence their activity levels, reproduction rates, carbon
and nutrient use efficiencies, and overall abundances,
as well as predator-prey interactions (Meehan et al.
2022). Soil temperature influences plant growth and
root development, which in turn affects soil biodiversity
through the availability of root exudates (Zhang et al.
2016). Thus, changes in plant growth patterns due to
temperature variations can impact the availability of
these resources, thereby influencing the composition and
activity of soil microbial communities, and can affect the
establishment and activity of mycorrhizal networks.
Increases in soil temperature in the context of climate
change can significantly affect soil biodiversity in boreal
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and polar regions, particularly through changes in
permafrost (Markkula et al. 2019, Barreto et al. 2023).
Permafrost thawing changes soil moisture levels and
nutrient availability and can stimulate plant growth or
lead to shifts in plant community composition (Standen
& Baltzer 2021), which in turn affects soil biodiversity by
altering the availability of resources and habitat structure.
Increases in soil temperature across many regions can
lead to increased evapotranspiration and affect soil
moisture levels (warming-induced drying), particularly
in regions where precipitation does not compensate
for the increased water loss. Persistent soil moisture
deficits can also lead to changes in soil properties, such
as decreased soil organic matter content, increased soil
compaction, and alterations in soil structure.

Soil moisture (both drying (including drought and
desertification) and wetting (including flooding and
waterlogging)) affects the distribution, abundance,
and activity of various soil organisms. Soil moisture
influences soil structure and porosity, which in turn
affects the diffusion of gases, water, and nutrients in
the soil (Du et al. 2023). Thus, changes in soil moisture
can impact the metabolic processes of soil organisms.
Excessively wet or waterlogged conditions reduce oxygen
availability in the soil, leading to anaerobic conditions,
which favour processes such as denitrification (Soana et
al. 2022). Waterlogged soils can also increase soil erosion
and loss, and increase surface soil compaction, further
affecting soil pore space and gas exchange. The presence
of earthworms, specifically anecic earthworms can help
lessen the negative impacts of flooding by reducing soil
moisture after intense rainfall events (Andriuzzi et al.
2015). Conversely, dry conditions can lead to nutrient
immobilization, where nutrients become less available
for plant uptake and microbial activity, or impede root
growth, burrowing and the movement of soil organisms
(Zheng et al. 2017). Drought (prolonged absence of
precipitation) and desertification (land degradation in
already dry, arid and semi-arid regions) are increasing
under climate change, as well as from human activities
such as deforestation and the overexploitation of aquifers.
Drought and desertification often result in a loss of
aboveground vegetation that corresponds with reductions
of SOM (Junting et al. 2021).

4. Chemical Threats to Soil
Biodiversity Loss

Direct chemical disturbances include pollution,
salinatization, and acidification through activities such

as contamination, the application of lime, chemicals
and fertilizers, and the indirect results of other activities
that change soil pH, ions, metals, and salt contents, or
ubiquitous global microplastic pollutants. Soil organisms
exhibit varying degrees of sensitivity to changes in soil
chemical properties (Beaumelle et al. 2021). Shifts in soil
chemistry can directly affect the physiological processes,
behaviour, and survival of soil organisms, leading
to changes in population dynamics and community
structure. Consequently, chemical disturbances can
have cascading effects throughout the soil food web
(Carrascosa et al. 2015), ultimately influencing ecosystem
functioning and services provided by soil biodiversity.

Pollution and contaminants can significantly
impact soils and soil biodiversity. The extent of their
impact depends on factors such as the type, quantity,
concentration, and location of pollutants, as well as the
duration of exposure. Industrial, agricultural, and urban
activities often release pollutants such as heavy metals
(e.g., lead, cadmium, and mercury), organic compounds,
and other chemicals into the environment. Chemical
fertilizers and pesticides, largely in association with
intensive agricultural practices, can lead to high levels
of nutrients, such as nitrogen and phosphorus, that result
in nutrient imbalances and eutrophication (Pahalvi
et al. 2021). They also have direct toxic effects on
beneficial soil-dwelling organisms and other non-target
organisms. Certain chemical fertilizers, especially those
containing ammonium-based nitrogen, contribute to soil
acidification (Zhang et al. 2024), while others containing
soluble salts contribute to soil salinization (Omuto et al.
2024). Some hydrocarbon compounds, such as those in
herbicides, can have immediate, direct, and toxic effects
on soil organisms. For instance, long-term applications
of glyphosate were shown to decrease microbial diversity
and alter community composition (Lancaster et al. 2010,
Newman et al. 2016, Gonzalez et al. 2021).

Microplastics enter soil ecosystems through various
pathways, including the application of plastic mulches
in agriculture, the breakdown of larger plastic debris,
atmospheric deposition, and the use of sewage sludge
as fertilizer. Once in the soil, microplastics can have
detrimental effects on soil biodiversity in several ways
(Han et al. 2024), including physical interference with
movement and through the release of chemicals into the
soil environment, including plasticizers, flame retardants,
and heavy metals that can pose toxicological risks to
soil organisms. Indirectly, microplastics can alter soil
structure by filling pore spaces, potentially leading to
changes in soil porosity and water infiltration, although
these effects may not be immediately apparent (Barreto
et al. 2020).
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Acidification, or alternatively liming, of soils leads to
changes in soil pH, which can influence the solubility and
availability of nutrients and pollutants in the soil; some
nutrients, like aluminum and manganese, become more
available under acidic conditions, while others, such as
calcium and magnesium, may be leached away. Acidic
conditions can mobilize certain toxic elements (e.g.,
aluminum) in the soil, posing a threat to soil organisms
(Tibbett et al. 2019). Different species have optimal pH
ranges for their growth and activity, but changes in pH
can also influence soil structure and aggregation, as well
as various biogeochemical processes, including carbon
and nitrogen cycling through altering rates of processes,
affecting the availability and movement of nutrients and
pollutants. Acidification can indirectly contribute to
salinization or sodification through the soils ability to
hold cations such as Ca®" or Mg** which can be replaced
by sodium cations, yet liming, often used to counteract
soil acidity can potentially worsening salinization in
already saline soils by increasing the solubility of salts.

Salinization and sodification (the process by which salts
accumulate in the soil and soils with high levels of sodium,
respectively) increase the dispersal of clay particles in
soil, resulting in the breakdown of soil aggregates and the
collapse of soil structure that can be mitigated by higher
levels of soil organic carbon (Rezapour et al. 2023).
Sodium ions that replace calcium and magnesium ions
on clay and organic matter surfaces have weaker binding
capacities than calcium and magnesium leading to the
dispersion of clay particles and the breakdown of soil
aggregates. The displacement of calcium by sodium can
substantially increase soil pH, shifting the availability of
essential nutrients (Cramer et al. 1985).

Certain ions associated with salinity, such as sodium
and chloride, can accumulate in plant tissues and soil, and
high concentrations of these ions can be toxic (Kronzucker
et al. 2013). Sodium also tends to replace calcium in
the soil, leading to the formation of a crust on the soil
surface, while excess salts, such as sodium, can interfere
with the availability of other soil cation nutrients like
potassium and magnesium, as well as calcium, leading
to nutrient imbalances. High salt concentrations in the
soil create osmotic stress, reducing water availability,
and sodification can result in the leaching of essential
nutrients from the root zone, contributing to decreased
soil fertility (Palacino et al. 2024).

Redox potential, which refers to the tendency of a
soil to undergo oxidation-reduction reactions, plays a
crucial role in shaping soil biodiversity by influencing
nutrient cycling, microbial activity, and the availability
of essential elements. Redox potential is closely linked to

oxygen availability and affects the solubility and mobility
of elements like iron and manganese. Well-drained soils
with ample oxygen have a positive redox potential,
favouring aerobic (oxygen-dependent) processes (Husson
2013). In oxidized conditions (higher redox potential),
elements like iron and manganese are more likely to form
solid phases, while under reduced conditions (lower redox
potential), they tend to become more soluble and mobile.
Redox potential will influence nutrient transformations
in soils, affecting the availability of different sulphur and
nitrogen species (e.g., nitrate and ammonium) depending
on the prevailing conditions.

5. Biological Threats to Soil
Biodiversity Loss

Reductions in bioregulation and biocontrol within
soil systems also lead to soil biodiversity loss. These
stem from species additions, such as invasive species
(Brosseau et al. 2021), or changes in the dominance of
certain species, such as pests and pathogens. Losses of
select species that maintain soil food web stability and/
or play key roles in mutualisms can lead to the cascading
loss of other species.

Invasive species, spanning plants, animals, and
microorganisms, can have a significant influence on
soil systems and affect soil biodiversity. Invasive plant
species can alter the composition of plant communities,
affecting SOM quantity and quality, and thereby nutrient
availability as well as altering soil chemistry via chemical
releases or exudates (see next section). Certain plant
species like Black Walnut (Julans nigra) additionally
emit allelopathic chemicals (Nicolescu et al. 2020),
impacting other vegetation and lowering soil pH. Invasive
plants that associate with nitrogen-fixing bacteria may
change nitrogen availability in the soil, which has the
potential to enhance soil biodiversity through increased
aboveground productivity, but these changes can also
impact soil biodiversity by altering competitive outcomes
and favouring non-mycorrhizal or less mutualistic
mycorrhizal fungi over more mutualistic species, leading
to shifts in mycorrhizal community composition and
diversity (Ma et al. 2023). These changes can also alter
resource availability for other soil organisms that feed on
the microbial and fungal biomass, further impacting soil
biodiversity.

Invasive microorganisms, including fungi and bacteria,
can be themselves novel pathogens to a naive soil system
that can alter or disrupt microbial communities and plant-
soil interactions (van der Putten et al. 2007). Animal
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invasives, such as burrowing mammals or invertebrates,
reshape soil structure through their digging and
burrowing activities, disrupting soil stability, aeration,
and nutrient distribution. Notably, invasive earthworm
species, particularly in non-native locales, can profoundly
reshape soil structure through their burrowing activities
(Langmaid 1964, Addison 2009, Klaminder et al. 2023),
affecting soil aeration, water infiltration, and nutrient
distribution, and drastically altering SOC dynamics.

Plant-soil interactions (aboveground-belowground
linkages) are fundamental processes that shape the
structure and functioning of terrestrial ecosystems.
These interactions encompass a wide range of complex
relationships between plants and the soil environment,
including the exchange of nutrients, water, carbon, and
energy. Shifts in plant communities can alter the types
and amounts of root exudates (chemical, nutrients)
and litter properties (quantity and quality of SOM
inputs), affecting basal resources for soil organisms and
influencing decomposition rates (Barreto & Lindo 2018).
Different plant species also form specific relationships
with mycorrhizal fungi and nitrogen-fixing bacteria and
feedback between these relationships can have cascading
effects on the establishment of native vs non-native
species (Reinhart & Callaway 2006).

Soil food webs refer to the networks of interactions
among soil organisms that participate in complex
consumer-resource interactions that govern rates of
nutrient cycling and mineralization, decomposition, and
biomass production (Hunt et al. 1987). Changes in the
abundance or composition of soil organisms can disrupt
trophic interactions within soil food webs, affecting
the flow of energy and nutrients through the system
(Buchkowski et al. 2023, Barreto et al. 2024, Potapov et
al. 2024). Intensive agricultural practices, including the
use of chemical pesticides or biological control agents,
can inadvertently eradicate or suppress non-target soil
organisms that play beneficial roles in soil food webs
such as beneficial predators or decomposers, disrupting
predator-prey relationships and altering soil biodiversity.
Loss of natural enemies or decomposers can lead to
pest outbreaks, reduced pest regulation, and impaired
ecosystem services that are provided by soil organisms.
Conversion of natural habitats to agricultural land or
urban development may favour certain species over
others, leading to changes in species diversity, density,
distribution, or trophic interactions (Potapov et al. 2019).
These shifts in community structure can affect ecosystem
stability, resilience, and the provision of ecosystem
services by soil organisms (de Castro et al. 2021).

6. SOM as the Integrator in the
Soil ‘Threat-work’ and
Promoting Soil Biodiversity

The complex and diverse network of threats and stressors
and their influence on soil biodiversity through various
physical, chemical, and biological mechanisms cannot
and should not be counteracted separately. Across all
scenarios, some effects on soil systems may be acute, while
others may be more chronic, and either can carry legacy
effects that lead to time lags and feedbacks that make a
full understanding for preventing or ameliorating these
threats and stressors difficult. Restoration, remediation,
and reclamation procedures may be required to address
any or all the aforementioned physical, chemical, and
biological mechanisms while considering changes in land
use (both past and present).

Maintaining or increasing SOM content is increasingly
recognized as a potential mitigation for climate change
on a global scale. For instance, the “4 per 1000 initiative,
stemming from the agreement established at the 21st
Conference of the Parties in Paris in 2015 underscores
the imperative to annually increase carbon storage in
soil by 4% (Minasny et al. 2017). The primary goal
of the “4 per 1000 initiative is to increase soil carbon
sequestration rates by promoting the adoption of
agricultural practices that enhance soil organic matter
accumulation and retention (http:/4p1000.org). This
ambitious undertaking aims to offset a significant portion
of the carbon emissions released into the atmosphere by
human activities each year. The “4 per 1000 initiative
promotes the conservation of soil biodiversity by
fostering sustainable land management practices that
enhance soil habitat quality and support soil food webs,
alongside carbon sequestration and ecosystem resilience
in agricultural landscapes.

The inclusion of soil management, particularly within
agricultural contexts, as a key strategy for carbon
sequestration and climate change mitigation was further
underscored in the 2022 report of the Intergovernmental
Panel on Climate Change (IPCC 2022). Management of
soil, in particular agricultural soils, is among the most
promising pathways to capture and store atmospheric
carbon and mitigate climate change (IPCC 2022). While
climate change, driven by atmospheric greenhouse
gases and resulting in warming trends, poses direct and
imminent threats to soil biodiversity, its broader impacts
may also manifest as cascading effects, including
alterations to fire regimes and the proliferation of invasive
species. Climate change can alter the abundances of
soil trophic groups (Blankinship et al. 2011) and this
restructuring of soil food webs, particularly in sensitive
ecosystems like boreal peatlands, can impact carbon
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storage potential (Barreto et al. 2024), causing serious
feedback effects on climate change. Recognizing the
multifaceted importance of SOM management extends
beyond soil biodiversity considerations, encompassing
its pivotal role in climate change mitigation efforts and
its potential to alleviate the far-reaching consequences of
environmental destabilization on soil ecosystems.

Understanding the complex interactions among
multiple threats (i.e., the threat-work) to soils and their
biodiversity is essential for sustainable soil management
practices aimed at preserving soil health, productivity,
and resilience in the face of environmental change.
However, by enhancing SOM interactions with soil
physical, chemical and biological properties, we can
promote soil conservation, biodiversity conservation, and
ecosystem services in terrestrial ecosystems. We propose
that managing SOM offers a holistic approach with the
potential to bolster, safeguard, and enrich soil biodiversity
and overall soil health in a practical and sustainable
manner. Practices geared towards enhancing SOM levels,
such as the integration of trees into the production system
(e.g., agroforestry, alley cropping, agrosilviculture,
silvopastoral), cover cropping, incorporating crop
residues, and adopting reduced tillage methods, augment
SOM content effectively. These strategies not only
contribute to the accumulation of organic materials
in soil but also preserve and promote soil biodiversity.
While there may be initial costs associated with adopting
practices to enhance SOM levels, the long-term economic
benefits, market opportunities, government support, and
environmental co-benefits can make these practices
economically viable and attractive for farmers and land
managers. Importantly, these management techniques
have demonstrated cost-effectiveness and feasibility,
rendering them readily incorporable into agricultural
practices (Sperow 2020). Recognizing the fundamental
significance of SOM is paramount in crafting and
implementing comprehensive best practices for managing
soils that will nurture resilient and biodiverse soil
ecosystems across a spectrum of landscapes. Soil organic
matter is a central node in the network of interconnected
threats and stressors affecting soil biodiversity, and is key
to designing effective strategies to conserve and protect
soil biodiversity.
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