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Introduction

Risks and threats on soils as multifunctional reactors

Soils, as a three-phase system, are the most vulnerable constituents on earth, because they are not 
renewable. At the same time, they provide us not only food, feed, and fiber but also clean ground 
water and sufficient drinking water. But soils are also essential as a living medium for microbes 
up to macrofauna. Soil properties, like soil strength, total porosity, pore continuity, pore-size 
distribution, and air capacity, and soil functions, like plant-available-water storage and nutrient 
storage due to cation-exchange processes, all impact plant growth, root development, and the 
depth distribution of roots. Furthermore, these properties and functions affect total biomass 
production, activity of soil biota, and the type and amount of soil carbon (SOC) and vice versa. 
Thus, soils are multifunctional reactors.  

The functions are, however, threatened by soil acidification, erosion by wind and water, or 
soil deformation due to soil compaction and shearing, which do not only result in changes in 
the proportions of air, water, and solid volumes, but also in their spatial arrangements and pore 
continuity. Furthermore, such modifications cause changes in soil structure, pore connectivity, 
and particle or pore surface accessibility. They depend on water saturation and physicochemical 
reactions. The role of the biodiversity pool in all these multifunctional interactions is, however, 
often neglected, although bioturbation, exudates, and physicochemical reactions are interlinked 
with the functional community structure of soil organisms and their individual abundances. 
The organic input of vegetation and the dynamics of root growth affect these interactions. Haas 
et al. (2018) described the complex reactions and interactions at the root surface within the 
rhizosphere and also documented the consequences on physical, chemical, and physico-chemical 
reactions. However, these interactions are even more complex. The dramatic loss of biodiversity 
in time and space is known (IPBES, 2019), including the fact that one million of the estimated 
8 million species of animals, plants, and fungi on earth are threatened with extinction rates at 
least 10 times higher than in the last 10 million years. The corresponding adaptation of land-use 
and soil-management practices for sustainable agriculture and soil protection is still insufficient 
to overcome the loss.  A recent report (Leopoldina, 2020) states that, for Germany and Central 
Europe, many species, plants, and soil inhabitants are increasingly being reduced as a result of 
the intensification of land use. Such intensification includes many interlinked processes, which 
cause not only direct changes in the processes but also alter many more soil properties and 
functions. 
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If we only analyze the interactions between soil organisms and vegetation in combination 
with soil temperature, water constituents, transport chemistry, and mechanical processes, it 
becomes obvious that soils, as a three-phase and living system, show utmost complex reactivity 
schemes and fragile soil functionality. These highly dynamic interactions and the consequences 
of any kind of impacts on soil properties and functions can be derived from the connections 
between the various compounds. If, for example, a stress is applied to the soil, it has a direct 
impact on mechanical properties and the pore system, but it also affects the water suction, water 
content, and water flow due to changes in hydraulic properties. Such impacts also alter the 
thermal and chemical properties, and they either directly affect the soil organisms and vegetation 
or indirectly affect them through changes in the soil temperature and heat flow. Finally, the 
transport chemistry is modified either due to increased chemical reactivity (Reaction velocity-
Temperature-Regulation: RGT rule, van’t Hoff’s rule) or indirectly through interlinked chemical 
mass flow or diffusivity. There are many further interlinkages, which show how complex soil 
properties and functions are (Figure 1).

Figure 1. Interactions between soil constituents and multidimensional changes in soil properties and soil functions 
(Gräsle et al. 1995). 

Soil resilience, therefore, only defines a quasi-dynamic equilibrium. Impacts beyond the 
internal soil rigidity, caused by thermal, mechanical, hydraulic, or chemical processes, alter the 
equilibrium conditions until a new steady state is reached. The consequences of such impacts due 
to either natural soil processes, like acidification and clay migration, or anthropogenic processes, 
like degradation due to sealing, erosion, or soil deformation, all affect this quasi-dynamic and, 
therefore, sensitive equilibrium. The equilibrium is finally affected by the worldwide changes of 
the climate.
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Soil biodiversity perspectives from soil physics

Soil compaction and shearing deform the environment of soil biota

Each mechanical stress applied to soils can be attenuated without any change in soil functions, if 
the internal soil strength, defined as the precompression stress, is not exceeded down to a certain 
depth (Horn, 2021) (Figure 2a). In case of its exceedance, however, these properties will be 
changed until a new equilibrium is reached (Figure 2b).

Figure 2. Stress-strain relation and the consequences for elastic (recompression line) or plastic (virgin compression line) 
soil behavior a) as well as for relative changes of soil properties. b) The precompression stress (Pc) defines the internal soil 
strength and the resilience limit. During the recompression load range, the properties and functions remain mostly unchanged 
while in the virgin compression load range the application of increasing stresses induce changes in the following: Pc, ρB = 
bulk density, CH4 = methane emission, AC = air capacity, TPV = total pore volume, ks = saturated hydraulic conductivity, ka = 
air conductivity, Ds = gas diffusion, CO2 = carbon dioxide emission, Eh = redox potential.

If divergent particle movements are caused by cyclic loading events, both air and water as 
2 components of the 3-phase system must be also considered because stress induced drainage 
of air coincides with matric potential changes from negative to positive pore water pressure 
conditions. The loading events also coincide with weakening and altered swelling and are 
followed by shrinkage processes and with the formation of new and less rigid structure conditions 
or increased pore tortuosity with consequences for many soil processes (Zhai and Horn, 2018, 
Huang et al. 2021a). These interactions are furthermore enhanced if stress application includes 
shearing, because stress-induced strain does not only affect soil properties and functions through 
the aggregate breakage or particle rearrangement, but it also includes an interlinked change in 
pore water pressure. These dynamic processes result in an additional worsening of the pore 
tortuosity and reduced hydraulic flux and even retarded gas fluxes and a prolonged water 
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saturation with further impacts on physicochemical processes, like a declining redox reaction 
followed by altered mobility of Fe, or Mn (Horn, 2021; Huang et al. 2021b). The alteration of 
the activity of the microbial community, and even the change of the soil from a sink to a source 
for greenhouse gases like methane (CH4), can be detected as a consequence of soil deformation. 
The alteration is related to the (micro-)structural soil stability and the deformation behavior of 
soils (Haas et al. 2016).

Divergent and shear processes are, therefore, the main driving forces for changes in soil 
biodiversity.  They impact the community structure of soil organisms and their activity. Keller 
et al. (2019) documented the long-term, tillage-dependent yield loss, as well as the impacts of 
heavy machinery on root growth. They also observed increased densification of the plowpan 
layer and its enlargement with depth. As a consequence, Horn et al. (2019) documented a more 
enhanced horizontal anisotropy of the saturated hydraulic conductivity in arable subsoils of a 
model region (Schleswig Holstein, Northern Germany). Corresponding alterations in water and 
gas fluxes between the top- and subsoil will certainly affect the biological activity and abundance 
of soil microorganisms with consequences for the whole soil biodiversity pool.

Bioturbation – burrowing soil animals as drivers of soil development

Soils differ in terms of their biodiversity. From a global perspective, climate is a determining 
factor (Phillips et al. 2020), but also other factors, such as parent material, relief, water, 
vegetation, and human activities are important. For example, it is well known that soil properties 
such as pH and soil carbon control earthworm occurrence and diversity. Most earthworm species 
prefer soils with neutral to slightly acidic pH values. Soil organisms are significantly involved in 
different soil processes, e. g. decomposition and transformation of organic matter and litter, new 
formation of humic substances, or structure formation and bioturbation. 

Bioturbation has already been described by Darwin (1881). Intense bioturbation is only 
observed in soils with favorable water, air, and nutrient conditions. Burrowing soil animals mix 
the litter layer with the upper mineral soil and produce a humic (=h) topsoil (A-horizon) with 
a characteristic crumbly structure. Bioturbation also promotes infiltration, even in compacted 
layers (e. g. Ruiz et al. 2015) and prevents other soil processes (e.g., decalcification), because 
soil animal activities can move translocated substances back to the surface again or transport 
subsoil material and deposit it on or in the topsoil (Blume et al. 2016). They can even change 
the morphology of the soil significantly (e. g. termite hills, Kristensen et al. 2015). In some 
black humus-rich soils like Chernozems (IUSS Working Group WRB 2014), bioturbation due 
to earthworms (worm-bioturbated=Vermic) and steppe mammals (hamsters, etc.) is so dominant 
that an A-horizon of more than 1 m can develop. Some of the topsoil material can reach very 
deep in animal burrows that have been filled with organic material (crotovina). Those black 
humus-rich soils are typically distributed in continental long-grass steppe regions, because the 
animals burrow deeper to avoid dryness in summer due to heat and in winter due to frost. 

Table 1 illustrates the soil fauna activity (bioturbation) of the macrofauna in different 
landscapes. Bioturbation depends, obviously, on soil and climatic conditions. Earthworms, 
termites (which are particularly numerous in Africa and America), and ants (which can nearly be 
found all over the world) are known as ecosystem engineers, which change the physical structure 
of soils due to bioturbation, and even small mammals like moles and voles dig through the soil. 
In fact, the highest bioturbation is reached by lugworms on flat tidal coasts (Tidalic Gleysols, 
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IUSS Working Group WRB, 2014), where the upper 15-25 cm of the topsoil is constantly mixed 
during low tide.

                 a
= after Darwin (1881)

Table 1. Bioturbation (in Mg ha−1 y−1) in different soils around the world (Blume et al. 2016)

In this context, interactions within the soil biodiversity pool and with its abiotic environment 
provide ecosystem services that shape or stabilize the soil system and that are used by humans 
in agricultural management. Amongst others, we can define the following ecosystem services:

• regulation of the biogeochemical cycles

• storage and supply of nutrients for plant growth

• formation, strengthening, maintenance, and renewal of the soil structure

• breakdown of waste or pollutants

• control of the hydrological cycle

• regulation of atmospheric trace gases

• regulation of soil-borne plant diseases

• function as a genetic reservoir for further usage options (e.g., in biotechnology)

Thus, the structural and functional diversity of soil organisms is an essential prerequisite for 
the functioning of terrestrial ecosystems as a whole and of agro-ecosystems (for further details 
see also Fonte et al. 2010). 

Animals Ecotope Animals
Meadows (UK)a Earthworms 18-45
Gardens (Centr. Europe) Earthworms 10-25
Meadows (Centr. Europe)Earthworms 5-120
Forests (USA)Earthworms 18
Tropics Earthworms 36-270
Forests, steppes (Europe)Ants 31
SteppesAnts 31
Ants moist area (USA) Ants 20
Steppes (Russia) Ground squirrels, susliks 18
Semi-deserts Ground squirrels, susliks 1.5
PrairiesPrairie dogs 70
Forests (Europe) Moles 7-120
SavannaTermites 12-60
DesertsTermites 0.02-5
Mud flats (Europe) Lugworms 600-3000
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Earthworms as ecosystem engineers 

Within the soil biota pool, earthworms are multiple actors (according to Turbé et al. 2010) as 
(1) biological regulators of microbial communities (2) chemical engineers as decomposers 
of organic residues, and (3) ecosystem engineers modifying their environment physically by 
shaping the soil structure. Their role as ecosystem engineers covers the formation of aggregates 
(clay-humus-complexes) and macropores (burrow systems). Figure 3 demonstrates burrow 
formation and functioning, which are in conflict with mechanical stresses and soil conditions. 
In arable land (here with focus on physical conditions), the earthworms’ activity for burrow 
formation is affected by the given local soil conditions and the intensity of mechanical measures. 
The resulting burrow system with its structure and stability is affected by both factors, which 
control the functions of the burrow system as a habitat for the earthworms, other soil biota, and 
roots. The burrows also control other soil processes, such as infiltration, transport of soluble 
compounds, aeration, reduction of runoff, and erosion. These burrow-controlled processes, in 
turn, shape the soil conditions.

Figure 3. Soil as living space for earthworms under land use, which are in conflict with mechanical stresses and soil conditions.

Soil biota and alterations due to soil deformation

The activity of soil organisms concentrates in “hotspots” of functional domains of the soil 
system, such as the detritusphere, rhizosphere, drilosphere, and porosphere (Beare et al. 1995). 
Although these hotspots only cover less than 10% of the soil volume, they are characterized by 
much higher process rates compared to the average soil conditions (Beare et al. 1995; Kuzyakov 
and Blagodatskaya, 2015). Thus, the availability and accessibility of organic substrates inside 
such hotspots like intact aggregates or in the whole soil profile, determine the microbial activity, 
because micro- and macro-organisms, as potential decomposers, require adequate environmental 
conditions, such as oxygen, water, and energy supply (Doran and Linn, 1984; Six et al. 1998, King 
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et al. 2019, Young and Ritz, 2000, Nawaz et al. 2019). If external mechanical stresses threaten 
these hotspots, changes in the soil-organism communities, and their composition therein, will 
occur because shearing interrupts the soil-pore continuity and connectivity resulting in isolated 
pores. In this situation, the oxygen level declines rapidly and modifies microbial communities, 
which results in a shift from aerobic to mainly anoxic processes with consequences for the 
cycling of nutrients (Stepniewski et al. 2002). 

Consequently, physical soil parameters, like pore size distribution and matric potential, 
become crucial in understanding carbon-turnover processes and biological activity (variations 
in CO2 efflux), and the variation in the belowground microbial and faunal community structure, 
at given locations within the soil matrix (Killham et al. 1993, Mordhorst et al. 2014, Althoff 
et al. 2009). Kochiieru et al. (2018) emphasized the influence of macroporosity, surface area, 
and macropore range on CO2-efflux and its strong relationship to soil type and land use as a 
documentation of microbial activity and composition. Jasinska et al. (2006), Wiesmeier et al. 
(2012), and Carlesso et al. (2019) stated a strong link between the microbial activity and soil 
strength, carbon storage, and mechanical impacts. The relationships also underline the link 
between the mechanical hydraulic-pneumatic, thermal, and physicochemical processes and 
functions (for more details see also Richards et al. 1997, Horn, 2021).

The impact of compaction on changes in microbial community structure and activity is highly 
variable across different soil textures, compaction levels, and water contents (Santrucková et 
al.1993, Ruser et al. 2006, Frey et al. 2009, Pengthamkeerati et al. 2011, Carlesso et al. 2019). 
However, compaction-induced changes in the pore system leads to less favorable conditions 
for microorganisms, which is mainly attributed to restriction of gas or water fluxes and lower 
aeration status due to reduced porosity (Whalley et al. 1995, Otten et al. 2000, Beylich et al. 
2010), refinement of pore sizes and disconnection of transport pathways by soil compaction 
(Doran and Linn, 1984, Pengthamkeerati et al. 2011). 

In laboratory experiments, Mordhorst et al. (2014) showed that structural deterioration by 
mechanical loading exceeding internal soil strength led to a strong reduction in basal respiration 
(CO2-efflux). They also gave a positive outlook, because the inhibition in soil respiration 
was not persistent, if the soil was exposed thereafter to natural structure formation processes, 
induced by wetting and drying, which re-improve the micro-environmental soil conditions of the 
habitat pore space. Furthermore, they stated that, if through structure deterioration by shear and 
compaction the accessibility of particle surfaces and coinciding biological impacts are increased, 
we can expect a coinciding reduction in organic soil carbon due to a complete release of CO2 to 
the atmosphere (Wiesmeier et al. 2012) (Figure 4). This latter effect is, however, negative for 
global-change aspects and for the requested increase in carbon as contribution to the 4/mille 
initiative (Chenu et al. 2019). Thus, the rigidity, quantified as precompression stress, separates 
the beneficial storage and increased accessibility from the non-rigid conditions. This is followed 
by a complete alteration of the physicochemical properties and processes that affect the internal 
soil processes and the atmospheric composition. 

In the medium term, microbial activity is likely to increase again after an enhanced energy 
supply (e.g., occluded carbon inside of aggregates) followed by structural rearrangements caused 
by mechanical and hydraulic stresses. This implies a high susceptibility of physical protection 
mechanisms for carbon and a high biological activity due to the mechanical disruption of the soil 
structure. 
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Figure 4. Effects of soil strength on pore rigidity and carbon as well as climate change (taken from Wiesmeier et al. 2012). 
CG = continuously grazed site, UG79 = ungrazed site since 1979 

Besides the often-described indirect impacts, mechanical stress by soil compaction affects 
soil biota also directly. Heisler and Kaiser (1995) reported a decline in collembolan densities and 
changes in their community structure due to an increasing wheeling frequency on arable land. In 
relation to a modified pore size distribution, the size-class of soil fauna communities seems to play 
an important role. Numbers of earthworms and enchytraeids decrease generally, irrespective of 
the species diversity and the functional groups they characterize (Röhrig et al. 1998, Langmaack, 
1999). Similarly, collembolan abundances decrease with increasing compaction; however, a 
few species remain unaffected or even increase in numbers (Dittmer and Schrader, 2000). Soil 
compaction does not change the numbers of mites, in general, but modifies their community 
structure with both a decrease and an increase of the abundance of different species (Schrader 
and Bayer, 2000). Finally, nematodes, as members of the soil microfauna, do not change in 
numbers, but they respond with a functional change in their community structure (Bouwman 
and Arts, 2000). Results from a field experiment in a grassland with increasing compaction 
by wheeling with 4.5 Mg, 8.5 Mg, and 14.5 Mg loads, compared to the uncompacted control, 
revealed a significant shift towards a nematode population with increased numbers of herbivores 
and decreased numbers of bacterivores and omnivores or predators (Bouwman and Arts, 2000). 
This functional change has important implications for the soil food web and the incidence of 
plant diseases by phytopathogenic nematodes (herbivores) feeding on living roots. 

Three years after soil compaction by six times wheeling with 5 Mg, earthworm and 
enchytraeid populations recovered along with a recovery of soil physical parameters, like bulk 
density, air capacity, and air permeability in the topsoil (Langmaack, 1999, Langmaack et al. 
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1999a). Recovery of earthworm populations results in expanding burrow systems as a newly 
formed macropore network and increasing amounts of casts as newly formed aggregates. Such 
reformed aggregates are, however, less stable compared to compacted aggregates of the bulk 
soil. They have about 10% higher porosity, which promotes water and nutrient storage processes 
(Larink et al. 2001). Furthermore, these porous aggregates offer space as a habitat for soil 
microorganisms. Earthworms reorganize soil structure; however, they do not loosen a compacted 
soil profile (Sauzet et al. 2021).

Interaction between soil strength and pressures exerted by earthworms 

Precompression stress defines the internal soil strength as the combined result of natural 
soil structure formation due to swelling and shrinkage, its intensity and frequency, chemical 
processes, and biological activities.  

Thus, when earthworms modify their soil environment by ingesting and egesting soil, as 
well as by pushing soil as consequence of their peristaltic locomotion, they need to apply forces, 
which affect the surrounding soil in axial and radial directions forming the so-called drilosphere 
analog to the rhizosphere. Soil displacement declines with distance from the earthworm 
individual (Barnett et al. 2009), which results in a spatial gradient with decreasing bulk density 
towards the soil matrix (Schrader et al. 2007). Generally, radial pressures are higher than axial 
pressures (Table 2), which is the same relation as for root growth. Growth pressures of roots, 
for example of pea seedlings (Pisum sativum), are ca. four times higher compared to earthworm 
pressures (Misra et al. 1986). However, growth pressure declines rapidly with age of roots when 
hydraulic growth is replaced by cell division. Endogeic earthworm species exert the highest 
radial pressures, whereas anecic species exert the highest axial pressures (Table 2).

Table 2. Maximum axial and radial pressures (kPa) of common earthworm species during burrowing activity with respect to 
their ecological classification of anecics (deep burrowers), endogeics (topsoil burrowers), and epigeics (shallow burrowers); 
data from Keudel and Schrader (1999).

Thus, the more the number of earthworms is reduced due to tillage or intense mechanical 
stress with compaction and shear effects, the less intense is the new formation of earthworm 
channels as highly connected macropores.  Bioturbation and soil mass movements are also 
reduced. The vertical channels especially improve the mechanical soil strength, because these 

Functional group Species Axial (kPa)
Aporrectodea longaAnecic 115.77
Lumbricus terrestris 90.60

Allolobophora chloroticaEndogeic 65.43
Aporrectodea caliginosa 68.95
Aporrectodea rosea 70.11
Octolasion cyaneum 63.49

Dendrobaena octaedraEpigeic 43.10
Lumbricus rubellus 50.43

Radial (kPa)
177.00
136.26

78.66
294.57
182.43
183.91

81.82
126.02
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pores are already equilibrated with the major vertical stresses and maintain their functionalities 
(Zhai and Horn 2018, 2019), and serves as food for microorganisms. 

Roughly estimated, the earthworm species L. terrestris mechanically affects a soil volume of 
126 m3 ha-1y-1 in arable soil profiles of Luvisols, based on field data of earthworm populations 
and computed tomographic recordings of burrow systems in soil columns (Schrader et al. 2007). 
An annual production of burrow length of 82.3 km ha-1 has been calculated for L. terrestris 
populations in arable land under conventional management without compaction and only 3.3 
km ha-1 after compaction by six times wheeling with a load of 5 Mg (Langmaack et al. 1999b). 

Mechanical stress by wheeling affects soil bioturbation of earthworm communities differently, 
depending on the tillage system. In a three-year field study on a Luvisol, soil bioturbation was 
always higher under conservation tillage (CS) than conventional tillage (CT) (Schrader and 
Larink, 2003). In the first year, in uncompacted plots, cast production was highest (37.8 Mg cast 
dry weight ha-1y-1) under CS, which was nearly twice as much as under CT (18.6 Mg ha-1y-1). 
As a result of six times wheeling with 5 Mg, cast production under CS decreased to 25.0 Mg 
ha-1y-1 and under CT to 5.7 Mg ha-1y-1 (Schrader and Larink, 2003). Two years later, under CT, 
soil bioturbation in the compacted treatment was still ca. 50% below the uncompacted treatment, 
whereas under CS soil bioturbation was on the same level in both treatments (Schrader and 
Larink, 2003). Thus, under consideration of the actual internal soil strength with respect to 
mechanical impacts and optimal climatic, soil moisture, and plant growth rate conditions, a long-
term recovery of the soil biodiversity pool and its functionality can be expected. In different 
forest types of cold-temperate regions, an average soil bioturbation by earthworm communities 
of 25 Mg dry weight ha-1y-1 has been calculated (Taylor et al. 2019).  But the effects of mechanical 
stress on community structure and frequency of microorganisms and the long-term recovery of 
soil functions are unknown (Riggert et al. 2019). 

Interdisciplinary perspectives from Agronomy

Land management impacts on carbon storage for soil biota and consequences for 
soil properties and functions

It is well known that most soil properties, such as soil structure and hydraulic properties, as well 
as the diversity and activity of soil organisms, are influenced by the quantity and quality of soil 
organic matter (SOM, which contains about 58 % SOC). It is also a key attribute of environmental 
quality and agronomic sustainability (Carter, 2002) and serves as food for microorganisms. It is 
essential for chemical, physical, and mechanical processes in soils at all scales. SOM leads to a 
more stable, habitable pore space and increases soil aggregation, and, hence, the ability of soils 
to withstand shearing forces, resulting in a more stable, habitable pore system. 

These statements are derived from data collected over the last 40 years. Increasing the content 
of SOM enhances the mechanical strength, defined as cohesion (kPa), for the different soil 
texture classes according to Ad-Hoc-AG Boden (2005). It is also known that these relationships 
furthermore differ based on soil structure (Figure 5) (Schroeder et al. 2021).
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Figure 5. Changes in soil cohesion (kPa) with soil organic matter (%) divided into topsoil (n=139), subsoil (n=52), and the 
main texture classes of arable sites with CaCO3 < 1%, at a pre-drainage of -6 kPa, n = 191. 

Besides the well-known organo-mineral bonding effects, the impacts of microorganisms 
enhance soil strength, which also explains the reduced rigidity of soils with a smaller contents 
of SOM.

Therefore, structural elements, like soil aggregates, plant roots, or preferential flow paths, 
can be expected to increase the biodiversity in soils, because the physical transition zone, in 
terms of the oxygen partial pressure across the coated walls of earthworm burrows (Haas et al. 
2018), is known to be highly biodiverse. Additionally, instead of the expected increase in SOC 
according to the 4/mille predictions (Chenu et al. 2019), investigations on soil carbon stocks 
(down to 90 cm depth) documented the impact of land use (arable land, grassland, and forest) for 
925 soil profiles in 4 different geological regions in Northern Germany (Mordhorst et al. 2018). 
Highest carbon stocks in the 0-30 cm depth were found in soils under grassland use, and the 
lowest were found under arable use (Figure 6). 

Similar studies also stated that the high spatial variability in SOC content in top- and subsoils 
relates to the combination of soil type, climate, and topography, as well as the actual and historical 
land use (Wiesmeier et al. 2012, Mayer et al. 2019). 
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Figure 6. Effect of land use management (A = Arable land, G = Grassland, F = Forest) on mean soil organic carbon (SOC) 
content of mineral A-horizons and SOC stock within 0–30 cm depths for the region-specific soil types in Schleswig-Holstein 
(Northern Germany). Organic soils are excluded. Published in Mordhorst et al. (2018).

How far these processes can actually explain the 40-year trend in declining SOC content 
in arable soils in Germany (Figure 7), in combination with the increasing mechanical impacts 
(Keller et al. 2019), is often brushed aside. But the increasing irreversible soil degradation 
worldwide should strengthen our activities to prevent such impacts. The link between the decline 
in organic carbon with time and the increasing soil degradation due to soil deformation affects 
biological diversity and will end in a reduced functionality of soils, which are non-renewable. 
Feedback mechanisms react at all scales, because a reduced SOC content in soils coincides with 
a reduced internal soil strength, increased soil surface sealing, and increased surface runoff and 
water erosion, which, in combination, reduce nutrient and water storage (Wiesmeier et al. 2020).

Decline in storage of plant-available water and nutrients affects biological activity and 
community structure. Overall, soil properties and functions, including the total amount, the 
composition, and distribution of the organic substrates, and biological activity are directly linked 
and are strongly dependent on anthropogenic impacts. Thus, in conclusion, the need to fulfill the 
Sustainable Development Goals (SDGs) gains high importance.
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Figure 7. Average soil organic carbon stocks (SOC in Mg ha-1) in arable topsoils at an assumed thickness of 30 cm between 
1981–2019, n = 245.

Impacts of soil biota for economic approaches – some remarks

Because the ecosystem services of soil organisms in agro-ecosystems help to secure yields, 
they are also of economic value. The activities of earthworms, in their multiple functional roles 
(Turbé et al. 2010) as ecosystem engineers, chemical engineers, and biological regulators, can 
be assigned to indirect economic values (Decaëns et al. 2006). It is difficult to quantify the 
value in concrete terms. Nevertheless, a recent study has succeeded in assigning an economic 
value to earthworm services by calculating the standard gross margin (SGM) as a measure 
of the relative contribution of crop production to overall farm revenue (Plaas et al. 2019). 
While Plaas et al. (2019) used fungicide applications and their potential for reduction due to 
feeding of earthworms on phytopathogenic fungi, Jonsson et al. (2019) based their concept of 
an economic analysis on fertilizer applications. Schon and Dominati (2020) defined a set of 
proxies to develop a monetary valuation of earthworm services in different pastoral systems. 
These ecological-economic approaches open up the possibility of evaluating the performance 
of soil biota depending on soil conditions and management measures, taking them into account 
in the context of recommendations for sustainable management measures. Contrary to some 
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examples of chemical impact, an ecological-economic assessment of mechanical impact is still 
lacking. Valuation of soil ecosystem services delivered by the soil biodiversity pool provides 
perspectives for assessing the sustainability of agricultural management measures with respect 
to, for instance, reaching the Sustainable Development Goals (SDGs) of the UN and the Green 
Deal targets of the EU; for the soil perspective of SDGs see Keesstra et al. (2016) and of the 
Green Deal see Montanarella and Panagos (2021). 

Conclusions

Soil properties and functions are affected by natural pedogenic and anthropogenic impacts, 
which result in a site and management specific soil resilience due to the various sensitivity of 
soil horizons. 

Exceeding the internal soil strength changes physical, chemical, and biological functions, 
including structure and activities of the biodiversity pool. 

Earthworms can withstand external stresses applied, and, as well, they themselves can 
actively reform coarse pores and improve the pore continuity and mechanical properties over 
depth; they also can affect the accessibility of particle and pore wall surfaces for hydraulic, 
thermal, and pneumatic processes, as well as chemical or physico-chemical reactions. 

Impacts of land management on carbon storage must be considered as a key issue, because 
carbon directly impacts soil biota with consequences on soil properties and functions.

Evaluation of soil ecosystem services delivered by the soil biodiversity pool provides 
perspectives for assessing the sustainability of agricultural management measures with respect 
to, for instance, reaching the Sustainable Development Goals (SDGs) of the UN and the Green 
Deal targets of the EU.

Acknowledgements

Many of the data is obtained during various research projects sponsored by the German Re-
search Foundation (DFG), BONARES, Ministry of Research and Technology (BMFT), and the 
German Environmental Agency (DBU). The authors are thankful for the long-term continuous 
financial support 

Literature

Ad-hoc-AG Boden. Bodenkundliche Kartieranleitung (5th edition). Bundesanstalt für Geowissenschaften und Rohstoffe, Hannover. 2005.
Althoff, P.S., Todd, T.C., Thien, S.J. and Callaham, M.A. (2009). Response of soil microbial and invertebrate communities to 
tracked vehicle disturbance in tallgrass prairie. Applied Soil Ecology 43(1): 122–130. ISSN 0929-1393. https://doi.org/10.1016/j.
apsoil.2009.06.011.

Barnett, C.M., Bengough, A.G. and McKenzie, B.M. (2009). Quantitative image analysis of earthworm-mediated soil displacement. 
Biology and Fertility of Soils 45: 821-828. https://doi.org/10.1007/s00374-009-0392-9

Beare, M.H., Coleman, D.C., Crossley, Jr D.A., Hendrix, P.F. and Odum, E.P. (1995). A hierarchical approach to evaluating the significance 
of soil biodiversity to biogeochemical cycling. Plant and Soil 170: 5-22.

Beylich, A., Oberholzer, H-R, Schrader, S., Höper H. and Wilke, B.-M. (2010). Evaluation of soil compaction effects on soil biota and soil 
biological processes in soils. Soil and Tillage Research 109: 133-143. https://doi.org/10.1016/j.still.2010.05.010

327Soil health and biodiversity: Interactions with physical processes and functions



Blume, H.-P., Brümmer, G.W., Fleige, H., Horn, R., Kandeler, E., Kögel-Knabner, I., Kretzschmar, R., Stahr, K., Wilke, B.-M (2016). 
Scheffer/Schachtschabel: Soil Science, Springer-Verlag Berlin Heidelberg, ISBN 978-3-642-30941-0, S. 618.

Bouwman L.A. and Arts, W.B.M. (2000). Effects of soil compaction on the relationships between nematodes, grass production and soil 
physical properties. Applied Soil Ecology 14: 213-222.

Carlesso, L., Beadle, A., Cook, S.M., Evans, J., Hartwell, G., Ritz, K., Sparkes, D., Wu, L. and Murray, P.J. (2019). Soil compaction effects 
on litter decomposition in an arable field: Implications for management of crop residues and headlands. Applied Soil Ecology 134: 
31-37. ISSN 0929-1393, https://doi.org/10.1016/j.apsoil.2018.10.004.

Carter, M.R (2002). Soil quality for sustainable land management: organic matter and aggregation interactions that maintain soil functions. 
Agronomy Journal 94(1).

Chenu, C., Angers, D A., Barré, P., Derrien, D., Arrouays, D. and Balesdent, J. (2019). Increasing organic stocks in agricultural soils: 
knowledge gaps and potential innovations. Soil and Tillage Research. 188: 42-51.

Darwin, C. R. The formation of vegetable mould, through the action of worms, with observations on their habits. John Murray, London. 
1881.

Decaëns, T., Jiménez J.J, Gioia C, Measey G.J. and Lavelle, P. (2006). The values of soil animals for conservation biology. European 
Journal Soil Biology 42: 23–38. https://doi.org/10.1016/j.ejsobi.2006.07.001

Dittmer, S. and Schrader, S. (2000). Longterm effects of soil compaction and tillage on Collembola and straw decomposition in arable soil. 
Pedobiologia 44: 527-538. https://doi.org/10.1078/S0031-4056(04)70069-4. 

Doran, J.W. and Linn, D.M. (1984). Effect of water-filled pore space on carbon dioxide and nitrous oxide production in tilled and nontilled 
soils. Soil Science Society of America Journal 48: 1267–1272. 

Fonte, S., Barrios, E. and Six, J. (2010). Earthworms, soil fertility and aggregate-associated soil organic matter dynamics in the Quesungual 
agroforestry system. Geoderma 155: 320–328.

Frey, B., Kremer, J., Rüdt, A., Sciacca, S., Matthies, D. and Lüscher, P. (2009). Compaction of forest soils with heavy logging machinery 
affects soil bacterial community structure. European Journal of Soil Biology 45: 312–320.

Gräsle, W., Richards, B.G. Baumgartl, T. and Horn, R. (1995) Interaction between soil mechanical properties of structured soils and 
hydraulic processes- theoretical fundamentals of a model. In: Alonso, E.E. and Delage, P (eds.). Unsaturated soils. pp 719 – 725. 
Balkema Verlag. 1995. ISBN: 9054105844.

Haas, C., Holthusen, D., Mordhorst, A., Lipiec, J. and Horn, R. (2016). Elastic and plastic soil deformation and its influence on emission 
of greenhouse gases. International Agrophysics 30: 173-184.

Haas, C., Gerke, H.H., Ellerbrock, R.H., Hallett, P.D. and Horn, R. (2018). Relating soil organic matter composition to soil water 
repellency for soil biopore surfaces different in history from two Bt horizons of a Haplic Luvisol. Ecohydrology: e1949.

Heisler, C. and Kaiser, E.A. (1995). Influence of agricultural traffic and crop management on Collembola and microbial biomass in arable 
soil. Biology and Fertility of Soils 19: 159-165.

Horn, R. Soils in agricultural engineering: effect of land-use management systems on mechanical soil processes. In: Hunt, A. (Ed.). 
Hydrogeology, Chemical Weathering, and Soil Formation. pp. 187-199. Wiley & Sons, Hoboken, NJ, USA. 2021.

Horn, R., Mordhorst, A., Fleige, H., Zimmermann, I. Burbaum, B., Filipinski, M. and Cordsen, E. (2019). Soil type and land use effects 
on tensorial properties of saturated hydraulic conductivity in Northern Germany. European Journal of Soil Science 71(2):179–189. 
DOI: 10.1111/ejss.12864

Huang, X., Horn, R. and Ren, T. (2021a). Deformation and pore water pressure change during static and cyclic loading with subsequent 
shearing on soils with different textures and matric potentials. Soil and Tillage Research 209: 104909. 

Huang, X., Wang, H., Zhang, M., Horn, R. and Ren, T. (2021b). Soil water retention dynamics in a Mollisol during a maize growing 
season under contrasting tillage systems. Soil and Tillage Research 209: 95-100. doi.org/10.1016/j.still.2021.104953.

IPBES (2019). Global assessment report on biodiversity and ecosystem services of the Intergovernmental Science-Policy Platform 
on Biodiversity and Ecosystem Services. E. S. Brondizio, J. Settele, S. Díaz, and H. T. Ngo (editors). IPBES secretariat, https://doi.
org/10.5281/zenodo.3553579.

IUSS Working Group WRB (2014). World reference base for soil resources (= World Soil Resources Reports. 106). Update 2015. FAO, 
Rome 201. 

Jasinska, E., Wetzel, H., Baumgartl, T. and Horn, R. (2006). Heterogeneity of physico-chemical properties in structured soils and its 
consequences. Pedosphere 16: 284–296.

Jonsson, J.Ö.G., Davidsdottir, B, Nikolaidis, N.P. and Giannakis, G.V. (2019). Tools for sustainable soil management: soil ecosystem 
services, EROI and economic analysis. Ecological Economics 157: 109-119. https://doi.org/10.1016/j.ecolecon.2018.11.010

Keesstra, S.D., Bouma, J., Wallinga, J., Tittonell, P., Smith, P., Cerda, A., Montanarella, L., Quinton, J.N., Pachepsky, Y., van der Putten, 
W.H.B., Bardgett, R.D., Moolenaar, S., Mol, G., Jansen, B. and Fresco, L.O. (2016). The significance of soils and soil science towards 
realization of the United Nations Sustainable Development Goals. Soil 2: 111-128. https://doi.org/10.5194/soil-2-111-2016.

Keller, T., Sandin, M., Colombi, T., Horn, R., Or, R. (2019). Historical increase in agricultural machinery weights enhanced soil stress 
levels and adversely affected soil functioning, Soil and Tillage Research 194: 104293.

Keudel, M. and Schrader, S. (1999). Axial and radial pressure exerted by earthworms of different ecological groups. Biology and Fertility 
of Soils 29: 262-269.

Killham, K., Amato, M. and Ladd, J.N. (1993). Effect of substrate location in soil and soil pore-water regime on carbon turnover. Soil 
Biology and Biochemistry 25: 57–62.

King, A.E., Congreves, K.A., Deen, B., Dunfield, K.E., Voroney, R.P. and Wagner-Riddle, C (2019). Quantifying the relationships between 
soil fraction mass, fraction carbon, and total soil carbon to assess mechanisms of physical protection. Soil Biology and Biochemistry 
135: 95–107. ISSN 0038-0717, https://doi.org/10.1016/j.soilbio.2019.04.019.

Kochiieru, M., Lamorski, K., Feiza, V., Feiziené, D. and Volungevičius, J. (2018). The effect of soil macroporosity, temperature and water 
content on CO2 efflux in the soils of different genesis and land management. Zemdirbyste-Agriculture 105 (4): 291–298. ISSN 1392-
3196 / e-ISSN 2335-8947, DOI 10.13080/z-a.2018.105.037. 

Kristensen, J.A., Thomsen, K.J., Murray, A.S., Buylaert, J.P., Jain, M. and Breuning-Madsen, H. (2015). Quantification of termite 
bioturbation in a savannah ecosystem: Application of OSL dating. Quaternary Geochronology: 334-34.

328 Chapter 18 Rainer Horn, Stefan Schrader, Anneka Mordhorst, Heiner Fleige and Richard Schroeder



Kuzyakov Y. and Blagodatskaya, E. (2015). Microbial hotspots and hot moments in soil: Concept and review. Soil Biology and 
Biochemistry 83: 184-199. http://dx.doi.org/10.1016/j.soilbio.2015.01.025

Langmaack M, Wiermann, C. and Schrader, S (1999a). Interrelation between soil physical properties and Enchytraeidae abundances 
following a single soil compaction in arable land. Journal of Plant Nutrition and Soil Science 162: 517-525.

Langmaack, M (1999). Earthworm communities in arable land influenced by tillage, compaction, and soil. Zeitschrift für Ökologie und 
Naturschutz 8: 11-21.

Langmaack, M., Schrader, S, Rapp-Bernhardt U. and Kotzke, K (1999b). Quantitative analysis of earthworm burrow systems with respect 
to biological soil-structure regeneration after soil compaction. Biology and Fertility of Soils 28, 219-229.

Larink, O., Werner, D., Langmaack, M. and Schrader, S. (2001). Regeneration of compacted soil aggregates by earthworm activity. 
Biology and Fertility of Soils 33: 395-401.

Leopoldina (2020). Monitoring-Bericht. Nationale Akademie der Wissenschaften Leopoldina, 91 pgs. 
Mayer, S., Kühnel, A., Burmeister, J., Kögel-Knabner, I. and Wiesmeier, M. (2019). Controlling factors of organic carbon stocks in 

agricultural topsoils and subsoils of Bavaria. Soil and Tillage Research 192: 22–32. ISSN 0167-1987, https://doi.org/10.1016/j.
still.2019.04.021.

Misra, R.K., Dexter, A.R. and Alston, A.M. (1986). Maximum axial and radial growth pressures of plant roots. Plant and Soil 95: 315–326.
Montanarella, L. and Panagos, P. (2021). The relevance of sustainable soil management within the European Green Deal. Land Use Policy 

100: 104950. https://doi.org/10.1016/j.landusepol.2020.104950.
Mordhorst, A., Fleige, H., Zimmermann, I., Burbaum, B., Filipinski, M., Cordsen, E. and Horn, R. (2018). Organische Kohlenstoffvorräte 

von Bodentypen in den Hauptnaturräumen Schleswig-Holsteins (Norddeutschland). Organic carbon stocks of soil types in the 
geological regions of Schleswig-Holstein (Northern Germany). Die Bodenkultur: Journal of Land Management, Food and 
Environment 69: 85-95. 10.2478/boku-2018-0008.

Mordhorst, A., Peth, S. and Horn, R. (2014). Influence of mechanical loading on static and dynamic CO2 efflux on differently textured 
and managed Luvisols. Geoderma 219-220:1–13.

Nawaz, M.F., Bourrié, G. and Trolard, F. (2013). Soil compaction impact and modelling. A review. Agronomy for Sustainable Development 
33: 291-309. https://doi.org/10.1007/s13593-011-0071-8.

Otten, W., Longstaff, D. and Watts., C.W. (2000). Method to quantify short-term dynamics in carbon dioxide emission following controlled 
soil deformation. Soil Science Society of America Journal 64(5): 1740–1748.

Pengthamkeerati, P., Motavalli, P.P. and Kremer, R.J. (2011). Soil microbial activity and functional diversity changed by compaction, 
poultry litter and cropping in a claypan soil. Applied Soil Ecology 48: 71–80.

Phillips, H.R.P. et al. (2020): Global distribution of earthworm diversity. Science 366 (6464): 480–485. DOI: 10.1126/science.aax4851
Plaas, E., Meyer-Wolfarth, F., Banse, M., Bengtsson, J., Bergmann, H., Faber, J., Potthoff, M., Runge, T., Schrader, S. and Taylor, A. 

(2019). Towards valuation of biodiversity in agricultural soils: a case for earthworms. Ecological Economics 159: 291-300. https://doi.
org/10.1016/j.ecolecon.2019.02.003

Richards, B.G., Baumgartl, T., Horn, R. and Gräsle, W. (1997): Modelling soil strength and soil compressibility of arable soils by FEM 
(finite element model). International Agrophysics 11: 68-79

Riggert, R., Fleige, H. and Horn, R. (2019). An assessment scheme for soil degradation caused by forestry machinery on skid trails in 
Germany. Soil Science Society of America Journal 83 (S1): S1-S12. doi:10.2136/sssaj2018.07.0255

Röhrig, R., Langmaack, M., Schrader, S. and Larink, O. (1998). Tillage systems and soil compaction – their impact on abundance and 
vertical distribution of Enchytraeidae. Soil and Tillage Research 46: 117-127.

Ruiz, S., Or, D. and Schymanski, S.J. (2015). Soil penetration by earthworms and plant roots-mechanical energetics of bioturbation of 
compacted soils. PLOS ONE 10(9): e0136225

Ruser, R., Flessa, H., Russow, R., Schmidt, G., Buegger, F. and Munch, J.C. (2006). Emission of N2O, N2 and CO2 from soil fertilized with 
nitrate: effect of compaction, soil moisture and rewetting. Soil Biology and Biochemistry 38: 263-274.

Santrucková, H., Heinemeyer, O. and Kaiser, E.A. (1993). The influence of soil compaction on microbial biomass and organic carbon 
turnover in micro-and macroaggregates. Geoderma 56: 587–598.

Sauzet, O., Kohler-Milleret, R., Füllemann, F., Capowiez, Y. and Boivin, P. (2021). Nicodrilus nocturnus and Allolobophora icterica drill 
compacted soils but do not decrease their bulk density – a laboratory experiment using two contrasted soils at two different compaction 
levels. Geoderma 402: 115164. https://doi.org/10.1016/j.geoderma.2021.115164

Schon, N.L. and Dominati, E. (2020). Valuing earthworm contribution to ecosystem services delivery. Ecosystem Services 43: 101092. 
https://doi.org/10.1016/j.ecoser.2020.101092.

Schrader, S. and Bayer, B. (2000). Abundances of mites (Gamasina and Oribatida) and biotic activity in arable soil affected by tillage and 
wheeling. Braunschweiger Naturkundliche Schriften 6(1): 165-181.

Schrader, S. and Larink, O. (2003). Earthworms as promoters of soil structure rehabilitation. Tearmann: Irish Journal of Agri-
Environmental Research 3: 47-55.

Schrader, S., Rogasik, H., Onasch, I. and Jégou, D. (2007). Assessment of soil structural differentiation around earthworm burrows 
by means of x-ray computed tomography and scanning electron microscopy. Geoderma 137: 378-387. https://doi.org/10.1016/j.
geoderma.2006.08.030.

Schroeder, R., Fleige, H., and Horn, R. (2021). Construction and implementation of a soil database for the evaluation of site-specific soil 
stability and its change over time as well as consequences for ecological parameters. Soil and Tillage Research. In preparation.

Six, J., Elliott, E.T., Paustian, K. and Doran, J.W. (1998). Aggregation and soil organic matter accumulation in cultivated and native 
grassland soils. Soil Science Society of America Journal 62: 1367–1377.

Stepniewski, W., Horn, R. and Martyniuk, S. (2002). Managing soil biological properties for environmental protection. Agriculture, 
Ecosystems and Environment 88: 175–181 

Taylor, A.R., Lenoir, L., Vegerfors, B. and Persson, T. (2019). Ant and earthworm bioturbation in cold-temperate ecosystems. Ecosystems 
22: 981–994. https://doi.org/10.1007/s10021-018-0317-2

329Soil health and biodiversity: Interactions with physical processes and functions



Turbé, A., De Toni, A., Benito, P., Lavelle, P., Lavelle, P., Ruiz, N., Van der Putten, W.H., Labouze, E. and Mudgal, S. (2010). Soil 
biodiversity: functions, threats and tools for policy makers. Bio Intelligence Service, IRD, and NIOO, Report for European 
Commission (DG Environment). ISBN: 978-92-79-20668-9, doi: 10.2779/14571. Accessed date: 04 May 2021. http://ec.europa.eu/
environment/archives/soil/pdf/biodiversity_report.pdf

Whalley, W.R., Dumitru, E. and Dexter, A.R. (1995). Biological effects of soil compaction. Soil and Tillage Research 35(1-2): 53–68.
Wiesmeier, M. Steffens, M., Mueller, C., Kolbl, A., Reszkowska, A., Peth, S., Horn, R. and Kögel-Knabner, I. (2012). Aggregate stability 

and physical protection of soil organic carbon in semi-arid steppe soils. European Journal of Soil Science 63: 22-31.
Wiesmeier, M., Mayer, S., Burmeister, J., Hübner, R. and Kögel-Knabner, I. (2020). Feasibility of the 4 per 1000 initiative in Bavaria: A 

reality check of agricultural soil management and carbon sequestration scenarios. Geoderma 369: 114333. ISSN 0016-7061, https://
doi.org/10.1016/j.geoderma.2020.114333.

World reference base for soil resources (WRB) (2014). World soil resources reports 106. FAO, Rome.
Young, I. M. and Ritz, K. (2000). Tillage, habitat space and function of soil microbes. Soil and Tillage Research 53: 201–213.
Zhai, X. and Horn, R. (2018). Effect of static and cyclic loading including spatial variation caused by vertical holes on changes in soil 

aeration. Soil and Tillage Research 177: 61-68.
Zhai X. and Horn, R. (2019). Dynamics of pore functions and gas transport parameters in artificially ameliorated soils due to static and 

cyclic loading. Geoderma 337: 300-310.

330 Chapter 18 Rainer Horn, Stefan Schrader, Anneka Mordhorst, Heiner Fleige and Richard Schroeder





Sustainable soil management as a key 
to preserve soil biodiversity and stop 

its degradation

Editors:

Laura Bertha Reyes-Sánchez
Rainer Horn 
Edoardo A.C. Costantini

International Union of Soil Sciences

2022
 



Eds: Laura Bertha Reyes-Sánchez, Rainer Horn, and Edoardo A.C. Costantini
Sustainable soil management as a key to preserving soil biodiversity and stopping its 
degradation

Please cite this publication as follows:

Reyes-Sánchez, L. B., Horn, R., Costantini, E. A.C. (eds.) 2022: Sustainable soil management 
as a key to preserving soil biodiversity and stopping its degradation. International Union of 
Soil Sciences (IUSS). Vienna, Austria.

Editor’s address:
Laura Bertha Reyes-Sánchez lbrs@unam.mx
National and Autonomous University of Mexico. FES-Cuautitlán, Campo 4. Km. 2.5, Cuautitlán-
Teoloyucan highway, San Sebastián Xhala, Cuautitlán Izcalli, Estado de México. C. P. 54714.

Rainer Horn rhorn@soils.uni-kiel.de
Institute for Plant Nutrition and Soil Sciences. CAU Kiel, Hermann Rodewaldstr, 2, 24118 Kiel, 
Germany.

Edoardo A.C. Costantini eac.costantini@gmail.com
CNR-IBE - Biology, Agriculture and Food Sciences Department, Sesto Fiorentino, 50019, Italy

Sponsor: International Union of Soil Sciences (IUSS)

ISBN: 979-8-9862451-0-2 

© 2022 International Union of Soil Sciences (IUSS)

Copyright: Acceptance of a manuscript for publication implies the automatic transfer of 
publishing rights from the author to the International Union of Soil Sciences.

Photo on book cover is pixabay.com
Photos, images, and drawings were provided by authors and are their responsibility

This work is licensed under the Creative Commons
<a rel=”license” href=”http://creativecommons.org/licenses/by-nc-nd/4.0/”><img alt=”Licencia Creative Commons” style=”border-width:0” src=”https://i.
creativecommons.org/l/by-nc-nd/4.0/88x31.png” /></a><br /><span xmlns:dct=”http://purl.org/dc/terms/” href=”http://purl.org/dc/dcmitype/Text” property=”dct:title” 
rel=”dct:type”>Sustainable soil management as a key  to preserve soil biodiversity and stop its degradation</span> por <a xmlns:cc=”http://creativecommons.org/ns#” 
href=”www.iuss.org” property=”cc:attributionName” rel=”cc:attributionURL”>Reyes-Sánchez, L. B., Horn, R., Costantini, E. (eds) 2022: Sustainable soil management 
as a key to preserving soil biodiversity and stopping its degradation. International Union of Soil Sciences (IUSS).</a> se distribuye bajo una <a rel=”license” href=”http://
creativecommons.org/licenses/by-nc-nd/4.0/”>Licencia Creative Commons Atribución-NoComercial-SinDerivadas 4.0 Internacional</a>.<br />Permisos más allá del 
alcance de esta licencia pueden estar disponibles en <a xmlns:cc=”http://creativecommons.org/ns#” href=”www.iuss.org” rel=”cc:morePermissions”>www.iuss.org</a>.


