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Abstract

Soil ecosystems are nowadays exposed to several physical, chemical and biological
stressors, which are directly or indirectly related to anthropogenic activities. This
chapter covers how contaminants affect the soil ecosystem structure, changing soil
functions and services. Soil ecosystem structure is constituted by dynamic interactive
abiotic and biotic compartments, dependent on major key factors like water and light.
By changing this balanced system, soil functions are also impaired as they are strictly
dependent on this structure and biodiversity. Soil functions include carbon
transformations, nutrient cycling, maintenance of the structure itself, and regulation of
biological populations. Activities like mining, agriculture, forestry or waste disposal are
often responsible for the unbalance of soil structure and functions, by jeopardizing
majorly the functional biodiversity compartment of the ecosystem. Therefore, the
provision of goods along with ecosystem services will be also affected. Valuing soil
ecosystem services is a difficult task and often lacking at the policymaking level, as the
costs of services losses can go unnoticed. Therefore new strategies should be
implemented to bring the concepts of structure, functions, services and goods on board

at the regulation level.
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Introduction

Soil is a complex dynamic system constituted by biotic and abiotic components that
represents the primary habitat and harbor of biological activity and diversity, supporting
several ecosystem services. Soil formation depends on several factors such as parent
material, topography, climate, biota and time. These factors will influence soil
formation as well as the characteristics soil will have, influencing all its functions,

services, and ability to produce goods.

Ecosystem services are defined as the benefits that people receive from nature, essential
for the overall environmental health and human well-being (MA, 2005). The
Millennium Ecosystem Assessment (MA) and the Common International Classification
of Ecosystem Services (CICES) establish in a general way major categories of
ecosystem services (MA, 2005; Haines-Young and Potschin, 2011): Provisioning,
which includes the production of goods by ecosystems (e.g. food, water, fibers, or
energy); Regulating, which includes the maintenance of several processes related to
climate, water and air quality, pest and disease control, or pollination; Supporting,
necessary for the performance of all other services such as soil formation, nutrient
cycling, primary production, or habitat provision; Cultural, which includes non-material
benefits like recreation, ecotourism, cultural heritage, or spiritual and religious values.
Figure 1 shows the relationships between soil ecosystem services and functions.
Ecosystem services, which are mainly based on soil goods and functions, can be valued
quantitatively in monetary or non-monetary terms (Silvertown, 2015; Selck et al.,
2017).

Soil ecosystem services depend on soil ecosystem structure (soil biotic and abiotic
components and the interactions within and between them) and soil ecosystem functions
(natural processes occurring in soil). In both cases, the soil, water and air compartments
are interconnected and their quality and sustainability are dependent from each other.
Soil ecosystem structure is responsible for the adaptations of individual organisms, but
at the same time their role and function in soil change also the ecosystem structure.
Biodiversity therefore rules soil structure and functions (Wall et al., 2012). Ecosystem
services depend highly on soil biodiversity, accounting along with its trophic and

behavioral interactions, in a temporal and spatial scale.



The soil compartment often suffers several threats from direct or indirect anthropogenic
sources. Agricultural and forestry practices, urbanization (e.g. waste disposal), mining
and industrial activities are among the main causes of soil misuse and overexploitation.
Contaminants in soil will only become hazardous when deleterious effects are
perceived. In this way, when soil contamination affects the biota, all soil functions and
services can potentially be changed; therefore soil pollution is an issue that has to be
taken into account in risk assessment procedures. In addition, climate alterations induce
also pressures on soil ecosystems, by altering the physical, chemical and structural
composition of soil. Several soil functions can be jeopardized from these pressures, thus

affecting the goods and services provided by soil ecosystems.

Soil ecosystem structure

e Soil structure

Soils are the central organizing element in terrestrial ecosystems, with a multitude of
geochemical and ecological functions (Coleman and Whitman, 2005; Crawford et al.,
2005; Wall et al., 2010). Soils’ position, at the interface among the lithosphere,
atmosphere, hydrosphere and biosphere, confers them a highly dynamic and multiphase
character where multiple-sized aggregates are linked and stabilized within an intricate
matrix of solid, liquid and gaseous components interacting at various scales (Parker,
2010; Lal, 2016).

Solid components include both inorganic and organic materials heterogeneously
organized and creating a three-dimensional porous matrix with complex geometry
(Crawford et al., 2005; Ritz, 2008). Soil particles do not create a continuous and
compact mass, making possible life in soil. In fact, the volume formed by pores,
chambers, channels and cracks provides a suitable environment for soil biota and the
growth of plant roots. This pore space network also regulates the flux of gases and
liquids within soil creating multiple amphibious environments, heterogeneously filled
with soil solution and partly filled with soil gases, which are crucial for soil biota
(Lavelle, 2012). Water composition and reactivity in soil pores depend on the properties

of the incoming water along with the characteristics of the soil solid phase, the biota and



the interface with the atmosphere. The soil solution is constituted by water and a wide
variety of dissolved and suspended materials (organic, inorganic and organo-mineral)
(Lavelle and Spain, 2001). Mobile elements sorbed on the soil solid phase diffuse to the
liquid phase. Therefore, nutrients and contaminants become available to the majority of
soil living organisms and plants when dissolved in soil pore water. Soil gaseous phase
comprises O, consumption and CO, production during biological activities. When O, in
soil decreases, there is an exchange of O, between the atmosphere and the soil due to a
differential gradient, with CO, flux occurring in the opposite direction. The relative
humidity of soil atmosphere remains close to saturation, which is vital to most soil biota
(Lavelle and Spain, 2001).

e Soil biodiversity

Soils are amongst the most species-rich ecosystems on Earth (Giller, 1996). Nowhere in
nature is possible to find so many species and so densely packed as in soil ecosystems
(Hagvar, 1998). Unfortunately, in spite of the huge effort made by soil ecologists in the
last few decades to describe and understand soil communities, the taxonomic deficit for
soil biodiversity is still one of the highest (Decaéns, 2010) and little is known about
their structure and dynamics (Bardgett and van der Putten, 2014). Although the true
extent of soil biodiversity remains relatively unknown, one aspect is already
undisputable: soil biodiversity is key for the proper soil functioning and underpins all
soil-based ecosystem services and goods (Barrios, 2007). Therefore, improving the
knowledge about soil biodiversity is paramount to increase the ability to understand the
mechanisms underlying soil health, effectively manage soil-based ecosystem services
and predict future trends and scenarios for the Anthropocene (Bardgett and van der
Putten, 2014).

Despite the significant bias towards the aboveground part of soil ecosystems, it is
belowground where the greatest diversity is found (Wardle, 2006; Thiele-Bruhn et al.,
2012). Belowground biodiversity is concentrated on the pore space (Lavelle, 2012). The
pore space is a highly constraining and multiphase environment characterized by an
overall low quality of resources and patchily distributed “hot spots” (Lavelle et al.,
1994; Crawford et al., 2005). Having an increased surface area, but limited connectivity,

these pore spaces create a multitude of dynamic microenvironments where local species



are subject to low competitive exclusion, thereby promoting coexistence through
resource partitioning (Decaéns et al., 2006). Within soils, the importance of competition
as structuring force of small-sized biota is mostly restricted to fine scales, such as the
aggregatusphere for microbial communities or the porosphere/rhizosphere for
microfauna, where potential competitors might use the same space and available
resources (Ettema and Wardle, 2002). A higher degree of connectivity would allow
greater possibilities of exchanging genetic material, leading to higher homogeneity and
less diversity (Lavelle, 2012). Soil communities are therefore hyperdiverse and
extremely complex and encompass organisms from all major taxonomic groups
(Wardle, 2006; Parker, 2010). Nevertheless, larger animals, with higher mobility, may
be spatially structured at the plot level (Ettema and Wardle, 2002).

Soil organisms are normally classified based on their body width whose variation within
soil communities spans several orders of magnitude (Barrios, 2007; Parker, 2010;
Lavelle, 2012). The bulk of soil diversity is composed by microbiota such as bacteria,
archaea and fungi, but it also comprises remarkable diversity of microfauna, mesofauna,
macrofauna and even megafauna (e.g. mammals, reptiles) (Bardgett, 2002; Wurst et al.,
2012; Orgiazzi et al., 2016). Besides, it also includes a huge variety of photosynthetic
organisms such as lichens and plants with key roles in soil ecosystems structure
(Orgiazzi et al., 2016). Soil microbiota contribute mainly to decomposition processes,
favoring C and nutrient cycling, but also plays an important role in disease defeat and
plant growth regulation (Wurst et al., 2012). These organisms play also important
symbiotic interactions with plants, crucial in the plant root axis, improving nutrient
uptake (e.g. helping N fixation) and/or regulating plant hormones (Wurst et al., 2012).
Soil microfauna include organisms <100 um (e.g. nematodes, protozoa, and rotifers).
They feed on bacteria, fungi and algae, but they also present predator and saprophytic
groups. By their activities they regulate i) nutrient cycling by improving the availability
of nutrients to other species (e.g. through their faeces), ii) population size and activity of
bacteria and fungi, and iii) the dispersion of crucial rhizosphere microbiota (Wurst et al.,
2012). Their deleterious effects to plants are also known, when microfauna inhabit in
more direct contact with roots, by feeding on those roots or changing plants defenses or
hormones. Soil mesofauna (100 um — 2 mm) main groups are Acari, Collembola,
Tardigrada, Protura, Diplura, and Enchytraeidae. These organisms are mainly

herbivores, bacterivores or fungivores. In some cases, they also feed on other soil



organisms belonging to higher trophic levels. They live in close contact with the air and
water present in soil and therefore are very dependent on soil aeration and moisture.
These organisms contribute to nutrient cycling, pest and disease suppression, serve as
food for other soil organisms, and participate in soil biota distribution (Wurst et al.,
2012). Soil macrofauna (>2 mm) is the main responsible for litter fractionation and
predation on other soil-dwelling organisms, often called “ecosystem engineers”.
Macroarthropods (e.g. isopods. spiders, insects) along with soft-bodied organisms (e.g.
annelids, gastropods) are the main groups of soil macrofauna. These organisms are
responsible for changing the habitat structure, in terms of its physical, chemical and
structural properties, contributing to different soil functions such as decomposition and
nutrient cycling, water infiltration (e.g. by burrowing behaviors), suppression of pests
and diseases, and as predators regulating other biota (Wurst et al., 2012). They have a
direct positive effect on plant growth and yield, but they can also represent the cause of

some deleterious effects on crops.

Soil organisms can be classified also according to their functionality, which helps to
elucidate about their ecological roles within soil ecosystems. Turbé et al. (2010)
suggested the use of three all-encompassing functional groups: chemical engineers,
biological regulators, and ecosystem engineers. Chemical engineers consist of
organisms directly involved on C and nutrient cycling such as decomposers and
transformers. Biological regulators are responsible for controlling the dynamics of
biological populations (i.e. pests, diseases), thus promoting the resilience and stability
of soil ecosystems. Ecosystem engineers are responsible for soil structure maintenance
by promoting aggregate stability, the formation of pore networks, and the development

of complex bio-structures.

e Soil food webs

Soil biodiversity is connected throughout an intricate network of feeding relationships
across multiple trophic levels, whose links can be depicted in food webs (Scheu and
Falca, 2000; Brose and Scheu, 2014). The different levels of complexity that exist in
soil biota are controlled holistically in a bottom-up and top-down regulation system, in
relation to the inter- and intra-specific interactions. Food webs provide a framework for

describing and quantifying the main interactions between species, as well as studying



the fluxes of energy and material within the system (Scheu, 2002; Thompson et al.,
2012). Food webs offer an integrative insight into how species are organized within
communities, how they relate to the abiotic environment and, ultimately, inform about
the mechanisms through which biodiversity influences ecosystem functioning
(Thompson et al., 2012). Understanding the structure and dynamics of soil food webs is
however a challenging task. Soils’ physical inaccessibility and opaqueness make direct
observations of species’ interactions unfeasible. Recently, molecular gut analysis and
stable isotope approaches have proved invaluable for unveiling the trophic relationships

required to construct soil food webs (Brose and Scheu, 2014).

Soil food webs are composed by two main systems, one herbivory-based (“green” food
webs) and other detritus-based (“brown” food webs). In belowground herbivory food
webs plant roots constitute the main basal resource, grazed by phytophagous nematodes
and insects, which in turn are preyed upon by a predaceous community with several
levels (de Ruiter et al., 1998). Most primary production is nonetheless not consumed
and enters the detritus pool underlying brown food webs (Moore et al., 2004). The
detritus pool that supports brown food webs consists on more or less recalcitrant non-
living organic materials. Two energy channels have been identified within brown food
webs: i) the bacterial energy channel, with bacteria as primary decomposers, and ii) the
fungal energy channel, in case fungi play that role (Hedlund et al., 2004). This bacterial-
fungal energy channel concept generally assumes a reasonably well separated
community of detritivores/microbivores (Geisen, 2016). However, increasing evidences
suggest that omnivore and feeding plasticity is generalized within soil food webs (Digel
et al., 2014), not only at higher trophic levels but also within detritivores/microbivores
guilds (Geisen, 2016). This whole network, including the different energy channels, is
stabilized by an extensive number of trophic and non-trophic interactions at multiple
spatial and temporal scales (Hedlund et al., 2004; Wardle, 2006). The importance of
bottom-up and top-down regulation varies within soil food webs, among trophic levels,
and energy channels (Wardle, 2006) Interactions between systems occur not only at
predator levels (de Ruiter et al., 1998), but also at the bottom-level between autotrophs
and decomposers, either linked by asymmetric metabolic capabilities (Naeem et al.,
2000) or resource competition (Kaye and Hart, 1997). Non-trophic interactions, such as
the activity of soil engineers, are also thought to promote diversity and reduce

competitive interactions, thus contributing to stabilize soil food webs (Wardle, 2006)



The vulnerability of each trophic level to environmental changes has been associated to
their inherent ability to disperse in time and space. Hence, the bacterial pathway is
thought to be less vulnerable than the fungal pathway (Hedlund et al., 2004). Organisms
associated to root-based food webs are more spatially constrained and therefore show
higher vulnerability to changes affecting plant community (Hedlund et al., 2004).
Besides, organisms at higher trophic levels tend to be more vulnerable to disturbance
than those belonging to lower trophic levels, which might reduce the length and
connectance in soil food webs at early stages of succession after disturbance (Moore,
1994).

¢ Relationships between soil ecosystem structure and functions

Structural changes in natural soil communities do not necessarily lead to functional
losses. However, in some situations, these changes might be regarded as early warnings
of potential impairments in soil ecosystem functioning. This interplay between
community structure and functioning has been subject of intense debate among soil
ecologists (Wardle et al., 2000). Soil communities have a high level of redundancy
between species (Hunt and Wall, 2002). For this reason, it is normally assumed that
small to moderate changes in soil ecosystem structure can be accommodated by the
presence of a high number of species with similar roles within the community (van
Straalen, 2004). Soil functioning is thought to be unaffected by structural changes until
the tipping point is reached, where the ecological role of some species or groups of
species cannot be compensated by any others still present in the community (Hedlund et
al., 2004). Therefore, soil biodiversity works as an insurance against potential disturbing

events (van Straalen, 2002).

A vast number of experimental studies performed in soil ecosystems have proved the
“redundant species” hypothesis, leading to the general belief that functional endpoints
are less sensitive than structural endpoints for the assessment of environmental integrity
(van Straalen, 2002). Focusing only on soil functions may allow the protection of vital
soil processes but gives little indication of the effects on soil communities (Schaeffer et
al., 2010). Although convenient from an anthropocentric point of view, soil biodiversity
should have an intrinsic value that would be worth conserving (Rombke et al., 2005).

Understanding how structure affects functioning is essential for long-term soil



monitoring and management (van Straalen, 2002). An alternative hypothesis (“rivet”
hypothesis) states that any species loss, to any extent, always leads to an ecosystem
function decrease because every species holds a specific contribution to the functioning
and this contribution is eliminated from the system in case of species removal (van
Straalen, 2002). This hypothesis assumes that ecosystem functioning decreases linearly
with increasing species loss. Such linear responses have been less frequently
documented in soil ecosystems. Ramsey et al. (2005) did not find evidences of
functional redundancy when comparing the results of functional endpoints (e.g. soil
respiration, soil microbial biomass, above- and below-ground plant biomass) with
changes in microbial community structure, studied with phospholipid fatty acids
analysis (PLFA), along a long-term metal contamination gradient. Both structural and
functional endpoints were non-responsive at low contamination levels, but increased
linearly towards higher contamination levels (Ramsey et al., 2005). Furthermore,
contrary to what is normally assumed, functional endpoints were more sensitive than
structural ones because the linear increase started at low contamination levels (Ramsey
et al., 2005). An additional theory, the “idiosyncratic” hypothesis, States that no
relationship exists between changes in soil community structure and soil functioning
(van Straalen, 2002). Idiosyncratic hypothesis suggests that not all species have equal
contribution to ecosystem processes (i.e. key functional groups may have
disproportionate importance) and, therefore, species richness does not provide insight

into soil functioning (Nielsen et al., 2011).

e Effects of contaminants on soil ecosystem structure

When a contaminant enters the soil, not all the species are expected to be similarly
affected. As previously mentioned, soil ecosystems harbor a vast diversity of organisms
with different life histories, morphologies, physiologies and behaviors, leading to
different responses to specific contaminants (van Straalen, 2004). Toxicological
processes such as uptake, sequestration, biotransformation and excretion of specific
contaminants vary considerably between and even within species, and greatly determine
organism vulnerability (van Straalen, 2004). Furthermore, species’ vulnerability
depends also on the route of entrance of the contaminant into the soil ecosystem.

Different species may become more or less prone to be affected by any contaminant



depending on the relevance of the exposure route according to their own life traits.
Hard-bodied organisms and those living in the top soil layer are likely more exposed to
contaminants via food, while those soft-bodied and soil-dwelling organisms living in
the pore space are more exposed to substances maintaining a soluble fraction in the pore
water (O'Halloran, 2006). Organisms whose main food items or prey (i.e. predators)
may become highly contaminated are expected to intake greater amounts of specific
contaminants (van Straalen et al., 2001).

Alterations resulting from any of these situations may lead to selective declines in
species abundance and ultimately to an impaired community in terms of richness,
diversity, evenness, and many other metrics available to evaluate natural communities.
A large body of surveying studies performed along metal gradients in soil ecosystems
has provided significant evidences of pollutant-induced changes in virtually all kinds of
soil communities and related biota: plants (e.g. Salemaa et al., 2001; Koptsik et al.,
2003; Dazy et al., 2009; Naveed et al., 2014), soil microbes (e.g. Ramsey et al., 2005;
Wang et al., 2007; Naveed et al, 2014), soil invertebrates (e.g. Zaitsev and van Straalen,
2001; Nahami and Lavelle, 2002; Nahmani et al, 2005; Jung et al., 2008; Chen et al.,
2009; Santorufo et al., 2012; Naveed et al, 2014), and wild bees (e.g. Moron et al.,
2012). The type of structural change seems less generalized, certainly depending on the
extent of the gradient, the kind of community, and many other external factors specific
to each situation. Ecological indices are, in some situations, unable to capture the effects
of contaminants. If the dominant pollution-sensitive species do not disappear
completely, an erroneous increase in index may occur (Cortet et al., 1999). On the other
hand, indirect effects or compensatory mechanisms may favor some groups leading to
higher total abundances in contaminated sites (Pedersen et al., 1999; Nahami and
Lavelle, 2002). Either situation represents an alteration in community structure whose
effects on stability are difficult to predict in the long-term. Ecological indices must
therefore be used carefully, preferably only in highly contaminated sites (Cortet et al.,
1999). Trait-based approaches have been increasingly adopted to assess the effects of
contamination on soil biota. The concept of functional traits provides information about
the mechanisms through which soil contaminants affect communities, thus becoming

more easily relatable to ecosystem functioning (Hedde et al., 2012; Moretti et al., 2016).

Soil ecosystem functions

10



Soil health is defined as “the capacity of soil to function as a vital living system to
sustain biological productivity, maintain environment quality and promote plant, animal
and human health” (Doran et al., 1996; Doran and Zeiss, 2000). Soil health is directly
related to soil quality. Although both terms have been often used interchangeably, soil
quality refers to the capacity of the system for performing specific functions whereas
soil health refers to its overall condition (Lal, 2016). Soil health depends mainly on the
maintenance of four major functions, which in turn are determined by a combination of
different biological processes (Kibblewhite et al., 2008): i) carbon transformations, ii)
nutrient cycling, iii) soil structure maintenance, and iv) biological population regulation.
The biological processes contributing to these functions are provided by a set of key
functional groups of soil living organisms (see previous section of soil biodiversity).

Soil quality/health is determined by a combination of multiple physical, chemical, and
biological properties. Some of these properties can be used as monitoring
tools/indicators to assess changes in specific soil functions and therefore on the overall
quality/health of the soil ecosystem as a consequence of different management
practices, natural disturbances (e.g. climate changes) or contamination (e.g. Doran and
Zeiss, 2000; Schloter et al., 2003; Gil-Sotres et al., 2005; Marinari et al., 2006;
Stankovic et al., 2014; Calzolari et al., 2016; Constantini et al., 2016; Stone et al.,

2016). Table 1 lists some of the most widely used indicators.

e Carbon transformations

Soil organic matter (SOM) in an essential constituent of terrestrial ecosystems (1-10%
of total soil biomass; Horwarth, 2007), which comprises soil biota and vegetal and
animal materials that return to the soil and go through the decomposition process,
becoming a by-product of decomposition (Craswell and Lefroy, 2001; Bot and Benites,
2005; Horwarth, 2007). Among others, SOM provides nutrients and habitat to soil biota
and contributes to particle aggregation, enhancing the physical structure of soils and
then promoting aeration, water infiltration, and resistance to erosion and crusting (Bot
and Benites, 2005; Horwarth, 2007). It is also involved in the regulation of atmospheric
gases (e.g. CO,, N,O, CH,) and in the adsorption/retention of chemicals such as metals

and pesticides by organo-mineral complexes (Bot and Benites, 2005; Horwarth, 2007).
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Plant remains (e.g. leaf and woody litter, old plant roots, crop residues) constitute the
main source of SOM. They normally contain 60-90% of moisture while the remaining
dry matter includes basically H, C and O, followed by small amounts of N, S, P, K, Ca
and Mg, and a number of elements in smaller quantities such as Cu, Mn, Zn and Fe (Bot
and Benites, 2005). These elements are integrated in more or less organic complex
structures (e.g. sugars, cellulose, hemicellulose, starch, lignins, proteins, waxes, resins;

Horwarth, 2007). Therefore SOM is the main source of C and energy for soil biota.

The transformations undergone by the soil organic C (SOC) are part of the degradation,
mineralization and humification cycle of the SOM by the action of living organisms
(Figure 2). Fresh organic residues undergo first through a decomposition process that
involves physical fragmentation, chemical degradation, and leaching of organic
substances (Coleman et al., 2004; Barrios, 2007). The physical breakdown is performed
mainly by medium-size invertebrates during their feeding activity, facilitating the
colonization and invasion of soil microorganisms (Barrios, 2007). This process is
followed by the chemical degradation of detritus in which microorganisms change the C
structures of complex organic molecules, releasing simpler compounds generally
soluble (e.g. carbohydrates, proteins, amino acids, etc.). Some of these compounds
suffer a primary mineralization process where they are transformed into soluble (e.g.
NOj3) and/or gaseous (e.g. CO;) inorganic compounds. The rest is used for the
formation of new increasingly complex molecules of colloidal nature and dark color
called humus. The humification process occurs through several oxidation and hydrolysis
reactions leading to substances with increasing C and H content and lower O content
compared to the original fresh residues (Horwarth, 2007). Therefore, humic substances
(humic acids, fulvic acids, hymatomelanic acids and humins; Tan, 1994) are relatively

more stable and resistant to decomposition.

The processes involved in SOM turnover are affected by several factors such as climate
conditions (e.g. temperature, precipitation), soil properties (e.g. pH, salinity, texture,
moisture content, clay mineralogy), living organisms present in the system, quantity of
annual fresh organic inputs and organic matter quality (e.g. litter with low C:N ratios
degrades faster than litter with high C:N ratios) (Bot and Benites, 2005; Stockman et al.,
2013; Smith et al., 2015). In addition, anthropogenic soil contamination might influence
SOM turnover.

12



Numerous studies have evaluated the effects of anthropogenic contaminants on SOM
turnover in terrestrial ecosystems, with special attention to metals and pesticides
(mainly herbicides, fungicides, and insecticides). Soil contaminants might affect plant
productivity and therefore alter the quantity and/or quality of fresh organic inputs
reaching the soil (e.g. Cheng, 2003; Marshall et al., 2003; Nagajyoti et al., 2010;
Sanchez-Bayo, 2011). They might also damage soil biota (microbial and faunal
communities), leading to direct toxic effects and changes in species composition and
community structure (e.g. Kozdréj and van Elsas, 2001; van Straalen, 2004; Giller et al.,
2009; Pelosi et al., 2014; Riah et al., 2014; Stankovic et al., 2014; Pisa et al., 2015;
Zaller et al., 2016), which in turn might affect SOM turnover. Decreasing SOM
decomposition might lead to the accumulation of non-transformed organic matter in
soils affected by anthropic activities and therefore to the immobilization of essential
nutrients due to the hindered mineralization (e.g. Cotrufo et al., 1995; Lomander and
Johanson, 2001; Forster et al., 2006; Zaller et al., 2016), affecting other soil functions.
The intensity of these effects depends on the contamination degree but also on the

properties of the soil, and the prevailing climate conditions.

In general, scientists agree on the negative effects of metal contamination on SOM
turnover both in temperate (e.g. Creamer et al., 2008; Freitas et al., 2014) and tropical
(e.g. Niemeyer et al., 2012a, 2012b) regions. Most of the studies show reducing litter
decomposition with metal pollution and relate this to alterations in soil fauna feeding
activity and microbiological parameters (e.g. soil basal respiration, microbial biomass
C, enzyme activities such as dehydrogenase, -glucosidase and cellulose), but also to
the sub-optimal conditions prevailing in metal-contaminated soils. Results from a meta-
analysis on the long-term effects of metal contamination (Cd, Cu, Pb and Zn) on soil C
and N cycling showed decreasing organic C (OC) and total N (TN) contents in metal-
contaminated soils, due to the lower plant biomass production and consequently to the
reduced input of fresh organic remains into the soil, and/or increasing C:N ratios
indicative of hindered mineralization (Zhou et al., 2016). Greater decreases of OC and
TN were found in soils with acidic pH (<6.5) and sandy texture and in climate zones
with mean annual temperatures around 10-20 °C and mean annual precipitations >1000
mm (Zhou et al., 2016).

The effects of pesticides on SOM turnover are in general diverse. This might be
attributable to the wide range of physical and chemical characteristics of the pesticides
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applied, but also to the edaphic and climate environment that largely determines their
degradation (e.g. Laabs et al., 2000; Chowdhury et al., 2008; Riah et al., 2014; Delcour
et al., 2015). Some microorganisms might use pesticides as source of energy and
nutrients (e.g. Johnsen et al., 2001; Riah et al., 20014), enhancing the processes in
which they are involved (e.g. enzyme activation), whereas pesticides might be toxic for
other soil living organisms (e.g. Sanchez-Bayo, 2011; Riah et al., 20014; Pisa et al.,
2015; Zaller et al., 2016) negatively affecting SOM turnover. Riah et al. (2014)
identified general response profiles of C cycling enzymes after pesticide exposure,
showing an inhibition effect of dehydrogenase activity, activation of cellulose especially
by insecticides, and no clear response of B-glucosidase. If pesticide application Kills
and/or reduces the activity of some specific groups, other organisms may benefit from
this (new substrate and/or lack of competition), leading among others to an activation of
the processes involved in SOM turnover (e.g. Chowdhury et al., 2008). Among
pesticides, herbicides have a direct effect on the quantity and/or quality of fresh organic
residues entering the soil (e.g. Wardle et al., 1994; Marshall et al., 2003). When strong
reductions on plant litter occur, herbicides indirectly affect soil microbial and faunal
communities by decreasing food and habitat availability (e.g. Marshall et al., 2003;
Sanchez-Bayo, 2011), which in turn might affect SOM turnover. On the contrary,
fungicides and insecticides might have a more direct toxic effect on faunal communities
(e.g. Bunemman et al., 2006; Sanchez-Bayo, 2011; Pelosi et al., 2014), affecting the
processes in which they are involved such as SOM breakdown (e.g. Burrows and
Edwards, 2004; Forster et al., 2004, 2006; Da Silva et al., 2010; Zaller et al., 2016).

Often less studied regarding SOM related functions, pharmaceuticals might appear in
soils due to sludge/biosolid applications. Bioactive pharmaceuticals might affect soil
microbial communities. Gielen et al. (2011) found that sludge application induced
changes on soil microbial functioning observed by the increase on CO, respiration,
decrease on the microbial biomass carbon and changes in substrate utilization affinities.
These changes in the microbial fingerprint helped also the soil to cope with long-term
pharmaceuticals exposure, where resistant microbes prevailed and mitigated responses,
by helping degrading those compounds. The field study of Adler et al. (2016) showed
that soil invertebrates were affected by the exposure to the veterinary pharmaceutical
ivermectin through dung application, inducing changes on their diversity but also on

their function in soil.
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e Nutrient cycling

Nutrients are essential elements for the growth and development of living organisms;
macronutrients are needed in relatively large quantities (N, P, K, Ca, Mg and S) while
micronutrients in lower concentrations (e.g. Fe, Zn, Mn, Cu, B, Mo, Ni, Co, Cr, Se, Sn).
These elements occur in gaseous forms (e.g. N>), as part of mineral compounds (e.g.
apatite), inorganic ionic forms (e.g. NH,", NOs’, PO,*, SO,*) and/or organic forms (C-
based compounds) (MA, 2005). Plants generally take up nutrients in ionic forms, soil
fauna in organic forms (consumption of living and/or dead tissues) and microorganisms
in any mineral and/or organic form (MA, 2005). Nutrient cycling refers to the
movement of nutrients within and among the different soil biotic and abiotic
components. Transformations from organic to inorganic forms are mediated by living
organisms and largely determine soil fertility, which supports among others plant
growth (Bot and Benites, 2005, MA, 2005; Paul, 2007; Smith et al., 2015). The major
functional groups of soil living organisms involved in nutrient cycling are the micro-
food web and litter transformers, as for the C transformations, and the root/rhizosphere

biota (e.g. N-fixing bacteria, mycorrhiza fungi, root herbivores) (Wall et al., 2012).

As previously described, SOM is the main source of nutrient to soil living organisms;
decomposition and mineralization processes release nutrients from organic materials
(Figure 2) (Bot and Benites, 2005; Horwarth, 2007). Therefore, any effect of
contaminants in SOM turnover affects also nutrient cycling (e.g. if litter input and/or
decomposition are impaired nutrient mineralization will be also affected causing an
imbalance in the nutrients availability for living organisms and consequently a loss in
soil quality/health). Most of the studies regarding soil contamination and nutrient
cycling have been focused on N. Contaminants might affect different microbial-
mediated N transformations (Nj-fixation, ammonification, nitrification, and
denitrification), thus altering the overall soil N mineralization rate. In general metal
contamination negatively affects N cycling, although this depends on multiple factors
such as the contamination degree (some metals are essential nutrients to living
organisms so low concentrations might have beneficial effects), the oxidation state of
the metals, the characteristics of the soil (e.g. pH, texture, organic matter content), and

the climate conditions. Numerous studies have found detrimental effects of high soil
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metal concentrations on urease activity (key enzyme in N cycle by catalyzing the
hydrolysis of urea into CO, and NHgs; e.g. Li et al., 2009; Yan et al., 2013), N,-fixation
(e.g. Filip, 2002; Chaudhary et al., 2004), ammonification (e.g. Kostov and van
Cleemput, 2001), nitrification (e.g. Megharaj et al., 2003; Li et al., 2015), denitrification
(e.g. Sobolev and Begonia, 2008; Liu et al., 2016), and overall N mineralization (e.g.
Nwuche and Ugoji, 2008; Zhang et al., 2010). However, some studies have reported
also beneficial effects and even long-term recovery of N cycling due to the development

of a metal-tolerant microbial community (e.g. Megharaj et al., 2003; Yang et al., 2007).

Studies concerning the effects of pesticides on N cycling offer variable and contrasting
results depending on the N-transformation evaluated, specificity of the applied
compound, application dose, and repeatability of the application. A global analysis on
the effects of pesticides on soil enzymes shows that urease activity might be either
unaffected or inhibited, except in the case of some fungicides (e.g. carbendazim and
validamycin) which tend to stimulate its activity (Riah et al., 2014). Detrimental effects
of pesticide application on N,-fixation has been observed due to the disruption of the
chemical signaling between the N fixing bacteria and the host plant (Fox et al., 2007),
decreasing the symbiotic efficiency, or changes in the bacterial community composition
(Angelini et al., 2013). In many cases, pesticide application at low and/or field
concentration rates do not have significant effects on ammonification, nitrification and
denitrification processes, while higher doses and/or repeated applications might damage
these microbial-mediated N transformations (e.g. Mufioz-Leoz et al., 2013; Crouzet et
al., 2016; Zhang et al., 2016).

Less attention has been paid to the effects of metals and pesticides on other essential
nutrients such as P and S. For both nutrients, evaluations have been made through
changes in enzyme activities such as acid/alkaline phosphatase (key enzymes in P cycle
by catalyzing the hydrolysis of esters and anhydrides of phosphoric acid) and
arylsulfatase (key enzyme in S cycle by catalyzing the hydrolysis of sulfate esters). Soil
metal contamination negatively affect phosphatase (e.g. Wang et al., 2007; Li et al.,
2009; Zhang et al., 2010; Renella et al., 2013) and arylsulfatase (e.g. Haanstra and
Doleman, 1991; Kandeler et al., 2000) activities. Pesticides (mainly herbicides,
fungicides, and insecticides) seem to have an inhibitory effect on phosphatases whereas

no influence on arylsulfatase activity (Riah et al., 2014).
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Pharmaceuticals might also induce changes in nutrient cycling as shown in the study of
Cycon et al. 2016, where the effects of non-steroidal anti-inflammatory drugs (e.g.
diclofenac, ibuprofen) in soils were evaluated looking at several soil enzymatic
activities, substrate-induced respiration, nitrification and ammonification processes, or
even on the diversity of culturable bacteria and fungi. In this case, responses were
present as a stimulatory effect on soil respiration and soil enzymes, with an increase on
the number of heterotrophic bacteria and fungi capable of using these chemicals as
source of C and energy. These patterns show that these drugs can unbalance and disturb

soil functions regarding nutrient cycling.

e Soil structure maintenance

Soil living organisms are much more than mere inhabitants of soil ecosystems. Through
their activity, organisms tend to aggregate the solid constituents and create pore
networks, thus generating structure and allowing the maintenance of the soil habitat and
the regulation of the soil-water cycles (Kibblewhite et al., 2008). They are inextricably
and functionally intertwined with soil mineral and organic materials, creating a
feedback loop through which they affect the structural stability of the system over a
range of different spatiotemporal scales, but at the same time they are affected
reciprocally through habitat provision (Brussard et al., 1997; Young et al., 1998;
Havlicek and Mitchell, 2014). Lavelle et al. (2006) identified five relevant scales related
to soil functioning, with processes successively embedded and emergent properties
arising at higher scales as result of small-scale processes: i) microbial biofilms (smallest
habitat in soil systems constituent by micro aggregates); ii) micro-food webs (habitat
outside micro aggregates); iii) functional domains of ecosystem engineers (habitat at the
scale of centimeters to decimeters where ecosystem engineers and abiotic factors
determine soil architecture through the formation of aggregates and pores of different
sizes; iv) mosaics of functional domains at plot scale (patchy distribution of ecosystem
engineers’ functional domains); and v) landscape scale (coexistence of different
ecosystems). Plants are thought to have the highest influence on soil processes
determining soil structure followed by invertebrate ecosystem engineers, litter
transformers and the remaining soil food web components acting more localized

(Lavelle, 1996). Plants modulate soil structure and aggregate stability directly through
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root penetration, water extraction and root exudation, among others, or indirectly by
promoting root-associated communities of faunal ecosystem engineers (Wolters et al.,
2000; Bronick and Lal, 2005; Schweitzer et al, 2012). Ecosystem engineers (e.g. soil
macroinvertebrates) change soils’ physical structure, creating macro pores and channels
through their feeding and burrowing activities (Bardgett, 2005; Nahmani et al., 2005).
Earthworms are, by far, the most well studied group in soil ecotoxicology approaches
due to their key functional roles in soil and high sensitivity to contamination, which
allows their use as bioindicators (Rémbke et al., 2005). Earthworm’s contribution to soil
structure depends on the specific ecological characteristics of each species. The ability
to sustain diverse earthworm communities, encompassing different ecological
strategies, contributes significantly to soil structure maintenance (Blouin et al., 2013). In
this sense, earthworms, along with other macrofauna groups, can be used as
management tools within strategies for restoration and remediation of contaminated
soils (Snyder and Hendrix, 2008; Blouin et al., 2013).

As any other process mediated by living organisms, soil structure formation and
maintenance might be greatly affected by soil contamination. Several studies suggest
that pollutants lead to important decreases in the communities of soil invertebrate
ecosystem engineers, considering also their activity such as burrowing behavior,
inducing strong effects in soil structure. This has been well documented for metals (e.g.
Leveque et al., 2014; Naveed et al., 2014) and pesticides (e.g. Capowiez et al., 2003,
2006; Capowiez and Bérard, 2006). Naveed et al. (2014) provided an outstanding
overview of the relationships between soil biodiversity and soil structure along a
gradient of Cu contamination. Correlations were found between various indicators of
soil biological community structure (e.g. plants, earthworms, nematodes, bacteria, and
fungi) and contamination-induced changes in soil physicochemical properties (e.g. total
porosity, air permeability, water retention, etc.) (Naveed et al., 2014). Besides, the
authors found drastic reductions in earthworm density, particularly in endogeic and
anecic species, that were concomitant with reductions in soil porosity and average pore
diameter. Leveque et al. (2014) also showed reduced vertical burrowing behavior in
metal-exposed earthworms which resulted in lower incorporation of straw provided at
the surface. On the contrary, other studies have found a predominance of
macroinvertebrates activity at the soil surface in in situ metal-contaminated soils
(Nahmani et al., 2005).
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On the other hand, only few studies have assessed the effects of contamination on the
relationship plant community-soil structure and yielded so evident causal relationships.
Understanding how contaminants affect plant diversity, although critical as first-step,
may not necessarily inform about local impoverishments in soil structure. Evidences
suggest that specific traits of plant species or groups can become stronger determinants
than diversity (Bardgett, 2005).

e Biological population regulation

An inherent property of healthy ecosystems is the capacity to self-regulate. Healthy
ecosystems must maintain its structure and function over time and must be able to cope
with external pressures (Constanza and Mazeau, 1999). Maintaining biodiversity is
critical to ensure ecosystem stability because it dilutes the strength of species
interactions within food webs (McCann, 2000; Worm and Duffy, 2003; Cardinale et al.,
2012). Evidences suggest that complex communities with few strong links embedded in
a majority of weak interactions have greater stability than communities where few
strong links dominate (Neutel et al., 2002). Such communities not only show greater
functional stability but they are also less prone to abrupt structural changes (Neutel et
al., 2002). This is particularly important after disturbance events, when the capacity for
renewal and reorganization of ecosystems is required to avoid shifts leading to novel
undesirable states (EImqvist et al., 2003). Soil complexity leads to equally complex soil
communities (Buchkowski, 2016). These communities are normally self-organizing
entities determined by the same spatially and temporally dynamic factors that
hierarchically affect soil ecosystems at multiple levels (Lavelle, 2012). Despite the
dynamism conferred by resource heterogeneity and local disturbance frequency, healthy
soils encompass complex ecological networks that allow them to regulate and maintain
diverse soil populations (Ettema and Wardle, 2002). These multitrophic interactions
play a central role in the response of ecosystems to environmental and anthropogenic

changes and occur at all levels of ecological organization (van der Putten et al., 2004).

Human-induced disturbances often lead to long-term detrimental impacts on soil food
webs complexity. This may have serious impacts on the ability of ecosystems to
regulate the biological populations. The ecological interactions underlying the
regulation of soil populations are poorly understood, when comparing to other
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ecosystems. Although top-down regulation has been suggested to have limited
importance in soil food webs, recent evidences suggest that trophic cascades might
actually occur in herbivore/pathogen soil pathways actively controlling these groups

and leading to improved primary production (Kulmatiski et al., 2014).

Most research on the effects of soil contamination in biological regulation has dealt with
pest control in agriculture ecosystems, control of soil-borne diseases, and the interacting
effects between contamination and invasive species. The destruction of pests’ natural
enemies is increasingly regarded as a significant side-effect of pesticide application
because it might lead to increasing virulent secondary outbreaks (Paoletti and Pimentel,
2000). Several studies reported decreasing performance of natural predators exposed to
pesticides (e.g. Baatrup and Bayley, 1993; Michalkova and Pekar, 2009). Besides, field
studies generally show higher abundance and diversity of natural predators in pesticide-
free agroecosystems (e.g. Hole et al., 2005). Such decrease in the biocontroller
community (predators, microbivores, and hyperparasites; Kibblewhite et al., 2008)
suggests an impaired regulation of pest populations that might need to be compensated

with external control measurements.

One well-known beneficial arthropod that can regulate pest insects is the ladybird beetle
(Coccinella septempunctata). This arthropod can deposit semiochemicals on leaf
surface, inducing an avoidance behavior in parasitoid aphids (Nakashima et al., 2004).
When C. septempunctata is affected by the presence of contaminants, its function as
biological regulator is impaired. The neonicotinoid imidacloprid was used in laboratory
microcosms to evaluate deleterious effects on its life-cycle (Yu et al., 2014). On their
study, Yu et al. (2014) concluded that application rates of imidacloprid higher than 3.42
g a.i. ha' were expected to already induce deleterious effects on C. septempunctata,
which is considerably lower that the application rate from China that ranges 15-60 g a.i.
ha™. With this overview, the biological regulation of pests will be impaired by this
pesticide and therefore higher chemical application rates will need to be carried out to

control aphids as well as other pests.

It is not clear whether pesticides can also affect regulation within decomposer food
webs. Salminen et al. (1997) showed that terbuthylazine reduced the top-down
regulation of predatory mites over an artificial decomposer community. Natural soil
ecosystems are nonetheless more complex and few evidences for trophic cascades in

decomposer- and symbiont-based have been noticed (Kulmatiski et al., 2014).
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Soil contamination may also favor less sensitive, opportunistic or even invasive species
whose life traits enable withstanding such adverse conditions and end up benefiting
from the lower competition resulting from the displacement of native sensitive species.
Yang et al. (2007) compared the invasive plant species Solidago canadensis to non-
invasive grassland species for their tolerance to metal contaminated soils. The results
suggest that S. canadensis can withstand higher Pb concentrations, by reducing its
uptake, conferring this species a competitive advantage in Pb-contaminated soils.

Soil ecosystem services

The preceding sections have pointed how soil contamination influences soil biodiversity
and, by doing so, how it interferes with vital processes governing soil ecosystems (i.e.
soil ecosystem functions). Although the obvious next step consists on relating such
effects on soil ecosystem functions to the delivery of soil-based ecosystem services or
goods, this requires sound ecological valuation and the best approach to achieve it is
still unclear (Calow, 2015; Kapustka and McCormick, 2015).

The increasing number of contaminated soils at global scale due to anthropogenic
activities results in large and severe impacts on soil ecosystems services. In 2005, the
MA reported that 60% of ecosystem services were degraded and/or used unsustainably
and related this issue to pollution, habitat change and overexploitation of natural
resources among other factors (MA, 2005). Since the economic valuation of soil
ecosystem services is a difficult task and often lacking at the policymaking level, the
costs of services losses can go unnoticed (TEEB, 2009). However, in the last years, the
concept of ecosystem services has been considered a promising approach for
environmental management and decision making (Maltby et al., 2017). In fact, the
evaluation of soil ecosystem services in environmental risk assessments of contaminants
has long been advocated (Cairns and Nielderlehner, 1994). Assessing ecosystem
services is compatible and complementary to traditional endpoints used in
environmental risk assessment for soil ecosystems (Maltby et al., 2017). Faber and van
Wensem (2012) provided an extensive group of structural and functional endpoints and
indicators that are clearly linked to specific ecosystem services (some
indicators/endpoints related to soil ecosystem functions and services are provided in

Figure 1). If properly addressed within the context of sound ecosystem services
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frameworks, these endpoints can provide an encompassing perspective of human well-
being and environmental health (Faber and van Wensem, 2012). Furthermore, such
approach provides a common currency that facilitates the communication among
relevant stakeholders (Maltby et al., 2017).

In spite of its great importance, only few studies clearly focus on the ecosystem service
approach in real scenarios, looking individually at those services but also using a

holistic framework to integrate them.

e Provisioning services

Soil contamination might affect provisioning services such as water and food supply
and genetic diversity. Soil contaminants can reach groundwater and/or surface waters,
affecting the quality of water resources (e.g. drinking water) (Moss, 2008; Lerner and
Harris, 2009; EC, 2013). Over 126,000 sites with contaminated groundwater were
recently identified in the US alone and the remediation cost estimation exceeded 127
billion US dollars (NRC, 2013). Soil contamination can reduce crop Yield, decreasing
food availability, and impair food safety (EFSA, 2012a, 2012b, 2012c; Udeigwe et al.,
2015). Plants can uptake contaminants through their roots and leaves and these
substances can biomagnificate within food chains, leading to disease and/or death of
animals including human beings (Vargas Rojas et al., 2016). The case study presented
by Ding et al. (2016) in China highlights the main accumulation of Cd, As and Pb in
rice grain (Oryza sativa) that will not only decrease rice production but also present
health risks to consumers. In addition, and by changing the ability to sustain a certain
diversity of plant species, the presence of metals in soils can change the water holding
capacity, affecting therefore other soil living organisms like invertebrates, essential for
different functions and services provided by soil ecosystems. In other cases soil
contaminants (e.g. fertilizers) can stimulate food and fiber production, assuming a
benefit for provisioning services (Albizua et al., 2015). The genetic diversity of soil
wild species can be impaired due to the inherent toxicity caused by soil contaminants
(Jones et al., 2014). Among others, this may affect biotechnology and pharmacy
industries since soil microbiota is essential for antibiotic production (Jeffrey et al.,
2010; D’Costa et al., 2011).
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e Regulating services

Soil contamination might impact regulating services such as air and water quality
control, climate regulation, flood regulation and pest and disease control. Soil
contaminants (e.g. metals, pesticides, fertilizers, etc.) might be transferred and/or
migrate to different ecosystem compartments like the atmosphere and the hydrosphere
leading to air and water contamination, respectively. Soil contamination can impact also
climate regulation due to changes in C sequestration and stocks in soils as well as to the
emission of greenhouse gases (e.g. CO,, N,O) (Zhou et al., 2014; Duran et al., 2016).
Soil contaminants can negatively impact flood regulation, if the vegetation growing on
the affected area is hampered. However, in other cases, soil contaminations might have
a positive feedback on the regulation of flood events (e.g. vegetation growth can be
stimulated by N deposition). In relation to pest control, the effects of soil contaminants
might be contradictory. This is the case of agricultural insecticides. While they are
design to control specific pests, insecticides also affect non-target organisms. This
brings a specific concern on soil food webs and on the interspecific relations that
control pest dissemination. The review carried out by Chagnon et al. (2015) pointed that
predator species can be considered at risk when neonicotinoids are used, reflecting on
the impairment of the ecosystem service they represent. The latter can easily be
converted into a monetary scale. Losey and Vaughan (2006) estimated a cost of 13.6
billion US dollars in relation to the control of native North American pests along with
weather and pathogens. Contamination can also impair the ability of soil systems to
regulate soil-borne pathogens and parasites associated to human health problems if soil

biodiversity and food web complexity are affected (Wall et al., 2015).

e Supporting Services

Soil contamination might affect supporting services such as primary production,
nutrient cycling and soil formation. Some contaminants can negatively affect primary
producers through direct and/or indirect effects (e.g. metals, herbicides) (Wuana and
Okieimen, 2011; Krumins et al., 2015), while others can have a positive effect until a
certain level (e.g. the use of N fertilizers can improve primary production in agricultural
systems but if N is applied in excess it can damage crops) (Duran et al., 2016; Tian et

al., 2016). Soil contamination can affect nutrient cycling and balance. Some
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contaminants (e.g. metals, pesticides) can affect soil biota biodiversity and functions,
indirectly affecting nutrient cycling. The extrapolation of the results obtained in a case
study on the application of the neonicotinoid imidacloprid in turfgrass to control the
scarab beetle suggests negative effects on soil nutrient cycling due to negative
implications on arthropod populations (Peck, 2009). An impaired nutrient cycling
and/or soil nutrient imbalance can thereafter induce changes in the soil system
formation, if considering for example that N increase will enhance the accumulation of
SOM (De Vries et al., 2009) or the decrease of C stocks in peatlands and tundra soils
(Mack et al., 2004; Bragazza et al., 2006).

e Cultural services

Cultural services provided by soil ecosystems are in general less studied. In most of the
cases, they are not clearly defined and integrated within ecosystem service frameworks
(Daniel et al., 2012). Soil ecosystems, alone or as part of landscapes, provide endless
opportunities for recreation, cultural heritage, folklore, spiritual and religious values,
education, etc. (de Groot, 2002; Dominati et al., 2010). Soil contamination might impair
cultural services although only few studies have addressed this approach. It is obvious
that people enjoy natural areas and aesthetically pleasing landscapes, so any
environmental disruption due to anthropogenic activities may change this appreciation
(e.g. reducing plant flowering and biodiversity, weedy appearance of the landscape,
wildlife animals decline, algae blooms in eutrophic systems, bad odors, etc.). This may
lead to decreasing leisure activities (e.g. walking, hiking, camping, swimming,
recreational fishing, etc.) thus affecting the cultural and economic values of the

contaminated sites.
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Figure captions

Figure 1. Relationships between soil ecosystem functions and services and relevant
indicators/endpoints.

Figure 2. Soil organic matter turnover.
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Service type

Ecosystem services

Ecosystem functions

Water quality

Soil structure and
maintenance

Indicators/Endpoints

Erosion control

Air quality and
climate regulation

Soil organic matter
dynamics

Bulk density; Aggregate size
distribution & stability;
Soil water repellence;
Infiltration capacity;
Water holding capacity
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Nutrient cycling
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Decomposition

Total organic C & Organic
matter; Macro &
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Biological population
regulation

Greenhouse gas
emissions; Soil and water
contaminants; P runoff;
Nitrate leaching

Habitat provision
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Primary production

Toxicity testing,
Soil food-webs; Soil
enzymes; Soil respiration;
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Physical or
experiential use

Intellectual
representations

Plant physiology;
Phytosanitary status;
Crop productivity; Food
quality; Food safety

Aesthetically pleasing
landscape; Leisure
activities participation;
Key-actor perception
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Table 1. Examples of physical, chemical and biological indicators used to assess/monitor soil quality and health.

Physical indicators

Chemical indicators

Biological indicators

Bulk density
Aggregate stability
Water holding capacity
Infiltration capacity
Topsoil depth

Slaking

Soil crusts

Soil structure

Macropores

pH

Electrical conductivity
Cation exchange capacity
Total organic carbon
Total nitrogen

C:N ratio

Available nutrients

(e.g. NH,", NO3, PO,*)

Available contaminants

Soil respiration

Microbial biomass

Enzymes (e.g. dehydrogenase, -glucosidase,
phosphatase, arylsulfatase, urease)
Potentially mineralizable nitrogen
Structural microbial diversity
Microfauna abundance and richness
(e.g. nematodes)

Mesofauna abundance and richness
(e.g. collembola, mites)

Macrofauna abundance and richness
(e.g. earthworms, termites)
Metabolic quotient - gCO,

Litter decomposition

(e.g. litter bags, tea bags)

Fauna feeding activity

(e.g. bait-lamina test)

Food webs (e.g. bioaccumulation,

biomagnification)




