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EXECUTIVE SUMMARY

Human societies rely on the vast diversity of benefits provided by nature, such as
food, fibres, construction materials, cleavater, clean air and climate regulation.
All the elements required for these ecoss services depend on soil, and soil
biodiversity is the driving force betd their regulation. With 2010 being the
international year of biodiversity and witthe growing attention in Europe on the
importance of soils to remain healthynd capable of supporting human activities
sustainably, now is the perfect timé raise awareness on preserving Ssoil
biodiversity. The objective of this reporttis review the state of knowledge of soil
biodiversity, its functions, its contributioto ecosystem services and its relevance
for the sustainability of human society. In line with the definition of biodiversity
given in the 1992 Rio de Janeiro Converitiaoil biodiversity can be defined as
the variation in soil life, from genes toommunities, and the variation in soil
habitats, from micro-aggregates to entire landscapes.

Y4 THE IMPORTANCE OF SOIL BIODIVERSITY
Soil biodiversity organisation

Soils are home to over one fourth of &lling species on earth, and one teaspoon

of garden soil may contain thousands of species, millions of individuals, and a
hundred metres of fungal networks. Bacterial biomass is particularly impressive
and can amount to 1-2 t/ha — which is roughly equivalent to the weight of one or
two cows — in a temperate grassland soil.

For the sake of simplicity, this report has divided the organisms and
microorganisms that can be found in soil intwee broad functional group<salled
chemical engineers, biological regulators and ecosystem engineers.

Most of the species in soil are microorganisms, such as bacteria, fungi and
protozoans, which are thehemical engineersof the soil, responsible for the
decomposition of plant organic mattertm nutrients readily available for plants,
animals and humans.

Soils also comprise a large variety of 8nravertebrates, suclas nematodes, pot
worms, springtails, and mites, which act@gdators of plants, other invertebrates

or microorganisms, by regulating their dynamics in space and time. Most of these
so-called biological regulators are relatively unknown to a wider audience,
contrary to the larger invertebratessuch as insects, earthworms, ants and
termites, ground beetles and small mamisiasuch as moles and voles, which
show fantastic adaptations to living in a dark belowground world. For instance,
about 50 000 mite species are known, but it has been estimated that up to 1
million species could be included in this group.

! "Biological diversity" means the variability amdiving organisms from all sources including, inter
alia, terrestrial, marine and otherguatic ecosystems and the ecolog complexes of which they are
part; this includes diversity within spies, between species and of ecosystems.
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Earthworms, ants, termites and some small mammalser@system engineers
since they modify or create habitats for smaller soil organisms by building resistant
soil aggregates and pores. In this wdkiey also regulate the availability of
resources for other soil organisms sineeil structures become hotspots of
microbial activities. Moles for instance, are capable of extending their tunnel
system by 30 cm per hour and earthwes can produce soil casts at rates of
several hundreds of tonnes per ha each year.

Chemical engineers, biological regulatarel ecosystem engineers act mainly over
distinct spatio-temporal scales, whichgwide a clear framework for management
options. This is because the size of organisms strongly determines their spatial
aggregation patterns and dispersal distes, as well as their lifetimes, with
smaller organisms acting at smaller spagoaporal scales than larger ones. Thus,
chemical engineers are typically influenced by local scale factors, ranging from
micrometres to metres and short-term processes, ranging from seconds to
minutes. Biological regulators and soil ecosystem engineers, on the other hand,
are influenced essentially by factors agfiat intermediate spatio-temporal scales,
ranging from a few to several hundreds of metres and from days to years. This
provides land managers with two distinct management options for soll
biodiversity: direct actions on the functiahgroup concerned, or indirect actions

at greater spatio-temporal scales tharatiof the functional group concerned.

Factors influencing soil biodiversity

The activity and diversity of soil organisrare regulated by a hierarchy of abiotic
and biotic factors. The main abiotic facs are climate, including temperature and
moisture, soil texture and soil structure,lisgty and pH. Overall, climate influences
the physiology of soil organisms, such thleir activity and growth increases at
higher temperatures and soil moistureAs climate conditions differ across the
globe and also, in the same places, beén seasons, the climatic conditions to
which soil organisms are exposed vary strongly. Soil organisms vary in their
optimal temperature and moisture ranges, dihis variation is life-stage specific,
e.g. larvae may prefer other optima thadults. For instance, for springtails, the
optimum average temperature for survival is just above 20 °C, and the higher limit
is around 50 °C, while some bacteria can survive up to 100 °C in resistant forms.
Soil texture and structure also strongly udghces the activity of soil biota. For
example, medium-textured loam and clapils favour microbial and earthworm
activity, whereas fine textured sandy soils, with lower water retention potentials,
are less favourable. Soil salinity, which nragrease near the soil surface, can also
cause severe stress to soil organisms, ilegdo their rapid desiccation. However,
the sensitivity towards salinity differs amg species, and increased salinity may
sometimes have positive effects, by making more organic matter available.
Similarly, changes in soil pH can affdgmt metabolism of species (by affecting the
activity of certain enzymes) and nutrient availability, and are thereby often lethal
to soil organisms. The availability of ppbsrus (P), for example, is maximised
when soil pH is neutral or slightly acidic, between 5.5 and 7.5.

Soil organisms influence plants and organisms that live entirely aboveground, and
these influences take place into two ditéeons. Plants can strongly influence the
activity and community composition of microorganisms in the vicinity of their
roots (called the rhizosphere). In turnapt growth may be limited, or promoted

by these soil microorganisms. Added to tlptants can influence the composition,
abundance and activity of regulators and ecosystem engineers, whereas these
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species in turn can influence vegetatioomposition and productivity. Finally, soil
organisms can induce plant defence responses to aboveground pests and
herbivores and the aboveground interactiocan feed back in a variety of ways to
the biodiversity, abundance and activities of the soil organisms. In addition, within
the soil food webs, each functional gqo can be controlled by bottom-up or top-
down biotic interactions. Top-down effes are mainly driven by predation,
grazing, and mutualist relationships. Bottom-up effects depend largely on
competitive interactions for access to resources.

Services provided by soil biodiversity

Many of the functions performed by soil organisms can provide essential services
to human society. Most of these servicai®e supporting services, or services that
are not directly used by humans but which underlie the provisioning of all other
services. These include nutrient cycling, soil formation and primary production. In
addition, soil biodiversity influences all the main regulatory services, namely the
regulation of atmospheric compositiomd climate, water quantity and quality,
pest and disease incidence in agriow#l and natural ecosystems, and human
diseases. Soil organisms may also cdntos reduce environmental pollution.
Finally, soil organisms also contribute t@pisioning services that directly benefit
people, for example the genetic resources of soil microorganisms can be used for
developing novel pharmaceuticals. Moreesffically, the contributions of soil
biodiversity can be grouped under the six following categories:

x  Soil structure, soil orgami matter and fertility: soil organisms are affected
by but also contribute to modifying soil structure and creating new
habitats Soil organic matter is an impgant ‘building block’ for soil
structure, contributing to soil aeratigrand enabling soils to absorb water
and retain nutrients. All three functional groups are involved in the
formation and decomposition of sadrganic matter, and thus contribute
to structuring the soil. For example, some species of fungi produce a
protein which plays an important role in soil aggregation due to its sticky
nature. The decomposition of soil organic matter by soil organisms
releases nutrients in forms usable by plants and other organisms. The
residual soil organic matter forms humushich serves as the main driver
of soil quality and fertility. As a result, soil organisms indirectly support the
quality and abundance of plant primary production. It should be
underlined that soil organic matter dsimus can only be produced by the
diversity of life that exists in soilsit cannot be man-made. When the soll
organic matter recycling and fertility séce is impaired, all life on earth is
threatened, as all life is either directly or indirectly reliant on plants and
their products, including the supply of food, energy, nutrients (e.g.
nitrogen produced by the rhizobium bacteria in synergy with the legumes),
construction materials and genetic resources. This service is crucial in all
sorts of ecosystems, including agticwe and forestry. Plant biomass
production also contributes to the water cycle and local climate
regulation, through evapo-transpiration.

x Regulation of carbon flux and climate contraboil is estimated to contain
about 2,500 billion tonnes of carbon to one metre depth. The soil organic
carbon pool is the second largest carbpool on the planet and is formed
directly by soil biota or by the organic matter (e.g. litter, aboveground
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residues) that accumulates due to thetiaity of soil biota. Every year, soil
organisms process 25,000 kg of organic matter (the weight of 25 cars) in
soil in a surface area equivalent to a soccer field.

Soil organisms increase the soil organic carbon pool through the
decomposition of dead biomass, while their respiration releases carbon
dioxide (CQ to the atmosphere. Carbon can also be released to the
atmosphere as methane, a much more powerful greenhouse gas thgn CO
when soils are flooded or clogged with water. In addition, part of the
carbon may leak from soils to other parts of the landscape or to other
pools, such as the aquatic pool. Peatlands and grasslands are among the
best carbon storage systems in Epeo while land-use change, through
the conversion of grasslands to agricultural lands, is responsible for the
largest carbon losses from soils.

Although planting trees is often advocated to control global warming
through CQ fixation, far more organic caom is accumulated in the soil.
Therefore, besides reducing the use of fossil fuels, managing soil carbon
contents is one of the most powerful tools in climate change mitigation
policy. The loss of soil biodiversity, therefore, will reduce the ability of soils
to regulate the composition of the atmosphere, as well as the role of soils
in counteracting global warming.

Regulation of the water cycle:soil ecosystem engineers affect the
infiltration and distribution of water irthe soil, by creating soil aggregates
and pore spaces. Soil biodiversity may also indirectly affect water
infiltration, by influencing the composition and structure of the
vegetation, which can shield-off the soil surface, influence the structure
and composition of litter layers and influence soil structure by rooting
patterns. It has been observed that the elimination of earthworm
populations due to soil contaminatiocan reduce the water infiltration
rate significantly, in some cases even by up to 93%. The diversity of
microorganisms in the soil contributes to water purification, nutrient
removal, and to the biodegradation of contaminants and of pathogenic
microbes. Plants also play a key role in the cycling of water between soil
and atmosphere through their effects on (evapo-) transpiration.

The loss of this service will reduce the quality and quantity of ground and
surface waters, nutrients and polluta(such as pesticides and industrial
waste) may no longer be degraded or neutralised. Surface runoff will
increase, augmenting the risks of eias and even landslides in mountain
areas, and of flooding and excessive sedimentation in lowland areas. Each
of these losses can result in substahtosts to the economy. These costs
can be linked to the need for building and operating more water
purification plants, remediation costgnd ensuring measures to control
erosion and flooding (e.g. the need to increase the height of dikes in
lowland areas).

Decontamination and bioremediationchemical engineers play a key role
in bioremediation, by accumulating pollutants in their bodies, degrading
pollutants into smaller, non-toxic mateles, or modifying those pollutants
into useful metabolic molecules (e@king several months in the case of
hydrocarbons, but much more for other molecules). Humans often use
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these remediation capacities of soil organisms to directly engineer
bioremediation, whetherin situ or ex sity or by promoting microbial
activity. Phyto-remediation, which is indirectly mediated by soil organisms,
is also useful to remove persistepollutants and heavy metals.

Soil pollution is a major and acutegilem in many areas of the EU, and
all alternatives to bioremediation(physical removal, dilution, and
treatment of the pollutants) are botliechnically complex and expensive.
Microbial bioremediation is a relatively low-cost option, able to destroy a
wide variety of pollutants and yielding non-toxic residues. Moreover, the
microbial populations regulate themselves, such that when the
concentration of the contaminant declines so does their population.
However, to date, microbial bioremediation cannot be applied to all
contaminants and remains a long-term solution. Microbial remediation
differs from phyto-remediation in a way that it transforms the pollutant
instead of accumulating it in a difient compartment. The loss of soil
biodiversity would reduce the availability of microorganisms to be used for
bioremediation.

Pest control soil biodiversity promotes pest control, either by acting
directly on belowground pests, or by acting indirectly on aboveground
pests. Pest outbreaks occur whencnwiorganisms or regulatory soil fauna
are not performing efficient control. Ecosystems presenting a high
diversity of soil organisms typically present a higher natural control
potential, since they have a higher probability of hosting a natural enemy
of the pest. Interestingly, in naturacosystems, pests are involved in the
regulation of biodiversity. Soil-borne pathogens and herbivores control
plant abundance, which enhances plant diversity. Invasive exotic plants
that are highly abundant may have become released from their soil-borne
controls.

Efficient pest control is essential tbhe production of healthy crops, and
the impairment of this service can hawaportant economic costs, as well

as food-safety costs. Ensuring e#iiti natural pest control avoids having

to use engineered control methods, such as pesticides, which have both
huge economic and ecological costhie use of pesticides, for instance,
can be at the origin of a loss of more than 8 billion dollars per year due to
environmental and societal damagéds. natural ecosystems, the loss of
pathogenic and root-feeding soil organisms will cause a loss of plant
diversity and will enhance the risk efotic plant invasions. Changes in
vegetation also influence abovegroubibdiversity. Loss of this ecosystem
service, therefore, will cause loss of biodiversity in entire natural
ecosystems.

Human health soil organisms, with their astonishing diversity, are an
important source of chemical and genetic resources for the development
of new pharmaceuticals. For instance, many antibiotics used today
originate from soil organisms, for example penicillin, isolated from the soill
fungus Penicilium notatum by Alexander Fleming in 1928, and
streptomycin, derived in 1944 from a ¢teria living in tropical soil. Given
that antibiotic resistance develops fast, the demand for new molecules is
unending. Soil biodiversity can also have indirect impacts on human
health. Land-use change, global warming, or other disturbances to soil
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systems can release soil-borne infecs diseases and increase human
exposure to those diseases. Finallystaiibed soil ecosystems may lead to
more polluted soils or less fertile crepall of which, if they reach large
proportions, can indirectly affect human health, for example through
intoxication of contaminatedood or massive migrations.

Loss of soil biodiversity, therefore, could reduce our capacity to develop
novel antibiotic compounds, it could enhance the risk of infectious
diseases, and it could increase the risk for humans to ingest toxic or
contaminated food.

The economic value of soil biodiversity

In order to allow for performing cost-beriefinalyses for measures to protect soil
biodiversity, some economic estimatestbe ecosystem services delivered by soll
biodiversity need to be provided. Several approaches exist. The valuation can be
based on the prices of the provided flnproducts, such as food, fibres or raw
materials, or be based on the statedrevealed preference. The stated preference
methods rely on survey approaches permitting people to express their willingness-
to-pay for (or willingness-to-accept) the sems provided by biodiversity and its
general contribution to the quality of life (@ aesthetical and cultural value, etc.).
Alternatively, cost-based methods can heed, in which the value of a service
provided by biodiversity is evaluatethrough a surrogate product. Thus, the
‘damage avoided’ cost can be estimatddr instance, which is the amount of
money that should be spent to repair the adverse impacts arising in the absence of
a functioning ecosystem (e.g. in the casfesoil biodiversity, the cost of avoided
floods). For instance, the consequencessoil biodiversity mismanagement have
been estimated to be in excess ofrillion dollars per year worldwide.

%4 QURRENT THREATS TO SOIL BIODIVERSITY
Soil degradation

The majority of human activities resuilh soil degradation, which impacts the
services provided by soil biodiversity. Soil organic matter depletion and soll
erosion are influenced by inappropriate agricultural practices, over-grazing,
vegetation clearing and forest fires. It has been observed, for example, that land
without vegetation can be eroded motéan 120 times fastethan land covered

by vegetation, which can thus lose less titath tonne of soil per haly. The activity
and diversity of soil organisms are directly affected by the reduction of soil organic
matter content, and indirectly by the redtion in plant diversity and productivity.
Inappropriate soil irrigation practices maalso lead to soil salinisation. When
salinity increases, organisms either enterinactive state or die off. An important
portion of European soils have high (288 very high (9%) risks of compaction.
Soil compaction impairs the engineering action of soil ecosystem engineers,
resulting in further compaction. This hasamatic effects on soil organisms, by
reducing the habitats available for theras well as their access to water and
oxygen. Even more dramatic for soils, ls®a caused by urbanisation leads to a
slow death of soil communities, by cunty off all water and soil organic matter
inputs to belowground communities, and by putting pressure on the remaining
open soils for performing all the ecosystem services.
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Land use management

Grassland soils are the soils that pres#me richest biodiversity, before forests
and cropped or urban lands. Within rurahtés, soil biodiversity tends to decrease
with the increasing intensification of farming practices (e.g. use of pesticides,
fertilisers, heavy machinery). However,tradl soil management practices have a
negative impact on soil biodiversity and related services. While in general chemical
treatments and tillage aimed at improving soil fertility trade off with soil carbon
storage and decontamination services,ciontrast mulching, composting and crop
rotations all contribute to improve soistructure, water transfer and carbon
storage.

Europe has experienced drastic land-use changes throughout its history, which
have shaped the communities of soil onggms found today. Fast and rapid land-
use changes are still occurring todasgwards increased urbanisation and
intensification of agriculture, but also wards forest growth. Soil biodiversity can
only respond slowly to land-use changes, that ecosystem services under the
new land uses may remain sub-optimal for a long time (e.g. reduced
decomposition of soil organic matter). Laoonversion, from grassland or forest to
cropped land, results in rapid loss of soil carbon, which indirectly enhances global
warming. It may also reduce the watergudation capacity of soils and their ability

to withstand pests and contamination. The current urbanisation and enlargement
of cities creates cold spots of soil ecdsys services, and one of the challenges is
to free soils in urban environments, fekample by semi-opening pavement, green
roofs and by avoiding excessive soil sealing and a much stronger focus on the re-
use of land, e.g. abandoned industrial sites (brownfield development).

Climate change

Global climate change is afr@y a well-known fact and it is expected to result in a
further increase of 0.2°C per decade over the next two decades, along with a
maodification in the rate and intensity gdrecipitations. As such, climate change is
likely to have significant impacts on all services provided by soil biodiversity. It will
typically result in higher G@oncentrations in the air, modified temperatures and
precipitation rates, all of which will mdgi the availability of soil organic matter.
These changes will thus significantly affect the growth and activity of chemical
engineers, with implications for carbon storage, nutrient cycling and fertility
services. For this reason it is ofrpeular relevance that the 2009 (recently
adopted) EU White Paper establishes a framework for action to strengthen the
EU's resilience to cope with the impacisa changing climate. Water storage and
transfer may also be affected through a modification of plant diversity and of the
engineering activity of soil organism€limate change may also favour pest
outbreaks and disturb natural pest control by altering the distributions or
interactions of pest species and of their natural enemies, and potentially
desynchronising these interactions.

Chemical pollution and Genetically Modified Organisms (GMOs)

The pollution of European soils is mostly a result of industrial activities and of the
use of fertilisers and pesticides. Toxollutants can destabilise the population
dynamics of soil organisms, by affectithgir reproduction, growth and survival,
especially when they are bio-accumulatéwl.particular, accumulation of stressing
factors is devastating for the stability gbil ecosystem services. Pollutants may
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also indirectly affect soil services, by contaminating the belowground food supply
and modifying the availability of soil orgamnatter. The impacts of pollutants are

not distributed equally among the three functional groups and depend on the
species considered, as well as on the dasd exposure time to the pollutant. For
instance, microorganisms, which have ayshort reproduction time, can develop
fast resistance to toxic chemicaland the sensitivity of nematodes to
pentachlorophenol after 72 hours of exposure can be 20 to 50 times higher than
their sensitivity to cadmium. The exposure of earthworms on the other hand is
highly dependent on their feeding preferences, and on their ability to eliminate
specific pollutants. Therefore, for eachemical pollutant and species considered,

a specific dose-response curve should be determined. Holistic approaches, that
investigate the impacts of chemical pd#fats on soil ecosystem functioning as a
whole are still lacking and only recentlyaded to be covered in ecological risk
assessments. However, significant impacts can be expected on nutrient cycling,
fertility, water regulation and pest control services.

Genetically modified crops may also be considered as a growing source of
pollution for soil organisms. Most effectof GMOs are observed on chemical
engineers, by altering the structure of bacterial communities, bacterial genetic
transfer, and the efficiency of microbbienediated processes. GMOs have also
been shown to have effects on earthworphysiology, but to date little impacts on
biological regulators are known. The #dshle information suggests that GMOs
may not necessarily affect soil biodiversity outside the normal operating range, but
this issue clearly has been not explored in detail yet.

Invasive species

Exotic species are called invasive wheaytibecome disproportionally abundant.
Urbanisation, land-use change in general and climate change, open up possibilities
for species expansion and suggest thadythwill become a growing threat to soil
biodiversity in the coming years. Imsige species can have major direct and
indirect impacts on soil services and native biodiversity. Invasive plants will alter
nutrient dynamics and thus the abundance of microbial species in soil, especially
of those exhibiting specific dependencies (e.g. mycorrhiza). Biological regulator
populations tend to be reduced by invasive species, especially when they have
species-specific relamships with plants. In turn, plant invasions may be favoured
by the release of their soil pathogen ambt-herbivore control in the introduced
range. Soil biodiversity can serve as a regie of natural enemies against invasive
plants. Setting up such biological cortpyogrammes could save billions of euros

in prevention and management of invasive species.

%2 POTENTIAL SOLUTIONS
Indicators and monitoring schemes to track soil biodiversity

Establishing the state of soil biodiversityd assessing the risks of soil biodiversity
loss, requires the development of reliable indicators, so that long-term monitoring
programmes can be set up. Such indicators need to be meaningful, standardised,
and easily measurable. To date, no coefgensive indicator of soil biodiversity
exists, that would combine all the differeaspects of soil complexity in a single
formula and allow accurate comparisortdowever, there exist a host of simple
indicators that target a specific functicor species group, and many of which are
based on ISO (International Organizatfon Standardization) standards. Although
widely accepted reference sets oindicators, reference ecosystems and
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standardised sampling protocols are missing, much is to be expected from the use
of novel molecular tools in assessing and monitoring soil biodiversity.

The lack of awareness of the importance of soil biodiversity in society further
enhances the problem of the loss of omystem services due to loss of soail
biodiversity. So far, budgets spent on schemes for monitoring soil biodiversity
remain insufficient. The cost of the monitoring scheme is often estimated as
extremely expensive, but when we considée cost per hectare it is often less
than one euro. While several regional monitoring programmes have been
developed in the recent years, no consensus exists on their scope, duration, or on
the parts of the soil system that they reggent, which makes their results difficult

to compare. The Environmental Assessinof Soil for Monitoring (ENVASSO
projectf is the first attempt to develom comprehensive and harmonised soil
information system in Europe. It offeesset of minimum reference indicators for
soil biodiversity that can constitute aastdard against which future monitoring
schemes should be developed. Such activities need to be integrated with
programmes that study the relationship between soil biodiversity and the resulting
ecosystem services.

Existing policies related to soil biodiversity

To date, no legislation or regulation exigtsat is specifically targeted at soil
biodiversity, whether at international, EU, timnal or regional level. This reflects
the lack of awareness for soil biodiversity and its value, as well as the complexity
of the subject. Several areas of policy directly affect and could address sail
biodiversity, including soil, water, clingt agricultural and nature policies.
However, currently, soil biodiversity is only indirectly addressed in a few Member
States through specific legislation @wil protection or regulations promoting
environmentally-friendly farming practices.

Given the differences among belowground and aboveground biodiversity, policies
aimed at aboveground biodiversity may not do much for the protection of soil
biodiversity. In contrast, the managemeuit soil communities could form the basis
for the conservation of many endangerg@thnts and animals, as soil biota steer
plant diversity and many of the regulatiegosystem services. This aspect could be
taken into account or highlighted in futel biodiversity policies and initiatives,
such as the new strategy forddliversity protection post-2010.

To promote soil biodiversity protectipran EU dimension would offer several
benefits. It should focus on the main deng of soil biodiversity loss, namely land
use and climate change, in order to provide long-term sustainable solutions. In
addition, attention should be paid to clarifying the linkages between soil
biodiversity, its functions, and the impacts of human activities, by estimating the
economic value of its services. To thesd, the development of monitoring
schemes would allow quantifying and communicating on the changes in sail
biodiversity and their impacts. This isicral in order to improve awareness on the
central role of soil biodiversity and fdeveloping capacity-building among farmers
to promote biological management. The introduction of mandatory monitoring
requirements could contribute, as has happened in other fields (e.g. the
requirements for the monitoring of surface water status under the Water
Framework Directive), to triggering the development of adequate indicators and

2 ENVASSO websiteww.envasso.com/content/envasso_home.htridst retrieval 23/12/2009.
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monitoring methodologies. In this regd the EU proposal for a Soil Framework
Directivé presented by the European Commission in 2006 provides the legislative
framework for introducing specific monitoring requirements.

For the future, more attention should be given to developing and refining existing
soil biodiversity and ecosystem management opportunities under different land
uses and socio-economic conditions, andrttegrating those strategies within the
existing bodies of legislations (e.g. ssccompliance, Habitats Directive, etc.).

Y4 WHAT WE DON KNOW

Several knowledge gaps exist ommgmonents of soil biodiversity, antew groups
of soil organismshaving potentially high ecological significance (e.g. Archaea) have
only recently been considered as havepgcific functions in soil ecosystems.

In addition, no consistent relationstipbetween soil species diversity and soll
functions have been found to date, implying that more species do not necessarily
provide more services. This is because several species can perform the same
function. Indeed, the services provided bygil and soil biodiversity should not be
considered in isolation, but rather as difémt facets of a set of highly associated
functions performed by soil biota. Such a holistic knowledge of soil is currently
lacking and we do not yet have an exact understanding of the potential
interlinkages among services.

Another factor of uncertainty is that sometimes even the mechanisms underlying
one specific service are not perfectly understood. For instance, it is not yet known
exactly how biodiversity can control pest spread or how to quantify the final
impacts of soil biodiversity disturbance to hamhealth, even if it is observed that

a qualitative relationship exists. Finally, aaonomic evaluation of these services
would be useful, but a homogeneous apptbato perform this evaluation is not
yet available.

Regarding the factors influencing soil biodiversity, a number of experimental
difficulties still need to be solved (e.ow to reproduce natural conditions in
laboratory models appropriately) and me information needs to be collected,
especially for some classes of organigmg. the effect of pH on nematodes).

Finally, regarding threats, more researcleeded to estimate the impacts on soil
organisms and functions. Individual studfesused on local soil ecosystems will be
indispensible to develop a global view and to measure the effects on sail
biodiversity appropriately. In addition, éne is now a clear need for further studies
on potential interactions among threaf®.g. how climate change influences the
impacts of chemical pollution).

3 www.ec.europa.eu/enviroment/soillindex_en.htm
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DID YOU KNOW THAT...?

x One hectare of soil contains the equivalent in weight of one cow of bacteria, two
sheep of protozoa, and four rabbits of soil fauna (p. 47, 55, 58).

x There are typically one billion bacterieélls and about 10,000 different bacterial
genomes in one gram of soil (p. 49).

x Every year, soil organisms process an amount of organic matter equivalent in weight
to 25 cars on a surface arealsig as a soccer field (p. 35).

X Only 1% of soil microorganism species are known (p. 31).

x Some nematodes hunt for small animals by building various types of traps, such as
rings, or produce adhesive substances to entrap and to colonise their prey (p. 50).

x Some fungi are extremely big and can reach a length of several hundred metres (p.
49).

X Some species of soil organisms candpie red blood to survive low oxygen
conditions (p. 55).

X Some crustaceans have invaded land (p. 66).

x  Termites have air conditioning in their nests (p. 64).
x Bacterial population can double in 20 minutes (p. 112).

x The fact to be ingested by earthworms or small insects can increase the activity of
bacteria (p. 91).

x  Soil bacteria can produce antibiotics (p. 113).
X Bacteria can exchange genetic material (p. 37).
x  Soil microorganisms can be dispersed over kilometres (p. 73).

x Some soil organisms can enter a dormargtetand survive for several years while
unfavourable environmental conditions persist (p. 48).

x Fungal diversity has been conservatively estimated at 1.5 million species (p. 49).

x Earthworms often form the major part @il fauna biomass, representing up to 60%
in some ecosystems (p. 62).
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Several soil organisms can help plants to fight against aboveground pests and
herbivores (p. 108).

Ninety per cent of the energy flow in the soil system is mediated by microbes (p. 46).

The elimination of earthworm populations can reduce the water infiltration rate in
soil by up to 93% (p. 100).

Moles are very common, and can be foundewhere in Europe, except in Ireland
(p. 67).

Moles need to eat approximately 70%160% of their weight each day (p. 68).
Moles can paralyse earthworms thanks d@otoxin in their saliva. They then store
some of their prey in special ‘larderstfiater consumption — up to 1,000 earthworms

have been found in such larders (p. 68).

The improper management of soil biodiversity worldwide has been estimated to
cause a loss of 1 trillion dollars per year (p. 114).

The use of pesticides causes a loss of ntloa@ 8 billion dollars per year (p. 110).

Soils can help fight climate change (p. 99).
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GLOSSARY

Anabolic reactionis a chemical reaction which involMesilding complex molecules from simpler
molecules and using energy.

Anecic earthworns build permanent, vertical burrows that extend deep into the soil. This type
of worm comes to the surface to feed on manuesf litter, and other organic matter. This class
of earthworms, such as the night-crawletsjmbricus terrestrisnd Aporrectodea longahave
profound effects on organic mattetecomposition and soil structure.

Autotroph organismsproduce complex organic compounds from simple inorganic molecules
using energy from light (by photosynthesis) orfpeming inorganic chemical reactions. In this
latter case they are called chemotrophic organésrutotroph organisms, such as plants or
algae, are primary producers in the food chain.

Biome is the biggest unit of ecosystem categation. It is a complex biotic community
characterised by distinctive plant and animal species, and maintained under the climatic
conditions of the region. For example, all forests share certain properties regarding nutrient
cycling, disturbance, and biomass, which diféerent from the properties of grasslands.

Bioturbation is the displacement and mixing of soil paes: In soil ecosystems bio-turbation is
mainly performed by earthworms and gastrag®my through infilling of abandoned dwellings,
burrowing, displacement, mix, ingestion and defecation of soil.

Catabolic reactioris a reaction that breaks macromolecules into constituent simpler sub-units.

Commensalismis a class of ecological relationships between two organisms where one benefits
and the other is not significantly harmed or benefited.

Communityis any combination of populations from different organisms found living together in
a particular environment; essentially the biotic component of an ecosystem.

Cryptobiosisis an ametabolic state of life enterdgy an organism in response to adverse
environmental conditions such as desiccation, freezing, and oxygen deficiency. In the
cryptobiotic state, all metabolic proceduresdop, preventing reproduction, development, and
repair. An organism in a cryptobiotic state cessentially live indefinitely until environmental
conditions return to being hospitable. When thiscurs, the organism will return to its metabolic
state of life as it was prior to the cryptobiosis.

Cystis the resting or dormant stage of a microongan, usually a bacterium or a protist, that
helps the organism to survive unfavourable enmimental conditions. It can be thought of as a
state of suspended animation in which the metabolic processes of the cell are slowed down and
the cell ceases all activities like feeding and locomotion.

Diapauseis a physiological state of low metabo#ctivity with very specific triggering and
releasing conditions. This state of low metabolism is neurologically or hormonally induced.
Diapause occurs during determined stages ofdifeles, generally in response to environmental
stimuli. Once diapause has begun, metabolic agtigi suppressed even if favourable conditions
for development occur. It can be defined as a predictive strategy of dormancy.
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Dormancyis a period in an organism's life cycle when growth, development, and (in animals)
physical activity is temporarily suspended. This minimises metabolic activity and therefore helps
an organism to conserve energy. Dormancy tetwde closely associated with environmental
conditions.

Ecosysterris a complex set of connections among livég resources, habitats, and residents of
an area. It includes plants, trees, animals, fishkd9jimicro-organisms, water, soil, and people. It
is an ecological community which, togetheith its environment, functions as a unit.

Ecosystem processomprises the physical, chemical and biological events that connect
organisms and their environment.

Ecosystem functions the collective intraspecific and imgpecific interactions of the biota, and
between organisms and the physical environment, giving rise to functions such as bioturbation
or organic matter decomposition.

Ecosystem services the benefit that is derived from ecosystems. This comprises provisioning
services such as food and water; regulating sessiguch as flood and disease control; cultural
services such as spiritual, recreational andtuwral benefits; and supporting services such as
nutrient cycling that maintain the conditions for life on Earth.

Endogeicearthworms forage below the soil surfade horizontal, branching burrows. They
ingest large amounts of soil, showing a preference for soil that is rich in organic matter.
Endogeics may have a major impact on the aegosition of dead plant roots, but are not
important in the incorporation of surface litter.

Enzymesare molecules (mostly proteins) that cataédychemical reactions within living cells.

Epigeicearthworms are those that live in the supierél soil layers anceéd on undecomposed
plant litter.

Eukaryoteis an organism whose cells contain a nucleus enclosed within a nuclear membrane
and complex structures called organelles. Mosihgvorganisms, including all animals, plants,
fungi, andprotists, are eukaryotes.

Eusocialtyis a term used for the highest level of social organisation among organisms of the
same species in a hierarchical classificatiBosocial organisms (mainly invertebrates) have
certain features in common: reproductive division of labour, overlapping generations and
cooperative care of young. The most commors@eial organisms are insects including ants,
bees, wasps, and termites, all with reproductiygeens and more or less sterile workers and/or
soldiers.

Free radicalsare molecules, atoms or ions having unpaired electrons and thus being extremely
reactive.

Functional groupis a group of species with mgparable functional attributes.

Habitat is the area or the environment where arganism, an ecological community or a
population normally lives or occurs, e.g. a marine habitat.

Heterotroph organisms use organic substrates to obtagndhemical energy for its life cycle. This
contrasts with autotrophs such as plants, whicle able to use sources of energy such as light
directly, to produce organic substrates fronoiganic carbon dioxide. Heterotrophs are known

as consumers in food chains, and obtain organic carbon by eating other heterotrophs or
autotrophs. All animals are heterotrophias well as fungi and many bacteria.
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Humusrefers to any stable organic mattersoil that will not be further decomposed.

Hyphae are long, branching filaments of a fungus. Hyphae are the main mode of vegetative
growth in fungi and are collectively called a mycelium.

Infectivity is the feature of a pathogenic agent that exemplifies the capability of entering,
surviving, and multiplying in a susceptible host, leading to a disease.

Invasive speciesare exotic species which become disproportionally abundant in their new
environment.

Microarthropods are small invertebrates (< 2 mm) tine phylum Arthropoda. The most well
known members of the microarthropod groupeamites (Acari) and springtails (Collembola).

Mutualism is a biological interaction between two organisms, where each individual derives a
fitness benefit (e.g. survival or food provisioning).

Mycelium is the vegetative part of a fungus, cwsiglg of a mass of branching, thread-like
hyphae.

Mycorrhizais a symbiotic association between a fungus and plant roots. The fungus colonises
the roots of the host plant, either intracellulartyr extracellularly. This association provides the
fungus with relatively constant and direct accésglucose and sucrose produced by the plant in
photosynthesis. In return, the plant gains the use of the mycelium's very large surface area to
absorb water and mineral nutrients from the soil, thus improving the mineral absorption
capabilities of the plant roots. Since both involvedjanisms benefit from the interaction, it is
defined as a mutualistic association.

Nematodesare roundworms (see section 2.1.2)

Parasitismis a type of symbiotic relationship between two different organisms where one
organism, the parasite, takes some advantages from another one, the host.

Parthenogenesidgs an asexual form of reproduction found in females where the growth and
development of embryos occurs without fertilisation by a male.

Primary production is the production of organic compounds from atmospheric or aquatic
carbon dioxide, principally through the pra= of photosynthesis, and less often through
chemosynthesis.

Prokaryotesare organisms characterised by the absenceafucleus separated from the rest of
the cell by a nuclear membrane and by the absence of complex membranous organelles.

Protistsare a diverse group of eukaryotic microongeams, including amoeba, algae and molds.

Provisioning servicesre a class of ecosystem services providing goods such as food, water,
construction material, etc.

Regulating serviceare a class of ecosystem services which provide the regulation of ecosystem
processes, such as water flux, @i control, pest control, etc.

Resilienceis the capacity of an ecosystem toastl negative impacts without falling into a
qualitatively different state that is contted by a different set of processes.

Rhizosphereis the zone around plant roots which is influenced by root secretion and by the
root-associated soil microorganisms.

Rizhobiumis the group of bacteria that forms symbiotassociations with leguminous plants and
which is responsible for fixing atmospheric nitrogato a form that can be used by plants.
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Supporting serviceare a class of ecosystem services pravidindispensable pcesses such as
nutrient cycles and crop pollination.

Symbiosigefers to a close and long term interagtibetween two species ajrganisms in which
both species obtain a substantial benefit.

Taxonis a group of (one or more) organisms, whictaxonomist adjudges to be a unit. Usually a
taxon is given a name and a rank, although neither is a requirement, and both the taxon and
exact criteria for inclusion are sometimes still subject to discussion.

Vascular plants(also known as tracheophytes or higher plants)e those plants which have
lignified tissues for conducting water, minerasd photosynthetic products through the plant.
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1. INTRODUCTION

1.1. CONTEXT AND OBJECTIVES

This report endeavours to fulfil a doublommitment on behalf of the European
Commission (EC), regarding soil and biexdity protection. With 2010 being the
International Year of Biodiversity, andetiEuropean Union (EU) seeking to play a
pioneering role in halting biodiversity loss, growing attention has been paid over recent
years to improve our assessment of biodivigran the EU, and to evaluate the services
that biodiversity provides to human societieln parallel, the EC - increasingly aware
that soil is a vital and non-renewable resoe that is increasingly threatened but
overlooked by policy - recently adopted aefimatic Strategy on the Protection of Soil
The aim of this strategy is to provide idelines for a holistic approach to soil
protection at the EU-level.

With the realisation that greater biodiversiig present inside the soil than on it, and
that this soil biodiversity is responsiblerfproviding many of the ecosystem services
on which human society relies, the protection of soil biodiversity stands as a key
element in achieving the objectives of tl®il Thematic Strategy, while contributing to
halting the loss of biodiversity as a wholedag however, soil biodiversity is one of the
most hidden and least well-known components of biodiversity, and its role remains
largely unknown to the broad public and tecision-makers (Wolters 2001). Moreover,

in the view of global biodiversity loss, the @gtien arises as to what the current risks of
soil biodiversity loss are, and how soibdhiversity can be restored, protected and
conserved. Considering the specific naturesofl biodiversity as compared to that of
aboveground biodiversity, solutions éwn for aboveground conservation and
restoration practices may not alwape simply transferable to soils.

Although much remains to be uncovered about soil organisms, soil ecologists have
made tremendous progress over recent yeassh that the roles and functions of soil
organisms can be assessed. Tigective of this report is thus to review the state of
the knowledge of soil biodiversity, its funmtis, its contribution to ecosystem services,
and its relevance for the sustainability of humsociety. In line with the definition of
biodiversity given in the 1992 Rio de Janeiro Convention, soil biodiversity can be
defined as the variation in soil life, frommgs to communities, and the variation in soil
habitats from micro-aggregates to entire lanmgpes. In this report, soil encompasses
both the mineral layers and the litter,nd soil biodiversity is understood as the
diversity of organisms that spend and can complete their entire life in the soil.
Although many species are also part-tisal residents (insect larvae, beetles, mound-
building insects, burrowing vertebrates),rist soil dwellers already represent a
prodigious diversity of life. Moreover, they are the less known and less cared for
component of global biodiversity, and as such are often overlooked.

4 COM(2006) 231, 22.9.2008ww.ec.europa.eu/enviroment/soil/index_en.htn).
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1.1.1. SCOPE OF THIS REPORT

The purpose of this report is to providiee background and tools for policy-makers to
take decisions that can help sustain soil lvedsity and functions. The report may also
provide researchers with directions where theifforts need to be concentrated so as

to fill gaps in knowledge. To this end, tfiest step is to describe soil biodiversity
organisation and functions. The second sispto understand the importance of soil
biodiversity to human society, by showing how these functions contribute to the
provision of ecosystem services. This iBofeed by an analysis of the current and
future threats to soil biodiversity (soil degradation processes, land management,
climate change, biological invasions, pollutiosd, as to assess the risks faced by soil
organisms and humans. Given this backauad available tools for decision-makers are
analysed, in terms of monitoring, management practices, or existing policies and
regulations.

In order to make sense of the extreme diversity of soil biota, and to highlight the
importance of soil biodiversity to human deties, it has been chosen to group sail
organisms according to three all-enconggang ecosystem functions: transformation
and decomposition, biological regulatiomdsoil engineering. Each of these functions
can be performed by a characteristic assemblage of soil organisrhsjaional group

The main benefit of this functional groupitgythat it allows a better understanding of
how activities vary over distinct apo-temporal scales and how eab@lmctional group
contributes to the provision of services.

1.2. WHAT IS SOIL BIODIVERSITY?

Biodiversity is considered to comprise abblbgical variation from genes to species, up

to communities, ecosystemand landscapes (MEA 2005oil biodiversity is the
variation in soil life, from genes to communities, and the variation inhsdiltats from
micro-aggregates to entire landscapes. As many species have overlapping functions,
there is less functional biodiversity thamxonomicdiversity.

The sheer diversity found in soils has conttézlito make soil ecologists precursors in
many ways. They approached soil biodigrdrom a functional perspective much

earlier than aboveground ecologists. Howevdifficulties remain, since compared to

the aboveground world, soils are an extreméleterogeneous habitat, and considering
the small size of many organisms, processed interactions take place at scales that
are unimaginably small from a human perspective.

1.2.1. ABOVEGROUND VERSUS BELOWGROUND BIODIVERSITY

Y4 SOIL BIODIVERSITY IS HUGE

Soils are the habitat and resource for a karngart of global biodiversity: over one-
fourth of all living species on earth are strict soil or litter dwellers (Decaens, Jimenez et
al. 2006). They are home to a prodigious dsity of life, which can often be several
orders of magnitude greater than that present aboveground or in the canopy of
rainforests (Heywood 1995; Decaens, Jinepe al. 2006). One square metre of land
surface may contain some ten thousansbecies of soil organisms, whereas
aboveground biodiversity is some orders of magnitude lower (Schaefer and
Schauermann 1990; Wardle, Bardgett et al. 2004).

Microorganisms such as algae, bacteria &myi form the majority of the soil biomass
(Figure 1-1). One teaspoon of soil contaseveral thousands of microbial species,
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several hundred metres of fungdlyphae, and more than one million individuals
(Schaefer and Schauermann 1990; WardledBett et al. 2004). Indeed, as can be
seen in Table 1-1, microbial species aii# lsirgely unknown. This is one of the major
differences between aboveground and belowground biodiversity.

Table 1-1: Estimated global number of aboveground and belowground organisms
(adapted from De Deyn and Vater Putten 2005 and Wall et al. 2001)

Group Organisms Known | % Known
Plants Vascular plants 270000 | 84%
Macro-fauna Earthworms 3500 50%
Meso-fauna Mites 45231 4%
Springtails 7617 15%
Micro-fauna Protozoa 1500 7.5%
Nematodes 25000 1.3%
Microorganisms | Bacteria 10000 1%
Fungi 72000 1%
Marine species | All marine organisms 230000 30%

Soils also comprise a large variety of invertgbs, such as earthworms, mites, spiders,
beetles, ants and termites (Figure 1-1),veall as litter-inhabiting arthropods such as
millipedes, centipedes and wood lice. Buethest-known soil inhabitants may well be
the small mammals, such as moles and velbgch can show fantastic adaptations to
living in a dark belowground world (Figure 1-1).

Figure 1-1: Main soil inhabitants, by size
Y4 SOIL ORGANISMS ARE PROFOUNDLY INVOLVED IN ALL SUPPORTING ECOSYSTEM SERVICES

When soil organisms eat, grow, and move, they perform essential services for
ecosystems, as well as for human society (Figure 1-2). Among the key ecosystem
services mediated by solil biota are the tragrsfstorage, and provision of clean ground
water, the storage of carbon and the prevention of trace gas emissions crucial for
climate control, as well as the provisionraftrients and pest and pathogen regulation,
supporting plant growth and aboveground biodiversity. In fact, soil biota are involved

® Source : Census of marine life
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in the provision of all the main supporting anebulating servicesand the current rate

of soil destruction, sealing and other threatiue to the misuse of soil by humans, is
threatening the sustainability of human life earth. Soil is also a treasure chamber for
biodiversity, which can generate new oppaities for developing novel medicines.
Therefore, the responsible management of soil and its biodiversity is pivotal to
sustaining human society.

Figure 1-2: Contribution of soil biodivetsito the provision of ecosystem services

(highlighted services)(adapted from (MEA 2005)

Y4 SOIL BIODIVERSITY DRIVES MANY ABOVEGROUND PROCESSES

Most of the phenomena that are observed in the visible, aboveground world are
steered directly or indirectly by specidnteractions, or processes in the soil (Wardle
2002; Bardgett, Bowman et al. 2005). With teception of fish, all the food that we
eat, the air that we breathe, clothes thate wear, and construction materials that we
use, are directly or indirectly linked to sailhis is why soil biodiversity is so pivotal for
life on earth. Soil biota can regulate the structure and functioning of aboveground
individuals and communities directly, by stimulating or inhibiting certain plant species
more than others. Alternatively, soil gainisms can regulate aboveground communities
indirectly by altering the dynamics of nutrients available to plants. These indirect
effects tend to involve less specific intet@mns and occur over longer durations than
the direct regulations (Van Der Putten 2003, Wardle et al. 2004).
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1.2.2. SOIL BIODIVERSIFA COMPLEX WORLD

/4 0IL AS A HETEROGENEOUS HABITAT

Soil is an extremely heterogeneous habitathich is not uniformly occupied by soll
organisms. Soil microorganisms actuallylyorepresent 0.1% of soil by mass, and
occupy less than 5% of the total soil vole (Ingham, Trofymow et al. 1985). Saoil
consists of a mosaic of inorganic minenadsulting from rock weathering, and organic
material that is partly decomposed product of plants and other organisms (Box 1).

Soil microorganisms live within the pores leétween soil particles, free or attached to
surfaces, such as in water films surrourglisoil particles (Stotzky 1997). The pore
space can be of various shapes and sidepending on the texture and structure of
the soil. Texture characterises the relativepiontance of clay (<5 pm), silt (5-50 pm)
and sand particles (>50 um). The smallee tharticles, the more space they leave
between them that can be filled by water and/or soil organisms. Indeed, a high density
of small pores can result in less water auallty for plants and small animals due to
the intrinsic physical properties of water. For instance, clay soils have many small
particles which make them more porous, &rkas sandy soils have coarser patrticles.
Accordingly, the surface area of pore spaaee exceed 24,000 m? in 1 g of clay soil, and
this area decreases as the silt and sand eott increase (Gardi 2009). Soil texture also
largely determines other soil characteristisgich as pH and organic matter content.
Given the poor water retention capacity ofrely soils, nutrients and lime will be easily
washed out, making these soils more acidMoreover, clay minerals can form
aggregates with the humic compounds irethoil, thereby protecting organic material
and affecting its availability in the soil. iB@rganisms also directly modify soil
architecture, creating furthehabitats within the pores, by building networks of solid
structures.

Box 1: Soil Organic Mattesnd biological activity

Soil organic matter (SOM) is any componémt contains carbon compounds from
living organisms. Typically, the largest cament of soil organic matter (up to 85%) is
litter, the dead or decaying material mainly from plants. Living roots can make up
another 10% of SOM, while soil organisms make up the remainder.

Plant residues contain 60-90% moisture, while dry-matter consists mainly of carbon,
oxygen, hydrogen, and small amounts of sulphur, nitrogen (N) and phosphorus (P).
Every year, soil organisms process 25000 kg of organic matter per soccer field. These
nutrients are very important for soil fality. Approximately half of SOM can be
decomposed to its elemental form (the acti SOM), while the remaining fraction, also
known ashumus is more resistant to decomposition and accumulates in soil (the
inactive SOM). SOM is a critical component of the soil habitat: by providing resources
in the form of nutrients available to plants,often constitutes hotspots of soil activity

and is fundamental in maintaining fertile and productive soils (Tiessen, Cuevas et al.
1994; Craswell and Lefroy 2001). SOM is alsorgortant ‘building block’ for the soill
structure, contributing to soil aeration, anehabling soils to absorb water and retain
nutrients. Soil organisms can also use SOMind soil particles together in aggregates,
thereby modifying soil structure and creating néwbitats Moreover, given that soll
comprises the largest pool of organic terrestrial carbon, understanding SOM dynamics
is also pertinent to clim& change concerns and greenhouse gas mitigation efforts
(Cole 1996). SOM can serve as a buffer against rapid changes in soil pH, and the CO
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The pore space can be either air-filled or water-filled, which limits the movements of
soil organisms, since some may be strictly terrestrial and others strictly aquatic. The
portion of pores that is filled with water or with air depends on the soil water content,
with small pores being filled with water for longer periods than large pores.

The overall architecture of the pore network determines the type and abundance of
soil organisms that can live there. Given the scale of soil organisms (um to cm) and
total soil porosity (30-60% in the upper layasmost soils), there is actually a huge
amount of habitable space. Each pore candeen as an island where life is possible,
separated from other suitabléabitats by a hostile mineral and rock matrix. The
labyrinthine nature of the pore networks defines where organisms can move and the
size of the pores where prey and organic matter can afford physical protection.

Soil heterogeneity changes with the depth. The topsoil, or outermost 5-20 cm of soil,
typically concentrates the majority of planoots, most nutrients and organic matter,
and therefore most biological activity (Box [h).contrast, very littldbiological activity is
known in the more densely packed subsbelow, because of the limited oxygen
availability and less organic substance etc.

%4 SOIL BIODIVERSITY IS DIFFICULT TO CHARACTERISE

To unravel the nature of belowground diversity has proven a challenging task.
However, in the last decade, significant progress has been made, and new techniques
have allowed exploring soil in a way thats not previously possible. For instance,
communities of archeal bacteria are onlyading to be explored but may be the main
actors in the decomposition process (Lager 2006). However, most soil biodiversity

is not visible to the naked eye, and maswil species are still unknown (Table 1-1).
Potentially as much as 99% of global soil bacterial and nematode species are still
unknown (Wall, Virginia et al. 2000). Notaktyugh, soil biodiversity is better known

in Europe than those global numbers sugg&stt even when they are known, the basic
biology, ecology and distribution patterns soil organisms often remain unknown
(Fragoso, Kanyonyo ka Kajondo et &P99). The reasons for this are partly
methodological, and partly intrinsic to the nature of soil biodiversity.

Distinguishing between different species of microorganisms can be challenging, despite
the progresses made by using molecular techniques (e.g. DNA - DeoxyRibonucleic Acid-
microarrays), which have allowed deterritig unculturable microorganisms. Today,
less than 1% of microorganisms can beieated and/or characterised (Torsvik and
Ovreas 2002). Although the morpholodicaentification of species under the
microscope has been replaced at leaspart by molecular methods involving DNA or
phospholipids analyses, most methods actuatharacterise entire communities rather
than single species. Moreover, even witiolecular methods, rare species or groups
having lower DNA concentrations may rig detected (Borneman and Hartin 2000).

For these reasons, progresses are still needed to have a precise knowledge of soil
community microbial compositions. The arhcterisation of soil metagenome is
currently underway and may vyield importannformation on microbial diversity.
However, one problem can arise with the extraction of DNA. It is suggested that the
indirect method can give larger fragmentsaththe direct method, and for this reason

is suitable for the characterisation of soil metagenome. However, the extracted DNA
may not be representative of the indigenous soil DNA (Bakken 2006).

The species concept is more complicated in soil than in aboveground ecosystems.
Indeed, the rate of evolution of microorgamis is much faster than that of most
aboveground organisms, and species identity is thus much harder to determine.
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Aboveground, most organisms depend on sexual reproduction to create new genetic
information and evolve. In contrast, micrganisms are present in the soil in much
larger numbers compared to aboveground, ahdy can reproduce asexually (Box 2) at
much faster rates, as short as 20 neies. This enhances their potential for
accumulating mutations and thus for adapon compared to slower sexually
reproducing species. Microorganisms are also able to gain new genetic information in
their DNA without sexual reproduction, by fiwontal gene transfer (see Box 2). This
potential is actually increased, for example soils that are rich in clay or humic
molecules, which can protect nucleic acidsnfrdegradation, thus enabling them to be
taken up by bacterial cells (Nannipieri 200Zhis begs the question as to whether
species estimates such as those presented in Table 1-1 are at all meaningful for
microorganisms.

Box 2: Vertical and horizontal gene transfer

Vertical gene transfer:In the majority of living organisms, gene transfer occurs
vertically from parental organisms to thaffspring. This transfer can occur through
sexual reproduction, if the genetic information of the two parents is recombined into
the offspring, or through asexual reproduction, where the parental genetic information
is simply replicated into the offspring. Inthocases, errors in copy (or mutations) can
occur, which offer a basis for adaptation, whby mutations that favor the survival or
reproduction of the offspring will be selected.

Horizontal gene transferin some cases an alternatiyath, the so called horizontal
gene transfer, can take place. In this case, an organism incorporates genetic material
(DNA) from another organism without being its offspring. All bacteria can perform
horizontal gene transfer.

There are three main mechanisms through vwhiorizontal gene transfer can occur:

x  Transformation: a living bacterial cell uptakes and integrate foreign
genetic material from surrounding dead bacteria cells

X Transduction:a virus transfers DNA between two bacteria. The new DNA
is integrated in the DNA of the receiving cell.

x  Conjugation:a living bacterial cell makes a copy of a portion of its DNA
and transfers this genetic material to other unrelated bacteria through
cell-to-cell contact. This additionglenetic material may confer survival
advantages to its host (e.g. proind resistance to antibiotics).

The transformation process can be importan soil since extracellular DNA adsorbed
by soil particles and protected against degradation can be used for transforming
competent bacterial cells (Rramellara 2009). This means that DNA from a previous
microorganism or from a spatially distanticroorganism can be used by competent
bacterial cells.

February 2010

European Commission - DG E

Soil biodiversity: functions, thets and tools for policy make el




38

Mechanisms of horizontal gene transfer in bacteria

%2 SOIL COMMUNITIES ARE EXTREMELY DYNAMIC IN SPACE AND TIME
Spatial structure

Soil organisms are not uniformly distributed through the soil, but species are found
where they can find a suitable habitat: most species are concentrated around roots
and in the litter-rich top layer. Thesebitatsare shaped by processes acting at nested
spatial scales. At the scale of entirendacapes, climate and soil texture set an
envelope of possible habitat conditions. &t intermediate ecosystem level, variable
factors influenced by land use and managermesuch as soil pH and organic matter
content, determine the prevailing conditiorsf the habitat. Locally, litter quality and
nutrients interact with these habitat faots to determine the specific local soil
condition (Figure 1-3).

Population processes, such as dispersgragduction and competition, or small scale
succession processes are also influenced by soil heterogeneity and together they are
major determinants of the spatial distribioin of soil organisms (Ettema and Wardle
2002). Biotic activity in soil often seent®ncentrated. In combination with soil
heterogeneity, the limited dispersal ability sbil biota means that soil organisms have
a limited active mobility in the soil matrix, usually not more than micrometres to
centimetres. Reproductive strategies may alead to aggregations of individuals, for
instance for egg-laying species through cluchggg distributions, or for other species
because of their small size and limitedspirsal ability (e.g. bacterial colonies).
However, soil organisms can sometimes baeopassively dispersed from few metres
to thousands of kilometres by wind, water, or other vectors.
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Figure 1-3: Spatial structure of soil communities over three nested spatial scales, adapted from
(Ettema and Wardle 2002)

Temporal structure

The lifetimes of soil organisms can vary from a few minutes to hundreds of years
(Figure 1-4). This is because some soil organisms are capable of entédngaacy,
which can last up to severyears, during which they are literally ‘asleep’. This confers
them the enviable ability to travel in time, and to survive disturbances, absence of
suitable hostshabitats and other adverse conditions.

The activity of soil organisms depends whether a species firglsuitable resources
available. In general, the activity of soil organisms is regulated over three main
temporal scales. As for aboveground biodsigr, over large to intermediate time
scales the successional dynamics of entiresgstems (tens to thousands of years) and
the seasonal changes in vegetation productivity (months), influence the type of
resources available to soil organisms, and therefore which species are active and which
are not. This reflects the tight couptji between plants, microbes and other sail
organisms. This tight coupling between plants and soil organisms is also revealed by
pulses of nutrient release, drivingegHocal activity of soil communities.

1.3. ISSUES FOR THE CONSERVAHRGOIL BIODIVERSITY

Global biodiversity is declining at unprecedented rates, and conservation efforts have
become intensified in recent years to gwent, or counteract this loss. Currently
however, most conservation efforts and knowledge are focused on aboveground
diversity. Soil animals represent only 186 the IUCN (International Union for
Conservation of Nature) red-listed species)d only eight soil species have CITES
(Convention on International Trade imdangered Species) protection worldwide
(three scorpions, four spiders, and onesdble), despite the fact that soil biota
represents almost one fourth of all spesien earth (Decaens, Jimenez et al. 2006).
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Figure 1-4: Temporal structure of soil wonunities over three nested time scales

%4 CONSERVATION STATUS OF SOIL BIODIVERSITY

There is little data on the extinction of soil organisms as opposed to aboveground
organisms. However, in a recent EU-widenpling of macro-fauna (earthworms), over
half of the species identified were rare, and found only once or twice across the
different sites (Watt 2004). The disappeararuf large endemic earthworm species has
also been reported in the South of Fen(Abdul Rida anBouché 1995), and many
more earthworm extinctions have been perted in the tropics, such as the
disappearance of the Acanthodriline earthworms in South Africa (Ljungstrém 1972) or
of the giant 2-metre-long earthworrRhinodrilus fafnerOverall, the results from some

of the few attempts at monitoring the statusf soil populations point to a decline in
populations as the intensification of saie increases (Ruiz Camacho 2004). Rarity may
also be a consequence of the growing hayanisation of European landscapes due to
urbanisation, similar agricultural practiceszonomic conditions, technical means, and
choices in environmental planning. The effects of such homogenisation have been
observed for aboveground biodiversity. Forstance, it has been observed that
urbanisation might cause a homogenisationbird species present in EU countries, by
decreasing the abundance of ground nesting bird species and bird species preferring
bush-shrub habitats. Indeed no specific work has been carried out on soil biodiversity
homogenisation. Soil species with broader habitat tolerances may be selected at the
expense of species with specific habitat requirements that are unable to adapt to
change and remain isolated in natural habitat fragments.

Although many species living in soil are in danger, their extinctions are probably
completely unnoticed and the databases andls to monitor this do not yet exist.

%4 QURRENT RISKS TO SOIL BIODIVERSITY

Today, disturbance regimes are changing drastically under the combined effects of
climate change, biological invasions, and direct human modifications of the
environment. However, it remains very difficult to assess and predict how soil
communities will respond to these disturbances.

European Commission - DG ENV
Soil biodiversity: functions, thegs and tools for policy makers

February 2010




Contrary to common belief, disturbancedo not necessarily lead to long-term
biodiversity loss. In many cases, moder@tgermediate) disturbances can actually be
a positive force, enabling species co-existerared thus increased biodiversity (Box 3).

Box 3: Impact of disturbances on soil biodiversity

Environmental variability is an integral pat the dynamics of ecosystems, and some
disturbances are inevitable. For instan@®asonal variations are within the normal
range of disturbance for many organisnmidowever, climate change may intensify
these seasonal disturbances, stretching thmits more towards those of extreme
events, such as for example the sevememmer droughts to which large parts of
Europe has become exposed more frequently during the past decade. Such
unpredictable natural or anthropogenically-induced disturbance®.g. droughts,
storms, fires, habitat fragmentation, the usé pesticides, fertilisers or tillage) alter the
habitat of organisms and the functioning of the ecosystem, especially when these
stresses build up simultaneoug@riffiths, Ritz et al. 2000).

Disturbances can have opposite impacts on ecological communities: on one hand, they
are often recognised as the main drivers of biodiversity loss, while on the other hand,
they are increasingly acknowledged to be one of the mechanisms promoting the co-
existence of species. This appareocbntradiction is solved by théntermediate
Disturbance Hypothesisarguing that biodiversity is highest when disturbance is
intermediate. The main idea is that withwodisturbance, competitive exclusion by the
dominant species arises, whereas with hightalibance, only species tolerant to the
stress can persist.

One aim of conservation is to maximise th&bility of ecosystems in response to
disturbances. This stability can be seen asrésstanceof the ecosystem to change,
whereby ecosystems are able to continueftmction without change when stressed or
disturbed. Another component of stability is thesilienceof an ecosystem to change,
that is, its ability to bounce backnd recover after a disturbanc&esiliencethus can
explain how long a system will take to reeo after a disturbance. Communities with
high resilience may return almost immediately to their original state, whereas
communities with lowesiliencemay take years to return their original state.

This is because a disturbance, while it may lead to the disappearance of some species,
opens up niches or resources for other organisms to use. Moreover, an identical
disturbance event can lead to very different outcomes in different soil communities, as
species and communities exhibit distinct resistance argllienceto stress (Box 3).
Thus the same disturbance event can haey little effect on some systems (high
resistance and highesiliencd, while it may dramatically affect others although they
may be able to recover very gt (low resistance and higtesiliencd. Finally, the
influence of a disturbance on a community depends strongly on its frequency,
intensity, and on whether it is interacting with other disturbances (e.g. land-use change
involves physical disturbances or the usefeftilisers and pesticides). Accordingly,
predicting the impacts of disturbances feoil ecosystem functioning and services is
complicated. Soil food webs are very comgpland many functions in soil are carried
out by more than one species, in what is called functional redundancy. Given this
functional redundancy, it could be thought that species may become extinct without
any repercussions on the provision of ssedrvices. But in fact, due to the highly
integrated nature of soil food webs, anyténvention that disturbs one function will
inevitably affect the dynamics of others. day, several lines of evidence point to the
fact that ensuring high soil biodiversity has an insurance effect (Box 4).
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Box 4: Functional redundancy: myth or reality?

Although there are many reasons to pect biodiversity for its intrinsic value,
conservation efforts are increasingly jiiging biodiversity conservation for the
functions, or services, it provides. In tluase, a major question is whether all species
are important for soil ecosystem functioning.

To date, no consistent relationship betwesail species diversity and soil functions has
been found (Bardgett 2002; Bardgett 200%qplying that more species do not
necessarily provide more services. Thisésause several species can perform the
same function. Thus, according to thedtendant species’ hypothesis, only a minimum
number of species is necessary for soil gstams to function (Naeem, Thompson et
al. 1995) and the loss of a functionally reduntlapecies would have little impact on
the quantity or quality of the service primed (Naeem, Thompson et al. 1995; Hunt
and Wall. 2002).

Other theories pertain that the fact thatany soil species may appear functionally
‘redundant’ is rather related to our lackf understanding of soil systems (Wolters
2001). Indeed:

X Not all functions exhibit redundancysome species may be the only ones
able to perform their function. For instance, many species are involved in
the decomposition of organic matter, and the loss of one of these species
may not necessarily have a direct negative effect on the functioning of the
ecosystem. In contrast, the breakdown of some toxic chemicals may only
be performed by a single species of bacteria, in which case, the loss of this
species means a complete loss of the function in the ecosystem.
Nitrification (that is the transformationof nitrite into nitrate) is also
performed by very few microorganisms.

X Redundancy is highly context-dependerfgr instance, while two species
of bacteria may appear to perform the same decomposition function, they
may not perform it under the same range of conditions, or at all times. For
example, one species could become inactive under heat stress whereas
the other could still be functioning perfectly, or may even show increased
activity.

X Soil organisms can contribute to more than one functiomyr fexample,
many species of fungi and bacteria that are responsible for most of the
transformation and decomposition processes also contribute, albeit to a
lesser extent, to soil structure mdaiation. Moreover, because of the
integrated nature of soil food websome ‘redundant’ species may gain
functional significance by regulagnthe activity of a functionally
important species. Thus, species tlat redundant for one function may
play a key functional role elsewhere in the food web.

Therefore, according to the ‘insurance hypesis’, it seems that there are many ways
in which current, apparently redundant, diversity may have a function under future,
unpredictable conditions. Given that we still know little about the role of single species,
and according to the precautionary principiemay thus be important to preserve this
biodiversity for insurance purposes and nmit our future at stake by reducing the
insurance value of the biodiversity capital.ig s also consisterwith the principle of

‘no net loss of biodiversity’ (whether in the quantity or quality of the functions
provided), advocated by the Conuw@mn on Biological Diversity.
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2. SOIL BIODIVERSITY ORGANISATION

When including a wider range of processes that take place into soil, soil biodiversity
may best be considered by focusing on functional groups, which are fewer in number
than the feeding groups of soil organisms that are distinguished in soil food web
models (Box 5). Thedenctional groupsplay a major role in ecosystem functioning,
and therefore in the provision of ecosystesarvices. They may be defined as a set of
species that have similar effects on aesjic ecosystem-level biogeochemical or
biophysical process.

Since classifications can be based on different criteria, and even between functional
approaches various levels of aggregatioreslaging used (Lavelle 1997; Swift, Izac et al.
2004; Barrios 2007; Kibblewhite 2008), in tl@port, it has been decided to group soil
organisms according to three all-enconggang ecosystem functions: transformation
and decomposition, biological regulatiomadisoil engineering. Each of these functions
can be performed by a specific assemblafeoil organisms, or functional group:

x Chemical engineergtransformers and decomposers): organisms responsible
for carbon transformation through the decomposition of plant residues and
other organic matter, and for the transformation of nutrients (e.g. nitrogen,
phosphorus, sulphur)

x Biological regulatorsorganisms responsible for the regulation of populations
of other soil organisms, tbugh grazing, predation grarasitism including soil-
borne pests and diseases.

X Ecosystem engineersorganisms responsible for nméaining the structure of
soil by the formation of pore networkand bio-structures, and aggregation, or
particle transport.

This classification may seem an oversimgitfan; however it has proven to be a good
communication and analytical tool. The main benefit of this grouping is that the
activities of the differentfunctional groupscan actually be mapped over a series of
nested spatio-temporal scales ranging fremall scale/short-term to large scale/long-
term processes (Figure 2-2 and Box 5). This is because most soil organisms are
influenced by the environment, according their size and dispersal capacity. Thus
chemical engineers are essentially composédnicroorganisms, influenced mainly by
local scale factors, although they are alssaptible to rare long distance/time travel
events (passive dispersalrmancy). Biological regulators tel to be largely composed

of meso-fauna, while ecosystem engine¢enid to be mostly macro-fauna, both of
which are thus influenced by local as wadl larger scale spatio-temporal processes
(landscape scale and years). Thus this foneti approach is a useful way to look at
functions and provides a clear framewdddt management options (e.g. choose among
direct action on the functional group affeed or indirect action at higher spatio-
temporal scales than that of the functional group affected).

It is important to highlight that the classification infonctional groupsis indicative of

the most characteristic role of an orgam, but is not rigid. For example, some
biological regulators or chemical engineers (e.g. through the secretion of sticky
proteins) can also act as ecosystem engineers (Figure 2-1). Similarly, many plant pests,
such as herbivorous insects andmatodesare controlled at least in part by microbial
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enemies. And while bacteria are chemicahgineers given that their digestive
capacities are greatly developed, they arso exert some limited disease control and
some ecosystem engineering, at their gcaf space (Young and Crawford 2004). On
the other hand, earthworms that are clearigentified as ecosystem engineers, have
some limited ability to digest organic matter with propeizymes(Lattaud, Mora et al.
1999).

Figure 2-1: Possible cross among functional groups

Figure 2-2: Functional organisation of soil communities over five nested spatio-temporal scales of
action. The size of the wheels represents the spatio-temporal scale.

In this section, the description, biology, and functions of the main organisms in each
functional group are briefly presented accordito their main tasks in the soil (e.g. soil
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formation) without taking into consideratio other potential functions not related to

soil ecosystems (e.g. pathogens for humans). Both the biotic and the abiotic factors
influencing their ecology are also discusseds lalso important to clarify that, for the
sake of simplicity, only the main types of soil organisms of each functional group have
been described in this sectioOrganisms that are less clearly related to the highlighted
functions (e.g. archea and viruses for chiesh engineers, or millipedes, centipedes,
beetles, caterpillars, enchyatreidscorpions etc. for the otheflunctional group} are

not explained in detail and have been briefly mentioned where relevant.

Box 5: Food web approach

Historically, the study of soil biodiversityasted with a mapping of the soil food webs,
perhaps because the most fundamental integmgtfeature of soil communities is that
of the feeding relationships between organisms. The figure below shows how the soil
food web details the chain of energy transfer in the soil, which is based on grouping
organisms in feeding guilds, according to their trophic role and food preferences (Hunt
and Moore 1988, De Ruiter et al. 1995). Inmamistic fashion, the soil food web can be
seen as fuelled by plants and photosyntieebiacteria that fix the carbon from the
atmosphere through photosynthesis. Other soil organisms then obtain their energy by
decomposing the plant residues and orgasbompounds found at the bottom of the
food web, or by consuming other organisnirhroughout this process, nutrients are
converted from organic to inorganic form and made available to plants and other soil
organisms.

Example of a soil food web (Hunt, Coleman et al. 1987)

While the soil food web approach has been useful for understanding nutrient cycling
and energy flows in soil communities, it has a limited capacity to explain other
ecosystem processedndeed, by focusing exclusivein feeding, it overlooks other
important processes not based on feedinglationships, such as soil structure
development,parasitismand pathogenesis. Moreover, trophic groupings subsume a
significant variation in functional behaviour, which is not made explicit in the food
webs. Furthermore, the structure of théood web relies on biomass and species

composition, whereas activity provides better understanding of soil biological
function. However, considering the questions addressed, the food web approach has
provided a valuable contribution to place tfeeding guilds and their roles in the soil|in

a structured and population-dynamical perspige, as well as a good entrance into
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FUNCTIONAL GROUPS

CHEMICAL ENGINEERBCROBIAL DECOMPOSITION AT THE BASIS OF THE FOOD WEB

Chemical engineers are responsible for themital processes at the first level of the
food web and encompass all the organsstimat decompose organic matter through
catabolicandanabolicreactions. Microorganisms, or the smallest soil organisms, such
as bacteria and fungi, are by far the masiportant contributor to this group, since
over 90% of the energy flow in the soil system is mediated by mictq@eseman and
Crossley 1996; Nannipieri and Badalucco 208B)p viruses are common in soil. This
category of microorganisms, which represent a large and highly heterogeneous group,
can infect all types of living cells, from bacteria to large animals.

Y4 BACTERIA
What are they?

Bacteria are unicellular organisms which display a wide diversity of shapes and sizes.
While they are usually smaller than 2 pm, they can range from 0.5 1m,5be either
spherical or rod-shaped, and occur in ismator in various types of aggregations
(Figure 2-3).

Figure 2-3: Examples of soil bacteria (body size: 0.5-5'um)

This extensive array of morphologies raise a prodigious diversity. Bacteria are
probably the most species rich and the sh@bundant array of organisms on earth
(Torsvik and Ovreas 2002). It is estimated that 4 to 6*Xdf@acteria may live on the
earth, with the large majority (abouB2%) living in the soil and its subsurface
(Whitman, Coleman et al. 1998).

® Some data supporting this assumption were algeptesented in the International Biological Programme
in the 70s: www?7.nationalacademies.org/archives/imgtional_Biological_Program.html; last retrieval
6/09/09

" Picture in K. Ritz presentation COP9 Soil biodiversity event in Bonn, M@OQ
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There are typically a billion bacterial lice and about 10,000 different bacterial
genomes in one gramme of soil (Torsvik, @eret al. 2002). Bacterial biomass is also
impressive and can amount to 1-2 t/ha — which is equivalent to the weight of one cow
— in a temperate grassland soil (Killham 1994), thab say 3 to 5% of total soil organic
matter content. Some bacteria (Actinobacteria) form branching filaments resembling
fungalmycelium A few of them are pathogens while others are common in soil where
they decompose organic matter. Actinobacteria form a wide range of antibiotics and
are able to degrade many toxic pollutan Another type of soil bacteria, called
cyanobacteria, are autotrophic organisms and use photosynthesis to produce
carbohydrates. The typical smell of freghhoistened soil or compost is due to a
protein called geosmin produced by these organisms.

Where do they live?

Bacteria are aquatic organisms that live in the water-filled pore spaces within and
between soil aggregates.

Most bacteria are unable to move and attato the surface of mineral or organic
particles, forming dense mats of Il called bio-films (Donlan 2002). These
aggregations of cells contain multiple esfies of bacteria and can display complex
arrangements or secondary structures sues micro-colonies and networks of
channels. Since they cannot move, their dispersal is dependent on water movement,
root growth or the activity of soil and other organisms (Lavelle and Spain 2001).

Not all bacteria are fixed to structurespme types can move actively by using a
flagella, bacterial gliding, twitching motilitor changes of buoyancy (Bardy, Ng et al.
2003). Indeed, movements are of the order of microns and do not provide enough
mobility to shift from a habitat to another.

Still, movements are highly limited and over 90%cteria in soil are inactive because
they have not been able to move towds an organic substrate to use (Lavelle
2002)(Box 6).

Box 6: The SleepmBeauty paradox

Microorganisms are the main decomposers, responsible for over 90% of the
mineralisation occurring in soils (Lavell&sgain 2001) and able to decompose any kind
of natural substrate. In optimal laboratp conditions, individuals can multiply
extremely fast, tremendously increasing their biomass in short periods of time (in the
order of days). However, in nature, the turnover time of microbial biomass generally
varies between 6 and 18 months, that is 1,000 to 10,000 times slower than under
laboratory conditions. This indicates thatmature, micro-organisms are inactive most

of the time. This inactivity may be due sbarvation, resulting from their inability to
move towards new substrates once th@nmediate surroundings are exhausted. The
apparent contradiction between laboratoand field observations has been named the
‘Sleeping Beauty paradox’ (Lavelle, Lattatichl. 1995). The ‘Prince Charming’ of the
story is any macro-organism, including plant roots, or physical process that may bring
microorganisms in contact with new substes to decompose, thereby activating
them.

Importantly, earthworms provide the suitable temperature, moisture and organic
resources within their guts for microbes tme activated (Brown, Barois et al. 2000).
This makes the activation process more céemghan tillage, and tillage is not relevant
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What do they do?

As such, the activities of bacteria are directly dependent on relatively high soil water
contents (Killham 1994; Lavelle and Spain 2001).

Bacteria are able to perform an extremelyd@irange of chemicdtansformations (see
the end of this section also).

Bacteria also exhibit an extremely wide ar@f metabolic traits, which can be grouped

in two main categoriestHeterotrophic bacteria use organic carbon as their source of
carbon. Autotrophic bacteria are particularly impaant in nitrogen cycling (Box 8).
Some bacteria form symbiotic relationships, or permanent beneficial partnerships with
plants. The principle of these symbiotic relationships is based on plants providing
bacteria with simple carbon compounds frotineir roots, while bacteria fix nitrogen
from the air in a form plants can use (BOx The best-known example of these is the
symbiotic association between rhizobia anduenes. Some bacteria are highly specific
and can only form associations with one hp#int. This is the case of soy bean plants
for instance. In contrastpther bacteria such aBradyrhizobiumcan form symbiotic
associations with both lupinsnd serradella. Other bacteria forraymbiosiswith
animals such as those living in nephrids of earthworms and help in recycling of
nitrogen. Others grow on the surface of fungalcelium (e.g. mycorrhiza helper
bacteria) or inside the fungatycelium

How do they reproduce?

Bacteria grow and divide extremely rapidpotentially doubling population in a few
minutes (Eagon 1962).

The second remarkable characteristic of thiwup is that it can use horizontal gene
transfer (Box 2). Soil bacteria can uptaeteins and DNA directly from the soail
(Khanna and Stotzky 1992). This is basedhencapacity of soil to adsorb important
biological molecules, such as proteins dA, while allowing them to maintain their
activity. By taking up those molecules, et can diversify and evolve very fast.

How long do they live?

Some bacteria are also able to survive through extreme physical and chemical stresses,
such as high levels of UV light, heat, pressure or desiccation by entering a form of
dormant stage. They do so by forming highly resistant dormant structures called
endospores, which show no detectable miatdism. Bacteria can remain viable for
years in that form, and be passively transported over long distances, giving them the
enviable capacity to travel through time and across the planet.

Y2 FUNGI
What are they?

Fungi are an immensely diverse group of organisms and are among the oldest and
largest organisms on earth, encompassinguge range of forms, from microscopic
single-celled yeasts to complex structurgsch as rhizomorphs, fungal mats or fruit-
bodies (Figure 2-4). Most fungi are invisiblehe naked eye, living for the most part in
soil, dead matter, and as symbionts of gknanimals, or other fungi. In the large
majority of cases, fungi grow as threlike multi-cellular microscopic filaments called
hyphae (Figure 2-5). These filaments can asskenand intertwine into more complex
macroscopic structures to form @aycelium such as the mould on fruits. Fungi with
their hyphaecan explore soil, whereas the central body remains in one microhabitat,
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differently from bacteria which has to move to explore microhabitats different from
the original one.

Figure 2-4: Examples of diversity in soil fuhgi

Figure 2-5: Cells and hyphae of the dimorphic funduseobasidium pullulangfungal hyphae
diameter: 2-10 pm§

Currently, over 80 000 species of fungi desdtilbeay live in soil at least part of their

life, but many more remain to be discoesl. The magnitude of total fungal diversity
has been conservatively estimated &t5 million species (Hawksworth 1991). One
gramme of soil can contain as much as one million individual fungi, while the fungi
biomass in temperate soil can amount tbZ/ha (Killham 1994). However, detecting
which fungi are present in a soil is not aasy task, since many cannot be grown in
cultures or are present only as sporesroycelium(as opposed to visible fruit bodies
above the soil). Some mycelia are extremely long and can reach up to 200 m per
gramme of soil (Bardgett 2005).

8 Courtesy of Katarina Turnau
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Where do they live?

With their hyphae,fungi push their way between sgirticles, roots and rocks. Fungal
hyphae have a high surface area to volumatio, which makes them specifically
adapted to growth on solid surfaces and within substrates, since they can exert large
mechanical forces.

However, some fungal species also graas single cells, usually in aquatic
environments, such as water-filled pores.

What do they do?

Like animals, fungi need organic substrates to obtain carbon for growth and
development. They areneterotrophic organisms that have evolved a remarkable
metabolic versatility that allows many dhem to use a large variety of organic
substrates for growth, which would othervéisremain locked up in dead plants or
animals. Some fungi live on dead or decaying organic matter, breaking it down and
converting it to forms which are available higher plants. Others are dependent on
complex organic substances for carboneddting up sugars, starches, or lignin and
cellulose in wood.

Specialised fungi can be pathogenic for the tissues of plants or to other fungi, while
others form mutually beneficial relationships with plants,roycorrhizalassociations,

by assisting in direct nutriensupply to the plants (Box 8Mycorrhizal associations
occur on almost all terrestrial plants arideir specificity varies widely. Whilst many
mycorrhizalfungi can form associations with many different host plants, others are
either host-specific or severely host-limited. In addition, a single plant host may
support a number of differeninycorrhizalfungi within a singlehizosphere(Perotto,
ActisPerino et al. 1996). Moreover, somendu (very common in soil) hunt for small
animals such asematodesor amoebae. These fungi build various types of traps such
as rings, or produce adhesive substatwentrap and to colonise the prey.

Box 7: The role of chemical engineers in the nitrogen cycle

The process of decomposition of organic materials is a gradual and complex process,
which has taken place since life first appeared on our planet. In this process, chemical
engineers feed upon decaying organic matar@hd convert the organic nitrogen back

to mineral nitrogen. Under predominantly anaerobic conditions, denitrifying bacteria
convert nitrate into atmospheric nitrogen. Thigrogen can then be fixed by free-living

or symbiotic bacteria, thereby contributing to plant nutrition.

First, bacteria or fungi convert the organic nitrogen from decaying animals or plants to
ammonium (NH3), in a process calle@mmonification. A number of microorganisms
are able to perform this first mineralisatiostep. Moreover, plants and microbes may
use organic nitrogen forms, thereby bygsng this mineralisation step (Nannipieri
2009). The direct uptake of low moleculaeight organic compounds, such as amino
acid, by soil microorganisms, is called “dinemite” (Manzoni 2008). This is probably of
most importance in N limited ecosystems,chuas the arctic and alpine regions, but
also potentially in low productivity agricultural sites (e.g. grasslands).

After ammonification, the chemical processes are conducted by specialist groups of
bacteria. The nitrification process is conducted by small specialist groups of
chemotrophicbacteria, called Ammonia OxidisingcBaia (AOB), which convert this
ammonia to nitrites (N®) that are toxic to plants. Othliegroups of bacteria oxidise
these nitrites into nitrates (N£), which present no harm, and are useful for to plant
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growth. Some bacteria can also reduce nigrair nitrite to nitrous oxide under anoxic
conditions. Plants can absorb ammonium ¢Niér nitrate (NG) ions from the soil via
their root hairs, or throughmutualistic relations with rhizobium bacteria (see Box 8).
Plants infected bynycorrhizalfungi can use both low (amp acids, amino sugars and
peptides) and high molecular weight organ(iproteins) N compounds as N sources
(Schimel 2004). In many ecosystems, thdaaitprocess is not N mineralization but the
depolymerization of N-containing ogounds due to the activity afnzymes such as
extracellular proteases released by nwiorganisms. Thus, soil chemical engineers
contribute directly to soil fertility. Alternatety, for the nitrate that is not absorbed by
plants,denitrification can take place. Denitrificationtise reduction of nitrates back to
nitrogen gas into the atmosphere N Denitrification is performed by the action of
some bacteria in anaerobic conditions. eER bacteria do not require air for their
activity, but use nitrogen in the place of oxygen during respiration. Intermediate
compounds in denitrification process aMOx compounds with powerful greenhouse
effects.

The soil nitrogen cycle

Image from:www.soilsensation.net/images/nitrogen_cycle orig.jpg

How do they reproduce?

Fungi can reproduce via both sexual and asexual reproduction through spores
produced in specialised reproductive strupts. Some species have lost the ability to
form reproductive structures, and propagate solely by vegetative growth.

How long do they live?

The life span of fungi is difficult to define, especially for the species that grow clonally.
Some fungi, like Armillaria, can become vergda(hectares) and live for many years.
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/4 FUNCTION

Chemical decomposers can carry out manydgimal reactions and are involved in all
major soil processes, ensuring a large parsaif biological activity. The main role of
chemical decomposers in soil is the breakdows? organic matter into nutrients readily
available to plants, and therefore animals and humans. They do so in a process called
catabolism through which large molecules are broken down into smaller units.

Chemical decomposers are involved in all tiieabolicreactions contributing to the
breakdown, transformation and mineralisaticof carbon and nitrogen in soils. Most
commonly, decomposition occurs in the peese of oxygen near the soil surface.
Microorganisms usenzymesto oxidise the organic compounds. This process releases
energy and carbon, nitrogen and phosphorus tleeir growth. The carbon is used as a
source of energy, which is burnt up and respired as. @8e first compounds to be
broken down are those that have simplelloér structures, such as amino acids and
sugars. Cellulose in leaves, wax and mie have more complex structures,
characterised by strong chemical bonds, dakle longer to be decomposed. Lignin in
woody parts is the slowest compound to be decomposed. Fungi in general can
decompose more recalcitrant material than bacteria.

The mineralisation to carbon dioxide and natrts readily available to plants can take
more or less time. Organic molecules m&ti}l undergo several oxidations reactions
before the nitrogen, phosphorus and Iphur are converted to ammonium (B}
phosphate (P¢Y) and sulphate (S8) which plants can use.

The main function of chemical decomposers is to extract the nutrients from decaying
organic material in the form of ions that can then be absorbed by plants. Indeed,
nitrogen is essential and limiting for plagtowth, since it is needed for incorporation
into amino-acids, nucleic acids, and chlorophyll. The different steps of the nitrogen
cycle and its main actors are detailed in Box 7.

In anaerobic conditions (without oxygen), microorganisms reduce nitrogen to organic
acids and ammonia.

Some organisms included in othiemctional groups like for example earthworms or
large arthropods, can also contribute the decomposition of organic matter. They
shred the organic matter chewing up dead plants (see also section 2. 1. 3).

Importantly, some microorganisms includéa the microbial decomposer group can
also play a role as ecosystem engineers.gxample, some species of fungi produce a
glycoprotein called glomalin which play anpontant role in soil aggregation due to its
sticky nature (Rillig 2004; Purin 2007).
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Box 8: Mutualism

Mutualism is a biological interaction between two organisms of different species,
where each individual derives a fithess bethdbr example protection for predators or
food resources. In soil ecosystems there are mamytualistic interactions, often
involving soil microorganisms. Here, two characteristic examples are provided of
mutualistic relationships between bacteria, fungi and plants, which often increase the
tolerance of plants to various stressesizobiaandmycorrhiza.

Bacteria and leguminous plants (Rhizobi®oot exudates stimulate the multiplication

of free-livingrhizobia bacteria. A bacterial colony typically develops on a root hair,
which then begins to curl, and the cell is penetrated by the bacteria. The plant then
encloses the multiplying bacteria by laying down a cell wall, forming an infection
thread that may grow the nodule. In thigsociation, rhizobium produces ammonium,
thereby allowing plants to absorb nitrogen in the easiest route possible (compared to
nitrate), since ammonium can be directly incorporated into proteins, without the need
for any further chemical reactions. Importantly rhizobia cannot fix nitrogen without the
plant and the plants cannot absorb nitrogen without the rhizobia, so these organisms
need each other to survive. Sometimes diiia nodules can be red, due to a protein
called Leghaemoglobin, which serves to fix surplus oxygen in the root. This protein is
similar to our blood haemoglobin.

Root nodules created by rhizobium bactefia

Fungi and higher plants\{ycorrhizalfungi): A similar type ofnutualismoccurs in the
roots of higher plants with fungi. Higher plants and trees (gymnosperms, angiosperms)
presentmycorrhiza which is an intimatenutualism between fungus and root tissue.
The mycorrhizalfungi gain constant and direct access to the carbohydrates produced
by plants during photosynthesis. In turn, the fungi actually form a network of filaments
that grow in and around the plant root, ¢éneby enabling the plants to use the large
surface area ofnycelium to improve their mineral absorption capacity. Plants can
access nutrients and water that they may inatve been able to @ch otherwise. Three
main types ofnycorrhizalassociations exist. In freeilig associations between plants
and fungi, usually on the roots of trees, theycorrhizaform tightly matted sheaths
(arbusculamycorrhizg.

o Image from: www.morning-earth.org/graphE/BIOSPHERE/Bios-C-PlantsNew.htmi
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Y4 SPATIGTEMPORAL DISTRIBUTION

Microorganisms are not distributed randomly in the environment. They usually occur in
colonies and bio-films, caused by two mdiiological factors: the location of food
sources and the specific reprodumi processes of the microorganisms

At the micro-scale, active chemical decomposers are usually found in ‘hotspots’ of
increased biological activity, probably reflecting the micro-distribution of available
substrate and inhabitable pore space (Nun@vii et al. 2002), which can be mediated

by soil engineers (Beare, Coleman et al. 198%Jeed, only a few microhabitats have
the right set of conditions to allow microbitife, such as aggregates and pores with
different physico-chemical properties from the bulk of the soil, zones with accumulated
organic matter or animal manures, or fhe soil immediately around plant roots (the
rhizospherd (Kowalchuk, Buma et al. 2004§5rundmann and Debouzie 2000;
Nannipieri, Ascher et al. 2003).

Large-scale spatial patterns of micrdbidistribution are also detected, both
horizontally and vertically. Vertically, largeale aggregations in the subsoil may be due
to nutrient transport through the soil profile: the distribution of flow paths regulates
the supply of nutrients and thus the distribution of bacterial communities (Nunan, Wu
et al. 2002) and the presence of plant rootghich provide nutrient-rich resources for
microbial growth. Horizontally, spatial aggreigais in the top-soil at larger scales may
instead be determined by variations at thendscape level (Robertson, Klingensmith et
al. 1997; Smith, Halvorson et al. 2002).wdwer, in between the micro- and large-
scales, it is not always clear whether somigrobial patterning exist. Some studies find
no spatial structure at intermediate scal€8.1 — 1m)(Nunan, Wu et al. 2002), while
others do, possibly reflecting the different scale of influence of individual arable plants,
and earthworm species on microbes (Rokawelle et al. 1997; Saetre and Baath 2000;
Jimenez, Rossi et al. 2001).

The time-table of microbial metabolism &so important to consider with typical
turnover rates in soil of 0.2-6 years for the soil microbial biomass compared to the
much longer turnover time for organic material, depending on what type of litter has
been produced by the plants. Importantly, within the same spatial scale,
microorganisms can present a high temporal variability in their activity rate due to the
presence of both active and restjrcells (Felske and Akkermans 1998).

BIOLOGICAL REGULATORS

Biological regulators act as regulators otrabial activities, mainly through grazing but
also throughparasiticor mutualisticinteractions with other microbes or invertebrates.
These interactions control the abundana# populations in the soil food webs,
together with the resource supply as madeailable by the chemical engineers. They
are composed of a diverse group of organisms, comprigingsts, nematodes and
microarthropods They also contain pathogenic apdrasiti¢gherbivorous regulators of
plant abundance. Moreover, the class of epatieids, also called ‘pot worms’, play a
role of biological regulators activating midarfa, and occasionally, especially in soil
with no earthworms, of soil engineers (Box 9).
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Box 9: Enchyatreids

Pot worms are small white creatures comnyp found in European soils and best
known as fish food to most of us. Scientflg, they are known as Enchytraeids and are
segmented relatives of the earthworm. Tlgeoup also includes aquatic species, such
as ice worms. With body sizes ranging from 1 to 50 mm, they are much smaller than
other earthworms, and barely visible to the naked eye.

Pot worms feed on the same type of litteas earthworms. Their diet is mainly
composed of bacteria, fungus and organicti@a They are also known to prey an
nematodes They are efficient at aerating soil and at breaking down some organic
materials. Enchytraeids have a wide tolerance to water, but have little adaptation to
drought. They prefer an acid environmentaths moist, and may migrate up and down
daily in response to changes in soil moisture. Accordingly, they reach their greatest
abundance in the moist temperate soils. Somechyatreids can even be found under
snow and glacier ice, and they are commorihe sub-arctic. However, although some
species can thrive in higher temperaturesany are seriously affected and may die off

at annual means above 16 °C. Some species have the surprising ability to produce red
blood to survive low oxygen conditions.

Enchytraeids are hermaphroditic, which means that each individual possesses both
male and female reproductive organs, although some species can reproduce through
parthenogenesiand asexually by fragmentation andalby self-fertilization in a cycle
of about 20 days.

A typical enchyatreid worm

/4 PROTISTS
What are they?

Protistsare a diverse group of unicellulankaryotes typically ranging from 10-5Qm,

but sometimes reaching lengths of 1 mm (Figure 2-6). They are the smallest organisms
within biological regulators, and can reach densities of aboltcélls per gramme of

soil. In one hectare of soll, the equivalent in weight of 2 sheep@fsts can be found

Where do they live?

Protistsneed bacteria and fungi to feed oand the water around soil particles to live
and to move in, so that besides food, moistusecritical for their survival. They live in
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Figure 2-6: A typical safrotist (body size: 2-200 umj

Protists can be classified according te thvay they move. Ciliates move by beating
their cilia like tiny oars, amoebae move éwtending parts of their cells as pseudopods,
and flagellates swim by waving their flagella like a wRimtistshave a high dispersal
potential due to their capacity to live in resistance forms which can be passively
transported by wind and/or water floods for several kilometres.

What do they do?

Protistscontrol bacteria populations. To kill their preyptists surround it and engulf it
in their cytoplasm, digesting it in@nhach-like compartments called vacuoles.

How do they reproduce?

Asexual reproduction is their most comméwrm of reproduction, through division in
two identical (binary fission) or multiple daughter cells (multiple fission). But in cases of
environmental stress, sexual reproductios also possible, usually as a means to
recombine genetic information.

How long do they live?

During their life cycleprotists can have proliferative stag and dormant stages (e.g.
cyst9. In the dormant formprotists can survive extreme environmental conditions,
and for long periods without access to nutrients, water, or oxygemwiists are also
able to spread fast and differently according to the environmental conditions.

/2 NEMATODES
What are they?

The other main component of biological regulators is roundwormsh@mnatodes
Nematodesare tiny worms of about 0.5-1 mm in length which are common in soils
everywhere (Figure 2-7). They can reach densities of 10-50 individuals per gramme of
soil and have successfully adapted to almmstry type of environment, even the most
extreme ones such as Antarctiaad deep sea oceanic trenches.

Nematodesare, in general, some of the most diverse groups of species, with over 80
000 nematodes species already described, but a total 500 000 species estimated
(Bongers and Bongers 1998).

10 Image from: www.blm.gov/nstc/soil/protozoal/index.html
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Figure 2-7Caenorhabditis elegansa soil nematode used as a model in genomic
research (body size: 500 pr)

Where do they live?

Nematodes are common in almost any soil, but they prefer somewhat coarser
textured, porous soils. They move in watidms inside pore spaces, except in the
smallest pore spaces, which are not accessfbl them. They tend to have a limited
dispersal capacity of a few centimetres, although sorasatodescan migrate up to a
metre per year. They also have capacity of passive dispersal by wind, or attached to
animals.

What do they do?

Nematodesare ubiquitous on earth due to their high adaptability. They are important
components of soil food webs (Coleman 1984) can be classified according to their
feeding habits (Yeates 2009). Some species feed on algae, others on bacteria, fungi or
plant roots. Other species still @rpredatory, and feed on othenematodes and
protists, while some are omnivores and will eahy of the above. This diversity in
feeding habits is important for agriculte: the production of some predating
nematode species in fermenters is an established tool in biological plant protection

Their hunting technique depends on their diet. Fungal-feeders puncture the cell wall of
fungi to suck their contents, whereas predatorgmatodesattach themselves to the
cuticle of othernematodes scraping it away until their internal body parts can be
extracted.

Nematodesare concentrated where their main g@ys occur. Thus the occurrence of
bacterial and fungal-feedingematodesis related to where the bacteria and fungi are
located in the soil. Root-feeders are noentrated around roots of stressed or
susceptible plants.

How do they reproduce?

Most nematodeshave sexual reproduction, and important phenotypic differences exist
between males and females, with males usually much smaller than females. Some
species are hermaphroditic, and keep their self-fertilised egg inside the uterus until it
hatches. Sometimes, the juvenile will cannibalise its parent.

Some species arparasiticand spend a part of their life cycle inside a host, other
species are free-living. The life cycle is pretty simple in free-livimgatodes where

" Image from: www.idw-online.de/pages/de/image46368
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the larvae hatch from eggs, eventually grogiinto adults. In contrast, the life cycle is
often much more complicated foparasitic species, where individuals pass through
several juvenile stagdsefore becoming adult.

How long do they live?

Similarly toprotists, nematodeshave the capacity to become dormant, in a desiccated
state, when the conditions are not suitabier them anymore, such as in hot and dry
conditions. Thanks to this ability, some speens have been found to continue to live
after 40 years in a slide collection.

/2 MICROARTHROPODS
What are they?

Microarthropods are small invertebrates that relgn an external skeleton for body
structure. They range in size from miccopic to a few millimetres, and include small
insects, such as springtails, as well as sgpiders and mites. Springtails (Collembola)
is the only insect without wings and have a segmented body of 0.2-6 mm with
specialised appendages, including a spring-like tail used for jumping (Figure 2-8).

Mites (Acaridae) are the most abundant artpaa living in soil. Their density in forest
soils can reach hundreds of thousandsrdividuals per square metre, whereas mites
often go un-noticed because of their small size (most are a few tens of um)(Petersen H
and Luxton 1982). About 50 000 mite specs known, but it has been estimated
that up to 1 million species could be includedthis group. In one hectare of soil, the
equivalent in weight of four rabbits of soil fauna can be found.

Figure 2-8: Example of springtail€gllembold (body size: 0.2-6 mm)

Figure 2-9: Examples of the common red mite and predatory mite eating a springtail
(body size: 0.5-2 mmj and other soil microarthropods

12 Image from: www.amentsoc.org/insedfiact-files/orders/collembola.html
13 Image from: www.prairieecosystems.pbriks.com/Dennis-NaturalistGuide
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Where do they live?

This class of organisms have limited burmgvability and generally live in surface litter
or confined in the topsoil. Due to theismall size, most species are capable of
squeezing through small pore spaces and root channels.

Most have limited mobility. Springtailssually live in aggregations, and have a
gregarious behaviour driven by secreted pheromones that helps single individuals
avoid non favourable (e.g. dryhabitais Mites are highly heterogeneous and,
depending on the species, their habitat and ecology can be extremely different.

What do they do?

Microarthropodscan have varied feeding habits. Most soil-dwellingrroarthropods

are herbivores, fungal feeders, or predators. The predatorsneatatodesor other
microarthropods Some of them are generalists, feeding on several prey types,
whereas others are specialists, hunting onkiragle prey type. Springtails and mites for
instance mostly eat decaying vegetati@ssociated bacteria and fungi. They are
however also known to occasionally eatmatodes or other micro-invertebrates
(Figure 2-9).

How do they reproduce?

Microarthropodsmaostly reproduce sexually. However, in springtails, reproduction can
be sexual (through spermatophores) or yiarthenogenesigwithout fertilisation by a
male). Some mite species aperasitesand are dependent on the interaction with a
host to complete their life cycle.

Somemicroarthropodscan present a complex life cycle with multiple life stages, such
as larvae and nymphs.

How long do they live?

Usually, in European temperate regions, they would have one or two generations per
year. However, moshicroarthropodsare capable ofryptobiosis a state of suspended
metabolism, which enables them to surviverexnes of temperatures or dryness that
would otherwise be lethal.

/2 FUNCTION

Biological regulators act as integrators tbé food web, linking the lower functional
level of chemical engineers in space and time, and regulating their dynamics (by
feeding and contributing to the dispersiai microbes), mainly through predation and
through modulating their activation during the digestion process (Neutel 2007)(Swift
1979). The microbial activity continues in faecal pellets that the invertebrate
occasionally re-ingests taking advantagehaf substrates released by microbes.

Moreover, parasitic and mutualistic actions of biological gulators directly regulate

the abundance and the activity of chemical engineers through top-down effects. At low
densities, predators stimulate the growth rates of their prey populations (e.g. bacterial
feeders stimulate bacterial growth), but at high densities they reduce the populations
of their prey. Predation often suppresses microbial populations more than resources,
such that food resource availability is natlimiting factor for them anymore. This
regulation can induce cascading effects on the abundance, biomass, or productivity of
the lower trophic levels. However, predatorggulation is highly context sensitive.
Therefore, its effects can change substantially in the face of disturbances, since food
webs are highly dynamic and open entities, that can change in species attributes,
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composition and dynamics (de Ruiter, Wodtest al. 2005). This applies even more to
some other functions, such gsrasitism or plant pathogenesis, where specificity is
much higherParasitesand pathogens contribute not only to the regulation of species
abundance, but also to the regulation of biodiversity.

Protists and nematodes through their predatory action help disperse both organic
matter and decomposers in the soil, and play a role in fragmenting organic matter and
increasing its surface area for microbiattack (Anderson, Coleman et al. 1981,
Griffiths, Ritz et al. 1994). In this way.ethindirectly contribte to increasing the
availability of nutrients that would othense remain immobilised in the microbial
biomass (Ingham, Trofymow et al. 1985). Euck exists that inerased complexity in

the food web may sometimes accelerate nutrient mineralisation (Couteaux, Mousseau
et al. 1991; Setala and Huhta 1991; Satdlyynismaa et al. 1991), which may then
promote productivity.

Moreover, the action of the biologicalegulators can influence aboveground
biodiversity. Indeed, through their effects on plant presence and plant chemistry,
biological regulators also influence intetans between plants and aboveground pests
and diseases (Scheu 2001; Van der Putten, Vet et al. 2001). Thereforenthisnal
group is also central in the development afemi-natural ecosystems, sustainable
agriculture and forestry, by indirectly influencing plant abundance, invasive species
outbreaks, and plague and psstutbreaks in crop systems.

Y4 SPATIGTEMPORAL SCALE

The distribution of biological regulators in ecosystems and entire landscapes follows
gradients in soil type, water availability amdltivation practices. For example, the
distribution of springtails in agriculturdandscape can follow large-scale soil carbon
gradients and type of land cultivation rfnm, Winter et al. 1993). Likewise, the
distribution of nematodescan often also be explained by land management and soil
disturbance. For instance, a model showtbdt when the availability of resources is
fluctuating, the distribution ohematodesmainly depends on the ability of species to
re-colonise resource-rich patches from rdguring patches (Ettema, Rathbun et al.
2000).

However, further spatial patterns in the composition of biological regulators can be
found at slightly smaller spatial scales witlecosystems. For example, an aggregated
spatial pattern (6-80 m) afematodeswas observed in an agricultural soil, despite the
homogenising effect of monoculture gBertson and Freckman 1995). These results
suggest that important soil food web compamts can be strongly patterned at sub-
hectare scales. That this patterning is mained in an ecosystem subjected to the
homogenising influences of annual soil gkaand a monoculture plant population is
remarkable, and suggests that such patterning may be even more common in less-
disturbed sites. The inclusion of these patterns in studies on ecosystem processes and
soil community dynamics may significantimprove soil trophic models and our
understanding of the relationship between soil populations and ecosystem functions.

At the smallest spatial saa, biological processes and soil structural and chemical
heterogeneity are the main structuring agents. For example, ecological conditions
which look uniform from the perspective of our own eyes are not perceived as such by
for example amoebae (a protist).

Over larger spatial scales, passive disparaalplay a huge role. For instance, the same
species of springtails can be found all over the Arctic zone (K. Hedlund, personal
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communication),nematodesand protists are known to have large bio-geographical
distributions and earthworms can be passively dispersed by human activities.

At a given time, only a small subset of gpads biologically active: only the species
capable of using the resources currently available. Thus the activity of biological
regulators tends to follow pulses: their gywth and reproduction usually follows
seasonal patterns of resource abundancbut as soon as conditions become
inadequate, they then have the ability teurvive long periods imesistant, resting
stages. For instance, for bacteria-feedimgtists and nematodes growth is generally

at its maximum during the first weeks following addition of organic material to soil
(Christensen, Griffiths et al. 1992). Then the majority of swilists enter in a resting
phase, formingcysts(Figure 2-10) (Ekelund and Ronn 1994), while other members of
the soil biota, like for examplenicroarthropods even if they do not form such resting
recognizable forms, may also have periods without activity, as eggs or nymphs. In
conclusion then, when resources are scarogny biological regulators are able to
tune their activity in time rather than disperse in space.

Figure 2-10: Cysts of nematodes (size: pm-riim)

2.1. 3. SOILECOSYSTEM ENGINEERS

Ecosystem engineers are organisms that modify environmental conditions for other
organisms through their mechanical actigfti (Jones 1997). Soil ecosystem engineers
have the ability to build resistant organokmeral structures and pores by moving
through the soil and mixing the soil, in process knowrb@asurbation. Earthworms,
termites, ants and roots have been iddied as the most important soil engineers
(Lavelle, Bignell et al. 1997).

However, soil engineers also include many other invertebrates, such as millipedes,
centipedes, beetles, caterpillgrand scorpions, which may be more or less responsible
for soil formation function. Engineers catso include some vertebrates which are
part-time soil residents and primarily dig the soil for food or shelter, such as voles,
shakes, lizards, mice, rabbits, etc. (B®}. Soil organisms included in othienctional
groupscan also play a relatively minor rolesnil engineering. Bacteria and fungi also
play a role in solil structure formation, for example arbuscufgrcorrhizalfungi exude
compounds that enhance soil aggregate formation and fungal mycelia have been
shown to physically enmesh aggregates and to bind them together.

Box 10: Burrowing mammals

* Image from: www.ipm.iastateda/ipm/icm/2007/7-30/nematode.htm|

European Commission - DG E

February 2010 Soil biodiversity: functions, thegs and tools for policy make




62

Most burrowing mammals, with the exceptioof moles, are only part-time sail
residents. They may include large creatusesh as badgers and small ones such as
shrews. They typically dig burrows and tutsenderground to gain protection frorn
predators and weather extremes. Territdrigpecies may maintain a set of burrow
systems, whereas others such as badgkgsmany burrows that are not maintained.

Their digging mixes topsoil with litter andefaes. This helps fertilise the soil and buries
soil organic matter, which benefits manyapts and soil microorganisms. Their burrows
and tunnels also allow water from heavy sty to rapidly infiltrate the soil, rather
than runoff. Moreover, the burrow systenaerate the soil, providing oxygen around
plant roots. They may also bury seeds, thereby promoting plant dispersal and growth.

European badger emerging from burrdw

/2 EARTHWORMS
What are they?

Earthworms range from a few millimetres several tens of centimetres and they are
basically a long digestive system in the shape of a tube (Figure 2-11).

Earthworms often form the major part dhe soil fauna biomass, representing up to
50% of the soil fauna biomass in some tergie grasslands, and up to 60% in some
temperate forests.

Figure 2-11Lumbricus terrestri§anecic earthwormsize range: 0.5-20cr)

15 Image from: www.badger-watch.adk/gallery/images/Badger.html
16 Image from: www.ync.ca/bronze%20kel%20guide/nd_worm_watch.htm
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Several thousands of earthworm species, grouped into five families, are distributed all
over the world. In Europe, but also North America and Western Asia, the most
common worms belong to the familyumbricidaewhich has about 220 species.

Where do they live?

Earthworms are burrowing creatures, ingestisoil and expulsing it either at the soil
surface or in the space that they have jestptied by soil ingestion. They travel in their
burrows by muscular contractions whicheahately shorten and lengthen their body,
aided in their progression by the secretion of lubricating mucus. In this way they can
move for several metres.

What do they do?

Earthworms play a major role in soilnictions like the decomposition of organic
matter. They are herbivores and can be déd into three main ecological categories:
(1) theepigeicor leaf litter-/compost-dwelling worms, (2) thendogeioworms that live

in the topsoil and also feed in thsmil, mostly on plants, and (3) tleecicworms that
spend most of their time in the soil, in the semi-permanent deep burrows they
construct, but which feed on the surfatiter that they generally mix with soiEpigeic
worms have little impact on soil structure, andecicsandendogeicsare responsible
for most engineering work, through éir burrowing and mixing activities.

Moreover, the gut of earthworms is actiy a very active microbial reactor with
specific environmental conditions that selectively awake dormant soil microorganisms.
Therefore, as a result of their microbial activity, earthworm casts exhibit high relative
concentrations of nutrients, such as Ntnd P.

How do they reproduce?

The majority of earthworms are hermaphrodites, which means that each individual
possesses both male and female reproductive organs. Despite this peculiarity,
earthworms still mate, in order to exchange sperm with which they will then inject
their own eggs. A minority of species can also reproducpabinenogenesigasexual
reproduction) which gives them significant advantages in colonising new environments
and being occasionally invasive species.

How long do they live?

It generally takes about one year for damorms to develop to the adult stage,
although only a relatively small proportion (20 to 30%) make it to this stage. Some
large deep soil living species may live several years.

s TERMITES
What are they?

Termites are small insects, measuring around 0.5-2 cm in size, depending on their cast
and on the species (Figure2-12). All termite species are highly social and live in colonies
of up to one million individuals.

Although they are most common in tropicahvironments, termitecan live just about
anywhere as long as the ground does notngietely freeze in the winter. But while
almost 3 000 species of termites have nbeen identified, less than ten species occur
in naturalhabitatsin Europe, and only a few of these live in soil.
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Figure2-12: European termite (termite average body size: 0.3-0.7 cth)

Where do they live?

Subterranean termites live and breed #®vil, sometimes several metres deep -
although some colonies may build nests inside fallen trees or in other aboveground
locations.

The nests of termites are elaborate struatgrmade using a combination of soil, mud,
chewed wood/cellulose, saliva, and faedbst create a protected living space and
optimal humidity through water condensation. Inside the nests, a network of tunnel-
like galleries provide the possibility to motleough the nest structure and ensure air-
conditioning and control the G{D, balance (Abe 2000).

Neither individual termites nor colonies normally travel long distances as they are
constrained to live within their territoridborder or within their food materials.

What do they do?

Termites are major detritivores, which playrucial role in the soil food web. They are
able to degrade cellulose, a complex sugatdauole that gives trees and shrubs their
structure. Cellulose cannot be digested by most other organisms, including humans.
Termites feed mostly on cellulose from atk plant material, such as wood and leaf
litter, but also on animal dung (Lavelle and Spain, 2001).

Some termites are also soil-wood feedersd soil feeders, which means that they
ingest a high proportion of mineral matafi Their nutrition derives mainly from well-
decayed wood and partly humified soil organic matter.

Another group of termites, in some areas thie world, grow fungi in their nests on
macerated plant material cakes (fungus-growing termites).

How do they reproduce?

Termites areesusocialinsects living in organised colonies comprising casts, or sets of
different looking individuals designed to perform definite tasks. Colonies start with a
queen and her king, but at their maturity, they can reach several hundred to several
million individuals. The queen is the centaald largest individual in the colony, whose
function is to produce 10-20 eggs in tearly stages of a colony, but up to several
thousand eggs per day after several years. Meanwhile, thousands of workers are toiling
around, tending to the queen, building and maintaining the nest, gathering food or
feeding the young larvae. A handful of soldiers, with large heads and powerful jaws,
are posted outside the nest, to guard the nest and the colony.

a Image from: www.uky.edu/Ag/Entomagy/ythfacts/bugfun/riddlans.htm
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How long do they live?

Termites typically live a few weeks with tegception of the royal couple that may live
for years.

Y4 ANTS
What are they?

Like termites, ants are small social insggtinging in size from 0.75 to 52 mm, which
live in colonies. Ants thrive in most eco®as and have colonised almost every place
on earth. Their success may be attributedtb@ir extraordinarily diverse range of life
strategies and their ability to modifyabitatsand tap resources (Figure 2-13).

Figure 2-13Lasius neglectuants, recently invading Europe (2.5-3 mmf)

To date, more than 12 000 species of anéwédr been described, but Europe is one of
the less diverse regions, hosting less tH20D ant species (Hoelldobler and Wilson
1990).

Where do they live?

Ants live in underground nests that consist of a series of underground chambers,
connected to each other and to the surface siyall tunnels. Inside the nest, there are
rooms for nurseries, food storage, and mating (Box 11).

What do they do?

Most ants are generalist predators, scaversgyand indirect herbivores, but a few have
evolved specialised ways of obtaining nutrition (e.g. by raising other insects or fungi
within their nests) (Wilsn and Holldobler 2005).

Ants display an extraordinarily diverse range of life strategies, including mimetic,
commensal parasitic and mutualistic interactions with other species. Moreover,
within ants of the same or of differenspecies, very complex communicative,
competitive and cooperative interactions may exist.

Some species of ants in the temperatedaboreal forests of Eurasia have been
observed to build large parts of their nests aboveground, using organic materials
collected from the surrounding soil, thus ieasing the spatial heterogeneity of soil for
water and available nutrients, as welltase growth (Jurgensen, Finer et al. 2008).

% Image from:
www.m.gmagrd.co.uk/sbres/367.$plit/C_ 67 afie 2040546 body_articleblock 0 bodyimage.jpg
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Box 11: Ant gardens

Some species of ants in the Tropics can create huge nests which are amazingly well-
integrated into the local vegetation: the ant gardens. The nests contain large quantities
of humus and thus form a good environment rfseed germination. In fact, anis
continuously carry seeds into the nesfjcathose seeds then germinate and become
plants contributing to maintain of the overall siestructure. In addition to its structural

role, the presence of vegetation is importaad a source of food for ants. In turn, ants
ensure the dissemination of the plant seed$ie nest size progressively increases, in
parallel with the plant growth. Different species of ants and arthropods can
progressively be integrated in the gam creating a veritable micro-ecosystem
(Corbara 1999).

Ant garden (Corbara 1999)
How do they reproduce?

Like termites, ants aresusocialinsects living in colonies, with different casts of
individuals. Ants emerge from an egg atelvelop by complete metamorphosis with

the larval stages passing through a pupa stage before developing as an adult.
Depending on the species and the age of timéony, colonies can count a handful of
individuals to millions of individuals.

How long do they live?

The life span of ants is extremely variablgoeeding on the considered species. It can
range from a few months to several years.

/4 1SoPODS
What are they?

Isopods form a very heterogeneous and ubiquitous group of crustaceans (more than
10 000 species). They have a segmented bodyrange in size from 0.5 mm to several
tens of centimetres (Figure 2-14).

Figure 2-14: Isopods (1-10 mi)

19 Image from: www.morning-earth.org/graphicEHOSPHERE/PLANTIMAGE/SOIL%20LIFE/sowbug24
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Where do they live?

Many of them live in the aquatic emenment, but members of the subordéniscidea
(about 5 000 species) are fully terrestrial and may typically leave in litter layers (e.qg.
sowbugs and pill bugs). These are by far inest successful group of crustaceans to
invade land.

What do they do?

Isopods usually have a detritivorous feeding regime, and act as ecosystem engineers at
producing sometimes rather stable faecal pellets. They can occasionally be very
important ecosystem engineersainly in desert areas (Yair 1995). Isopods can display

a range of feeding habits, some beinglhigores, detritivorous, carnivores parasites

How do they reproduce?
Isopods reproduce through sexual reproduction.
How long do they live?

The average life span of most isopods is dlibyears but some have lived as long as 5
years.

Y2 MOLES
What are they?

Moles are small mammals with a hairlessinted snout in front of the mouth opening
and cylindrical bodies measuring about 15 amlength. They are fantastically well
adapted to underground burrowing, with smalbvered eyes, no external ear, and very
wide, broad forefeet (Figure 2-15).

Figure 2-15:- European mdfe

Moles are very common, and can be fouederywhere in Europe, except Ireldéid
They are present in mostabitats where the soil is deep enough to allow tunnelling
and are not able to maintain existence lrard, compact, semi-arid soils such as in
coniferous forests.

0 Image from: www.cornwallwarrenenaik/Moleman_devon_cornwall.html

za During the last ice age, most parts of Ireland weowered, as was Britain, and as the ice retreated
animals from the south moved northwards. Moles ttdigl not get into Ireland because the sea level rose
too quickly.
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Where do they live?

Moles spend almost all their lives underground in an extensive system of permanent
and semi-permanent tunnels. The permanent deep burrow system forms a complex
network that can cover hundreds of metres, at varying depths in the soil. The
permanent tunnels are used repeatedly for feeding over long periods of time,
sometimes by several generations of moléhis is also where moles build their nest,
usually one or more spherical nest chambers, each lined with a ball of dry plant
material.

However, most of the underground network afmole is usually made up of shallow 3-

4 cm diameter tunnels that range over its hunting grounds. These surface tunnels are
usually short-lived and may not be used again or only re-traversed at irregular
intervals.

Moles make their home burrows in high, dryosp but they prefer to hunt in soil that
is shaded, cool, moist, and populated prms and grubs. Thus surface tunnelling
typically occurs in newly cultivated fields,dreas of light sandy soil and in very shallow
soils, where prey is concentrated just belthe surface. The deepest tunnels are used
most in temperature extremes, such astimes of drought and low temperatures.

What do they do?

Moles are predators, feeding primarily aarthworms, but also on other small soil
invertebrates, such as insect larvae ithe summer. They have very large food
requirements, and need to eat from 70% to 100% of their weight each day. This
requires them to move extensively in the search of prey, shearing the soil with their
forefeet and scooping it to the surface ttmrm a molehill. They are capable of
extending their tunnel system by 30 cm per hour in this way.

They catch their prey either by trapping or hunting: they can collect the prey that have
fallen through their tunnels or chase and digem out. Once caught, they can paralyze
earthworms thanks to a toxin in their saliva. They then store some of their prey in
special ‘larders’ for later consumption — wp 1000 earthworms have been found in
such larders.

How do they reproduce?

Males and females are solitary for most tbe year, occupying exclusive territories.
With the start of the breeding season males enlarge their territories, tunnelling over
large areas in search of females. A litter of 3 or 4 baby moles is born in the spring and
disperses from their mother's nest after approximately a month and a half. Dispersal
takes place aboveground and is a time of great danger.

How long do they live?

Most moles don't live beyond 3 years but dare up to 6 years. Their main predators
are owls, buzzards, stoats, cats and dogsvehicles and humans also kill many.

/4 PLANT ROOTS

Roots are one of the main ecosystem engineers. The amount of roots present in the
soil can be almost as large as, or even larger than, the amount of aboveground plant
biomass (Figure 2-16).
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What are they?

Roots are the part of the plant that typically lies belowground and anchors the plant to
the ground, while absorbing nutrients and moisture from the soil. The first function is
generally performed by short lived thin roots whereas anchoring is performed by
perennial large long lived roots. Root systems can vary in shapes and sizes. They can be
shallow or deep, and comprise coarse roots (> 2mm) that are perennial organs
equivalent to tree branches, and fine roots which are short lived organs specialised in
water and nutrient uptake. Roots will gendlsagrow in any direction where suitable
conditions of aeration, mineral nutrients and water availability exist.

Figure 2-16: Excavated root systém
What do they do?

The two major functions of roots are the sdrption of water and inorganic nutrients,
and the anchoring of the plant body to the ground. Roots often participate in the
storage of food and nutrients and they caropuce, or store chemicals that are used in
defending plants against plant-feeding enemies.

The region of soil immediately adjacent to and affected by plant roots (about 2 mm) is
called therhizosphere it is a very dynamic and species rich environment. This is
because roots draw nutrients and water to the plant, while exuding organic
compounds, which together makes the environment of thezospherevery different

from the rest of the soil. Soil microorganisnfeed on these so-called root exudates,
thereby attracting larger soil organisms to feed on them. The concentration of soail
organisms can be up to 500 times higher in theospherethan in the rest of the soil.

Moreover, the roots of many plant species enter irtpmbiosiswith certain fungi or
bacteria (Box 8), which can promote tlaquisition of nitrogen, phosphorus and
water.

How long do they live?

Plant roots are highly dynamic; root hairs live only a couple of days at maximum, while
other parts may turn over in a couple of dayisweeks. Only the larger anchoring roots
can become as old as the plant itself.

/2 FUNCTION

Contrary to biological regulators, the effeof ecosystem engineers mainly develops
through non trophic relationships. At the heart of the soil engineering concept is the
ability of ecosystem engineers to moverdlnigh the soil and to build organo-mineral
structures with specific physico-chemigaibperties (Lavelle 1997; Hedde, Lavelle et al.
2005; Mora, Miambi et al. 2005). Ecosystengimeers thus alter ecosystem dynamics

22 photo by Keith WelleAg Research Magazine

European Commission - DG E

February 2010 Soil biodiversity: functions, thets and tools for policy make

|




70

through these structures, directly, by modifying or creathmgpitats or indirectly, by
regulating the availability of resources fohet species (Jones, Lawton et al. 1994).

Some organisms included in the other twoctional groupscan also act as ecosystem
engineers. Aside from their main functiam decomposition, soil-microorganisms also
play other minor roles of engineering in the soil. For instance, bacteria and fungi can
produce (exude) a sticky substance in the farfrpolysaccharides (a type of sugar) or
proteins that help bind soil particles ton small aggregates, conferring structural
stability to soils. Thus, chemical engineetan contribute to the soil engineering
function. However, in general their effees less marked than that originated by
ecosystem engineers.

Similarly to chemical engineers, the largbgilogical regulators (springtails and mites)
also have an engineering function. They gaoduce structures from organic matter
where microbes can live andiriction. These structures can be produced either by
altering microbial decomposition rate thugh grazing and excretion of nutrient rich
faeces contributing to the fonation of the structures (@e 2002). Although the impact
of faeces on soil physical properties isited, these structures may alter the spatio-
temporal patterns of decomposition and na@ralisation. While mineralisation may be
enhanced in short periods inside those sturgs, in the longer term, the aeration and
water storage may be limited, resulting in an important decrease of mineralisation
(Toutain, Villemin et al. 1982). In additiothese structures may leach organic acids
that affect, in the long term, soil functioning.

Main types of structures created by ecosystem engineers

Three main groups of structures arenamonly found in European soils, and exhibit
different physico-chemical properties from the surrounding soil.

x Earthworm casts

Earthworms ingest soil and leaf tissue tdragt nutrients and then excrete casts, or
small faecal pellets ranging in size frarfew millimetres to several centimetres in
diameter. Typically, granular casts are veryairand formed by isolated faecal pellets
and are generally produced kypigeicworms, whereas globular casts are larger and
normally produced byndogeicor anecicearthworms. They comprise an accumulation
of oval-shaped pellets which ceake to form large structures.

x Earthworm tunnels

Earthworms construct galleries through thenovements in the soil matrix. Each time
they pass through the gallery they coat wslls with mucus. These galleries may be
filled with casts and contribute both to roeo-pore formation or eventually micro-
aggregate formation.

X Termite mounds / Ant heaps

In their building activities, termites pross high quantities of material and transport
small particles from the deeper to the uppseoil horizons. Thus their mounds exhibit
different soil properties as compared witburrounding soil. Similarly, through their
nest-building activities, ants can incorporatdot of organic matter and nutrients into

the soil. All these activities contribute toghmixing of soil and the formation of soil
aggregates.
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Habitat modification and creation

Ecosystem engineers are primarily physical engineers, building resistant soil aggregates
and pores that serve as habitat for all diaa soil organisms (Box 12). In that way,
ecosystem engineers greatly enhance thecaimt of habitat available for other soil
organisms. However, they operate some dagof selection, as they may decrease the
number of plantparasitic nematodesthrough a stimulation of the plant's natural
defences, and also remove a significanbgortion of the surface leaf litter with
significant — although sometimes positiveeffects on litter arthropod communities
(Marinissen and Bok 1988; Loranger, Pongealet1998). For instance, the effect of
earthworms on aggregate formation resuftem the net outcome of their feeding and
burrowing activities. Earthworms create gra-pores through their tunnelling activities

and ingest soil particles and organic matter, mixing these two fractions together and
expulsing them as surface or subsurface casts. They can thus produce casts at rates of
several hundreds of tonnes per ha, withaximum values well above 1,000 tonnes in
tropical savannas (Lavelle 1978). These casttheanform stable aggregates as long as
they experience a drying cycle (ShipitaloJMind Protz R 1989; Blanchart, Albrecht et

al. 1999; Blanchart, Albrecht et al. 2004).

Through their activity, soil engineers modiftye soil aggregation rate and porosity,
having impacts on associated hydraulic prdjes (Barros et al. 2001, Lavelle et al.
2001). Engineers generally maintdiigh levels of aeration and porosity of soil through
the formation of structures such as burrowsinnels, galleries, casts, mounds etc. and
by increasing the proportion of stable aggregates in the soil and thus stable inter-
aggregate porosity. For instance, the large vertical galleriesnefic earthworms
facilitate the flow of water through the sojirofile, increasing the transport of water
and nutrients leaching into #h deeper soil layers (Neirynck, Mirtcheva et al. 2000).
Similarly, ant nests have been shown to affevater infiltration rates and soil organic
matter content (Hoelldobler and Wilson 1990).

Regulation of resources

The structures created by the activity of soil engineers are privileged sites for a number
of soil processes (mineralisation, de-ditriation, nitrogen-fixation, water and air
infiltration), becoming hotspots of divergitand litter transformation where nutrient
availability is increased (Lavelle et al. 1997).

Litter transformers such as isopodsMyriapoda Diplopodaconsume dead plants and
produce organic aggregates in the form of faecal pellets a few tenth of millimetres in
size (Brethes, Brun et al. 1995). These faecal pellets are moister and higher in nutrients
than the surrounding soil, which favours their colonisation by chemical engineers. Five
to 25% of the whole soil micro-flora can lieund close to the surface of galleries,
which only represents 3% of soil volurfleavelle and Spain 2001). These structures
serve as incubators for micr@ digestion and do not usuallgst very long, since they

are usually ingested back by the worms. They may alter the timing and spatial pattern
of microbial decomposition. As a comgence, ecosystem engineers can greatly
enhance the mineralisation of nitrogen and can simulate other nitrogen transformation
such as denitrification.

Moreover, since earthworms can consumedaincorporate large amounts of organic
matter into the soil, they have important ekfés on the dynamics of soil organic matter
and soil physical processes at different spaémporal scales (Decaéns, Jimenez et al.
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The activity of ecosystem engineers alsaglly results in improved soil fertility and
plant production (Scheu 2001), through its medit effect on the activity of chemical
engineers and nutrient cycling as well as direct effects on plant physiology (Blouin,
Barot et al. 2006). Indeed, periments show that a ddioe in the abundance and
diversity of local invertebrate engineer communities, may have occasionally
detrimental impacts on soil functioning when an invasive earthworm compacting
species transforms the whole surface sotbim continuous layer of compacted soil
that creates lethal anaerobic conditions falants roots (Chauvel, Grimaldi et al. 1999).
Similarly, the tunnelling efforts of termitelselp to aerate soils, which can result in
patchy changes/improvements to soil coogition and fertility, by allowing water
transport for instance.

Box 12: Soil aggregates

Soil particles can be bonded together in Ergtructural units called aggregates. These
aggregates fit more or less closely together, creating spaces of many different sizes
providing habitats for other soil organisms, and able to store air, water, microbes,
nutrients and organic matter. Typicallynicro-aggregates (< 250 pum) are bound
together by temporary agents, such as roots and furigalhag or transient agents,

such as microbial polysaccharidesfdom macro-aggregates (> 250 pm).

Ecosystem engineers are one of the maitoeginfluencing aggregate dynamics. For
example, earthworms affect the ratio of - to micro-aggregates by ingesting and
expulsing aggregates of various sizes dutiay tunnelling and feeding activities. The
casts they expulse are rich in organic mati@nd although these casts are not stable
when they are freshly formed and wet,gtmix of organic matter, mucus and soil can
make them highly stable casts upon drying.

A second important mechanism of macro-aggate formation is through the activity

of roots and chemical engineers. Active growing roots and fungahae can initiate
macro-aggregate formation by enmeshing fine soil particles and binding them together
(e.g. through secretion of sticky proteinylicrobial or root exudates, composed of
long and flexible polysaccharides bind thdogether in stable aggregates that can
resist decomposition.

The formation and breakdown of aggregatesedtly influences the dynamics of soil

organic matter. Aggregates physically mot SOM from microorganisms and microbial
enzymesand influence microbial turnover. Fexample, earthworms may stabilise

SOM through the incorporation and protectiarf organic matter in their casts (Martin

1991; Guggenberger, Thomas et al. 1996; Bosshiyt et al. 2004; Bossuyt, Six et al.
2005).

The stability of aggregates is crucial, sinnstable aggregates are unable to withstand
pressure and compaction, thereby leading to poor water infiltration and aeration. The
stability of macro-aggregates can only beaintained if there is a continuous
replenishment of organic matter to replacthe binding agents that are constantly
being degraded by soil organisms. Aggregasdility is a particularly serious problem

in soils that have a high proportion of sanadssilt: as aggregates break open, sand, silt
and clay particles are released and washed up into soil pores, preventing further water
infiltration. This process is called ‘soil ding’, and effectively seals the soil surface,
promoting erosion.
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Y4 SPATIGTEMPORAL SCALE

Soil ecosystem engineers create structuthat may persist much longer than the
organisms that have produced them (Blanchart, Lavelle et al. 1997; Le Bayon and Binet
1999), which means that thisinctional groupmostly influences soil processes at a
large temporal scale. For instance, the casftearthworms can last half a year to a
year, whereas termite nests may last foruch longer periods still (Decaéns et al.
2000).

In space, the distribution of earthworms,rfexample, is spatially structured forming
patches of several metres in diameter in most ecosystems. This pattern seems to be
the result of two possibly coordinated pragses, one related to demographic patterns
(juveniles having more aggregated distribuis) and the other related to successions

in the soil environment. For example ‘compagt species’ feed on small soil aggregates
and ‘de-compacting’ species follow, once the former group has eaten up small
aggregates and moved towards patches where de-compacting species have just
transformed large aggregates into smalleresn(Blanchart, Lavelle et al. 1997; Barot,
Rossi et al. 2007).

When considering the chemical processesf@ened or facilitated by soil engineers,
opposite effects have been observed affelient spatio-temporal scales. For example,
at a fine scale termites and earthworms accelerate mineralisation through their
digestion of organic material, but at a larger scale, the mineralisation of the organic
material forming the nest is not possiblerfeeveral years, until the colony dies. This
provides a capability to regulate processes at fine discrete temporal and spatial scales.

SUMMARY OF THE CHARACTERISTIOSEIRNFFERENT FUNCTIONAL GROUPS

The table below presents a schemetlod soil organisms’ characteristics.

Table 2-1: Summary of the characteristics of the three soil functional groups

Characteristics

Chemical engineers Biological regulators Ecosystem engineers

Main Organisms

Protists nematodes
mites, springtails
(Collembola)

Ants, termites, earthworms,

Bacteria, fungi plants roots

Regulation of microbial Creation and maintenance of

Organic matter
decomposition,
mineralisation +

communitydynamics,
faecal pellet structures,
mineralisation, nutrient

soil habitats transformation of
physical state of both biotic
and abiotic material,

Function ; availability regulation . .
nutrients release, pest | . . . accumulation of organic
i (indirect), litter . .
control, toxic ! matter, compaction of soil, de
.| transformation and : : .
compounds degradation . compaction of soil, soil
organic matter .
" formation
decomposition
0.5-5 pm (bacteria) 2-200 pm frotists) 0.1-5 cm (ants)
; 500 um (ematodey 4
Body size 2-10 pm (fungahyphae . 0.3-7 cm (termites)
. 0.5-2 mm (mites)
diameter) . . 0.5-20 cm (earthworms)
0.2-6 mm (springtails)
10’ cells/g of soil 10° g/soil protists)
(bacteria) 10-50 g/soil fematodey X 2
Density in soil 10 metres/g of soil 10>-10 per nf /soil(mites) 182_11(?3 nrwglgj?lll(ézr::ﬁz/vorms)
(fungalhyphad 10%-10" m?/soil
(springtails)
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Characteristics

Chemical engineers Biological regulators Ecosystem engineers

Scale of spatial
aggregation

cm (rotists)

Tens of metres
(nematode3
Hundred of metres
(springtails, termites)

cm-m (ants, termites,

From 1 to 102um earthworms)

Scale of active and
passive dispersal

From mm to hundred of
metres protists)

From mm to mifrotists)
From mm to metres
(springtail and mites)

1to 100 m (earthworms)

um (active); no limit up to 1000 m social insects

(passive)

110 102um (bacteria) | -00 MM to afewmm

Scale of resources . (nematode$

pUm- metres, occasionally : same scales
use up to km (fungahyphad mm to cm (mites,

P y springtails)

Ability tg change Hl.ghly res.tncted to Intermediate High
the environment | micro environments
Resistance to High (Protistnematode$
environmental High ¢ysts spores) Intermediate (meso- Low
stresses fauna)
2.2. FACTORS REGULATING SOIL FUNCTION AND DIVERSITY

The activity and diversity of soil organisere regulated by a hierarchy of abiotic and

biotic

factors. Abiotic factors tend to be large scale phenomena, while biotic factors

tend to act at smaller scales. Biotic factorslie all the biological interactions in the
soil ecosystem and tend to be morec&d, involving phenomena such as:

X X X X X

X

competition,
predation,
grazing,
mutualism
symbiosis
infectivity

Abiotic factorg®include:

X X X X X

climate (temperature, moisture)
pH

salinity

soil structure

soil texture

Both biotic and abiotic factors can have direct and indirect impacts oriusaitional
groups We consider a direct impact when the biotic or abiotic factor modifies directly
the physiology and/or ecology of soil organsi(e.g. temperature has a direct effect on

% All the abiotic factors influence the efficiency thfe decomposition of organic matter and nutrient
availability
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earthworm physiology). An indirect impactaes when the sensitivity to the biotic or
abiotic factors depends on the alteration of a secondary parameter (Figure 2-17).

The influence of temperature and moisture @wcal vegetation, for example, can lead
to indirect impacts on soil organisms: plants indirectly affect both invertebrate and
microbial soil communities, by regulating the quantity, quality and distribution of
organic resources (Lavelle, Blanchart etl803). In turn, soil organisms have feedback
interactions on plants, which further inflnee the composition and productivity of the
vegetation, and ultimately affect the organisms operating at larger spatial scales, such
as aboveground vertebrate herbivores (Bgett and Wardle 2003). These soil-plant
interactions also can have larger scale effestuch as on the local (micro-) climate via
altered precipitation and on global atmospheric conditions through the storage or
release of greenhouse gases. Therefores #soil and soil organisms are an important
component of the global cycles of carbon, nitrogen and water and their action is
regulated by aboveground-belowground interactions (Figure 2-18).

Figure 2-17: The indirect impact of climate on chemical engineers through altering plant
productivity and litter fall. T=temperature

In the first part of this section the main @itic factors (climate, temperature, moisture,
salinity, pH, soil texture and land uses) affecting €actttional groupare presented.
In the second one the main biotic interactions between the thiteectional groupsare
described.

2.2.1. ABIOTIC FACTORS

In this section we present the main natural abiotic factors regulating the ecology of the
three functional group=of soil organisms previously defined. For eagittional group
we consider the impacts of:

climate, temperature and soil moisture
soil texture and structure

salinity

ph

X X X X
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Figure 2-18: Interdependency of aboveground and belowground biodiversity. Adapted from (De
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Deyn and Varder Putten 2005)

It is worth highlighting that, regarding the ecosystem engineers, the majority of
available information on factors regulatingcosystem engineers’ ecology is on
earthworms.

Y4 QLIMATE TEMPERATURE AND SOIL MOISTURE

Abiotic regulations by climate are large scdeterminants of microbial activities. The
overall effect of climate on soil microorgams can be perceived through the seasonal
dynamics of microbial populations. Tledynamics are due to the fact thgrowth,
activity and composition of microbial communities are sensitive to the two main
factors regulated by climate: temperatureé moisture. Growth and activity rates are
individual characteristics of microbial communities and may vary independently. This
means that climatic conditions favouring a high level of microbial activity do not always
facilitate a high microbial growth and associated increased biomass.

In general, a rise in atmospheric temperatwaresponds to a rise in microbial activity.
Thus typically, microbial growth and activity generally decrease in winter time, due to
the decreased temperature. However, suclpegted seasonal dynamics may change in
specific soil ecosystems, e.g. in tundra sailgrobial biomass is at its maximum in late
winter time when temperature is low (Schadidartin et al. 2003). Thus, even if there is

in general a positive correlation between temperature and microbial growth and
activity, responses to temperature cansal depend on the species of chemical
engineers present in the microbiabmmunity and on the considered temperature
range. Extremely high temperatures, in general, are deleterious for many
microorganisms. Indeed, some species adroftal engineers magurvive such adverse
conditions by entering survival inactive forms, which may resist high temperatures
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better than active individuals. It is wdrthighlighting that actually much uncertainty
exists about how reactive different micriath groups (and fauna) are to temperature,
e.g. some studies show no response otnmobial to elevated temperature, or only
weak relationship between mean annual temperatures and densities of microbial
biomass (Wardle 2002).

The seasonal changes observed in soil microbial activity are also often associated to
modifications in chemical engineersommunity composition. In general, fungi
dominate during winter while bacteria are more active in the summer (Lipson and
Schmidt 2004). This leads to yearly cycletheactivity of the various groups of soil
within the functional group which are important for the regulation of both the
concentration and the availability of nutrients in the soil. Such changes in the
composition and activity of chemical engineersmmunity also mean that biotic
interactions between chemical engineeend plants are not constant during the
growing season (Bardgett 2005). For exammph Alpine meadows the microbial
mediated N-immobilisation is at its maximuin autumn and winter when the local
vegetation is in a senescent phase (Figure 2-19).

Figure 2-19: Monthly variation of microbial activity in Alpine meadows (Jaeger, Monson et al.
1999)

Conversely, immediately after snow malji, plants are more active and become
dominant competitors in nitrogen ugking (Jaeger, Monson et al. 1999).

Soil moisture can have both direct and indirect impacts on chemical engineers. Soll
moisture directly influences the physiologicstatus of bacteria (Harris 1980) and may
limit their capacity to decompose variouypes of organic compounds. The soil
moisture values for an optimal microbial adty vary depending on the basis of sall
type and microbiatommunity composition (Prado 1999). Saibisture also indirectly
influences microbialcommunity growth, activity, and composition through the
modification of the quality and the quantity of plant litter production. This can affect
plant-microbes and engineers-microbes interactions. Microbes generally keep
significant activities when plants are no longeble to be active. This is because their
small size allows them to use water from the very small pores in which they live; this
water being contained in small sized pores is very strongly retained by surface tension
forces to pore walls. Plants cannot eesuctions beyond a certain value while
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microbes that live in the water do not nedd exert such strong pressures to obtain
water.

Soil moisture can also indirectly influence a number of physical and chemical
properties of soil, such as redox potentigH, oxygen and carbon dioxide levels (Tiwari
1987), which can in turn influence the nobial population and overall activity.

In summary, variations in soil temperaturacamoisture can have strong direct impacts
on chemical engineers and indirect impacts through influencing the plant-microbe
interactions in therhizosphereor soil properties (Dijkstra and Cheng 2007). Indeed,
there are no general trends for these impacbecause they are strongly dependent on
the considered microbial speciespmmunity structure and local soil characteristics.
Thus, in a perspective of climate change, itlitficult to estimate the impacts on soil
chemical engineers and individual studiesudsed on local soil ecosystems will be
indispensible to develop a global view and appropriately measure the effects on soll
biodiversity.

Temperature and moisture are also important determinant of biological regulators
community structure and functioning. The main effects have been observed on
nematodesandmicroarthropods and are extremely important to estimate the impact
of average temperature incresa, due to climate change or other more local impacts,
such as fires.

The sensitivity ohematodesto temperature and soil moisture (Ruess, Michelsen et al.
1999; Hoschitz and Kaufmann 2004) dependstmir metabolic state. This class of
organisms has a different strategy of survival in extreme environmental conditions and
can formcystsor enter dormant stages allowing them to survive to the most extreme
soil temperature and moisture changes (Wand Virginia 1999; McSorley 2003). Thus,
for example,Steinernema Carpocapsaan survive at 5°C in a dormant state. When
extreme conditions occur in the reproductive period, juvenilematodescan be
gradually released from maternal eggs. Tamsvides a temporal distribution of juvenile
nematodesthrough the reproductive season and an insurance of a minimum survival
even in adverse conditions, such as summer droughts (Van der Stoel and Van der
Putten 2006).

The effects of high temperatures and droughtsrammatodesare mainly dependent on
how they influence soil moisture. In partian the thickness of water films on soail
aggregates surface is a key regulating factoe gdmsitivity to soil moisture is of course
dependent on the considered biogeographical zone and on the original hydrological
conditions. In arid ecosystems such as desddr example, nematode survival is highly
dependent on soil moisture, while in temperate zones (e.g. temperate grasslands) their
survival is unlikely to be at stake, uséesoils dry out completely (Papatheodorou,
Argyropoulou et al. 2004; Strong, De Wever et al. 2004).

Temperature and soil moisture are alsodawef the most important abiotic factors
regulating the biology ofmicroarthropods(springtails and mites) and influencing the
seasonal patterns of their population abundance (Cassagne, Gers et al. 2003; Roy and
Roy 2006). The optimum average temperaturedorvival is just above 20 °C while the
higher limit is around 50 °C (Vannier 1994). In general, species that live on the litter
surface can tolerate higher temperatures than species living further down in the soil.
Most springtails and mites have been repegdtto have their lethal temperature limits

quite high, between 35 and 40 °C (Choudhuri 1963). Of course, species living in warm
areas have a higher resistance to high temgiure as compared to species living in
temperate and cold areas. Temperaturean also influence both springtails
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development (through degrees days) and reguction rates with important impacts
on population growth (Diekkruger and Roske 1995; Choi and Ryoo 2003).

Similar to temperature, soil moisture carflirence the reproduction and locomotion of
springtails. In general, higher population ndities of springtails are observed at
increased humidity rates ji8sen and Holmstrup 2004).

Closely relatednicroarthropodsspecies can differ in temperature tolerance and soill
moisture sensitivity; each species seetnsrequire quite specific temperature and
moisture conditions (Christiansen 1964)n addition, thermo-tolerance varies
depending on the developmental stages (Chown 2004). For example, like most species
in the planet, juvenile springtails are moseensitive to heat than adults (Choudhuri
1963). Thus, when evaluating the impacts of climate variability on fthistional

group, the eventual difference in temperature and soil moisture sensitivity of different
species should be considered for matues, well as for the previous developmental
juvenile stages.

Finally, climate can strongly influence the physiology of earthworms, through altering
the soil temperature and moisture. Severalidies report a seasonal variation in the
growth and activity of earthworms in sponse to changes in temperature and soil
moisture. Earthworms often lose weight, increase their burrowing activity, or enter
into quiescence odiapausewhen soils are too dry (Booth, Heppelthwaite et al. 2000;
Holmstrup 2001). In contrast, growth is favedrin soils with high levels of moisture
and high temperatures. In the case laimbricus terrestrisfor example, the optimum
temperature and soil water potential for foocbnsumption are about 22 °C and 7 kPa,
respectively. These results suggest limited burrowing and more intensive feeding in
wetter soils, through a greater consumptiaf soil and organic substances, while
slightly drier, non-compacted soils favaunnelling and exploration in the soil profile
(Bolton and Phillipson 1976; Scheu 1987; Daniel 1991).

Such considerations are crucfar the conservation of sobiodiversity in a context of
climate change. Soil moisture is one of thetéas susceptible to be strongly altered. In
particular, the higher frequency of droughts forecasted, could be a serious threats to
earthworm communities, altering their feeding rate, their growth and their overall
function of soil engineers.

Y4 SOIL TEXTURE AND STRUCTURE

The ecology of soil chemical engineers can be influenced by soil texture and soll
structure. These two factors are critical tdaminants of microbial activity, because
they control the protection and the availdity of organic matter, which is the main
resource of nutrients for thifunctional group Depending on soil properties, microbes
may have a more or less easy access gaoic matter, and in unfavourable textural
and structural conditions they can starve in the vicinity of high resource patches.

Some textural classes of soils favour miégabbiomass and diversity more than others.
Microbial biomass tends to be higher in clay rich and volcanic ash soils than in sandy
soils (Sparling 1997). Interestingly, the effecf soil structural properties on organic
matter availability, and the subsequent mitxial activity rates are also strongly
influenced by soil texture. For example, in loamd clay rich soils, the disruption of soil
structure enhances nitrogen mineralisationore than in sandy soils (Hassink 1992),
leading to a increased microbial activity.

Thus, both soil textural class and structure can impact thistional group As a
consequence such properties and thecdb chemistry of soil organic matter are
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considered one of the best predictors oficrobial activity (Grandy, Strickland et al.
2009). Some authors (Lauber, Strickland et28l08) have even shown that specific
changes in soil properties can be used to predict changes in micrabiamhunity
composition across a given landscape. Ehdéimdings suggest that more detailed
analyses of soil properties will enable identification of significant predictors of soil
microbial distribution.

Soil properties, such as texture and stwret, and land use can also have strong
impacts on the ecology of alldogical regulators. Regardimgmatodes the influence

of soil structure on their biology is expedt, since these organisms live in water-filled
pores and in water films around soil particl&mil porosity and aggregation rates play a
crucial role in regulating the distribution aEmatodeswithin the soil matrix. A positive
correlation between larger pores and netode biomass was found, for example, in
grasslands (Hassink, Bouwman et al. 19p8)bably because soil structure influences
how soil microbial biomass is protected, whiin turn affects the resource availability
for bacterial feeding and fungal feedingmatodes(Griffiths and Young 1994).

Soil textural categories have both direatdhindirect impacts on biological regulators.
Direct effects of soil texture on physiologyrafmatodeshave been observed, but vary
among species. Reproduction of someeaps for example (e.g. the root knot
nematode Meloidogyne Incognifg is greater in coarse-textured soils than in fine-
textured soils, whereas for other species (Rgtylenchus Reniformiseproduction is
favoured in loamy sand with intermediate percentages of clay and silt (28%) (Koenning
1996). Indirect effects of soil texture are ratherk to the effectson soil moisture. Soil
moisture is influenced by soil water retentiaccapacity which is in turn associated to
the textural class. Such indirect impacts on soil moisture can influence nematode
abundance an@ommunitycomposition (Koppenhofer, Kaya et al. 1995).

Soil texture also influences the biomass of larger sized organisms, including some
genera of microarthropods such as springtails and mites. The interactions of
microarthropodswith their prey are favoured by large pore sizes. Thus, the abundance
of microarthropodsis higher in coarse than in fine-textured soils and soil compaction
reduces microarthropod abundance (Diddé®887; Heisler 1991; Heisler and Kaiser
1995) (see also section 4. ).

Finally, soil texture can also strongly affect the total biomass of soil earthworms.
Medium textured (loamy) soils with high silbntents are favourable environment for
earthworms and facilitate a high populatiatensity and biomass. In contrast, sandy
soils are a less appropriate environmenthase they present too low water retention
potentials and the sharp shape of sand pegs can cause the abrasion of the body
surface of earthworms. Clay soils havenare favourable water retention potential
than sandy soils and a smoother texture.wéwer, the average temperature of clay
soils makes them less appropriate for davorms than the medium textured ones
(Kainz 1991).

Similar to what happens for biological regulators, soil texture can also regulate the
biotic interactions between earthwormsand microbial organisms. In particular,
differences in habitat conditions (e.g. water regimes) and in the distribution of
resource availability in clay and sandy sailgy influence the vertical distribution of
earthworm activity leading to indirect effectsr microbial biomasdn deeper layers of
clay soil, for example, earthworm activity increases the transport of crop residue into
the subsoil (Hendrix, Peterson et al. 1998).
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The relationships between the abundance anthaty of earthworms, and soil texture

are not general and vary depending on the species considered. In addition, the
influence of soil texture depends on the eventual effect of other environmental factors
or threats (e.qg. tillage) which can alter theation between the number of earthworms
and soil properties. As most earthworm studies have been conducted with absent or
reduced tillage, these results are in generaltguwiell related to soil textural properties
(Nuutinen, Pitkanen et al. 1998; Klok, Fabeal. 2007; Joschko, Gebbers et al. 2009).
In conclusion, we can say that soil propestisuch as soil texture induce the basic
abundance pattern of earthworms in agriaual soils which can be further modulated

by management practices such as tillage (Fox 2004).

/4 SALINITY

Most studies investigating theffects of salinity on microbial diversity and functioning
are laboratory-based and difficult to extrapté to field conditions. This is in general
valid when studying the impacts of salinion soil organisms, thus not limited to
chemical engineers.

In open fields, a modification of soil salinivften occurs near the surface, in the top
soil, where both organic matter and soil nobial activity are typically concentrated.
As a consequence, changes in soil salinityccdirectly and indirectly affect microbial
activity. The direct effect of salinity is to alter microbial physiology, while the indirect
effect is done through a modification ofganic matter solubilisation and availability of
nutrients.

Only few studies have analysdéige effects of salinity on soil chemical engineers, and
often show contradictory results (e.g. in some studies a high salinity is shown to favour
microbial biomass while in others salinity rather deleterious) (Laura 1973; Laura
1976; Sarig, Roberson et al. 1993; Nelson, Ladd et al. 1996). This may be due, at least in
part, to the complex interactions between direct and indirect impacts of salinity on this
functional group In principle, an increased salinity has a negative effect on microbial
osmotic capacity and survival. However, italso possible that, in specific conditions,
soil organic matter becomes more solublehigh salinity, and the increased availability

of nutrients may reduce the effects of osmostress on microbes (Wong, Dalal et al.
2008) (Figure 2-20). Moreover, different ndbial communities can present specific
sensitivity to salinity and consequently difféat decomposition efficiencies in salty
conditions (Rietz and Haynes 2003). Thisd kof effects could partly explain the
observed contradictory results.
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Figure 2-20: Soil microbial respiration at differesalinity and different levels of available sodium
(sodicity). Respiration rate are higher at high than at medium salinity, due to a compensatory
effect on organic matter solubility. Salinity vaes from 0.5 to 30 (soklectrical conductivity)

(Wong, Dalal et al. 2008)

Salinity can also influence the viabilitylwblogical regulators. In particularematodes
can be highly sensitive to salinity varais. When exposed to high salinitiymatodes
may undergo osmobiosis which is a delgtthn response to the osmotic stress.
Individualnematodesspecies present different tolerance to salinity and their spatial
distribution may reflect the differential sensitivity to salt.

Salinity may affecthematodes population density through a modification of their
development, survival, and capacity to iofeplants. Inter-species sensitivity is so
variable that the impacts may vary even withime same category of species. In the
case of planparasiticnematodes for example, some species are neutral to a salinity
increase while other species®hk an impaired development and ability to infect plants
(Thurston, Ni et al. 1994). Bpecific environments, like the dry valleys of Antarctica, a
number of studies have shown that soil salinity is a key factor in explaining the
abundance anccommunity structure of soilhematodes(Freckman and Virginia 1997;
Courtright, Wall et al. 2001; Batt, Virginia et al. 2004).

High salinity leads to the desiccation of springtails. Owing to their physiological
characteristics (they absorb wea and ions from the soil), springtails are particularly
sensitive to salt stress. Thus, soil salinity may have a profound effect on the hydration
of these organisms. Reproduction of springtails was significantly impaired at
intermediated values of salinity (measuredesctrical conductivity: 1.03 dSm-1) while
absolute cessation of reproduction ogeed at high salinity (1.62 dSm-1)(Owojori
2009)(Figure 2-21).
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Figure 2-21: Survival and reproduction of a species of springt&itdsomia candidaexposed to
natural soils of varying salinity (measured as electrical conductivity) for 4 weeks under controlled
laboratory conditions

Finally, survival and reproduction of earthworms can be strongly affected by salinity.
For the speciesE. fetidg for example, a salinity corresponding to an electrical
conductivity (EC) of 1. 03 dSnis already lethal after few days of exposure (Figure
2-22).

Figure 2-22: Growth of two earthworms specieBi¢enia fetidaand Aporectodea caliginosha
exposed for 4 weeks in soils of varying salinitgder controlled laboratory conditions (Owojori
2009)

However, to date, most data have been cotkd in artificial soils and may under- or
overestimate effects in natural soilfRobidoux and Delisle 2001). In fact, the
bioavailability of salts is not the same intmal and laboratory conditions. In general,
salt toxicity is lower in natural soil, probalidecause of the absorption of salts with the

organic matter (Table 2-2).

These experimental difficulties, valid for @lhctional groupsleave the question open

about how soil organisms in general respond to salinisation.
83
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Table 2-2: Comparison of salt toxicity for the earthworgisenia Fetidain natural and artificial

84

soils (Robidoux and Delisle 2001)

Salt Toxicity (LG’ ) — artificial soil | Toxicity (L&) — natural soil
Sodium Chloride 3.2 17.2
Calcium Magnesium Acetate 14.8 35.8

When considering the impacts of high salinity on earthworms, the fact that a high
salinity may favour the bioavailability of taé contaminants and consequently their
toxicity, should also be taken into account.id brocess could affect the survival of all
soil organisms, but in particularly of earthworms, which are extremely sensitive to
metal contaminants, however witlarge interspecies variations.

s PH

Changes in soil pH can affect the soil chemical engineers through a direct effect on
their survival, as well as through a modification of their metabolism. In fact, several
enzymeswhose activity is crucial for the regtilan of microbial metabolism, such as
nitrogenase, are dependent on soil pH. Mover, the solubility of nutrients and the
ionisation of mineral elements are also regulated by pH values.

Phosphorus (P) availability, for example, isgly influenced by soil pH. Availability of

P is maximised when soil pH is between 5.5 and 7.5. Acid soil conditions (pH < 5.5)
cause dissolution of aluminium and iron miaks which precipitates with solubilised P

and rend it unavailable. Basic soil conditigpsl > 7.5) cause excessive calcium to be
present in soil solution which can precipitate with P, again decreasing P availability. The
optimum for P availability is thenrgeutral to slightly acidic pH.

As for chemical engineers, soil pH is one of the abiotic factors susceptible to influence
biology and activity of biolgical regulators. Regardimggmatodes little information is
available and is often contradictory. Aer other parameters, the sensitivity of
nematodesto soil pH, both in terms of survival and activity, depends on the considered
species and could be correlated to other environmental factors (Crommentuijn,
Doodeman et al. 1994; Spurgeon and Hapk996; Korthals, Smilauer et al. 2001). A
correlation, for example, has been demdmaged between pH and copper related
toxicity. The effect of copper contaminatias generally enhanced with decreasing soil
pH. The effect of pH on heavy metal avaiipin soil depends on the fact that by
increasing the pH usually heavy metals fpéate as hydroxides. Species composition
and the abundance of trophic groups are general more sensitive than the total
number ofnematodes

Soil pH is considered a key factor determining species diversityiabarthropods
communities, including springtail and mites. Regarding springtails, an increase of
population density and local diversity in retmship to soil acidity has been reported.
Springtails have inherited specific @glogical characteristics following the
adaptations during their evolutionary path that allow them to choose the top of the
acidic soils as a particularly favoural@avironment (Loranger 2001). In the case of
mites, response to pH is less clear tHan other groups (van Straalen 1998). Mites
prefer neutral pH in laboratory condihs (Bedano, Cantu et al. 2005). However,
similarly to what has been observed foematodesin natural environments, the
response of a species oficroarthropodsto soil pH can be strongly dependent on the
environmental context (presence of toxic compounds, type of vegetation, etc.).

2 LGy is defined as the concentration of a chemical tit kill half of the considered population. Thus a
high level of L& corresponds to a low toxicity.
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2.2.2.

In conclusion, the results on pH sensitivity of swilcroarthropods obtained in
laboratory conditions are only indicag for field extrapolations. The local
environmental context and the individual sensitivity of the analysed species should
always be considered in the evaluation. Tisivalid for biological regulators, but also
for the other soiffunctional groups

Similarly to what has been observed fbiological regulators, soil pH governs the
uptake of toxic compounds by soil engingethus modifying their sensitivity to
pollutants. This could impact a number of earthworm physiological parameters,
including reproduction rate. Earthworms, in general, have higher biomasses and
diversities at neutral pH (Figure 2-23) although a comparison among temperate and
tropical patterns showed a relatively better tolerance (one pH unit) of tropical species
to acidification as compared to temperate ones (Lavelle et al. 1995).

Figure 2-23: Effect of soil pH @rarthworms in temperate soils
(Lavelle and Failleynpublished data)

BIOTIC INTERACTIONS

Within soil food websfunctional groupscan be controlled by bottom-up or top-down
biotic interactions. In general, bottom-upteractions are those that involve resource
uptake at a bottom level having impacts at an upper level. This can be fresh root
material in the case of plant feeders, deambts, root exudates antitter in the case of
primary decomposers or preys in the case of secondary decomposers and predators.
Top-down effects are mainly driven by predation: predation performed by an organism
at upper level of food web can have impacts on organisms at lower levels. Both
bottom-up and top-down combl involve competition for resources (Rassman et al.
2005, Piskiewicz et al. 2009). After many yedrdebate, the current view is that most
species can be controlled by both bottom-up and top-down effects, which may change
dynamically over time (Moore et al. 2003)

Here, the main bottom-up and top-downdiic interactions between the three soil

Y2 ABOVEGROUNBELOWGROUND INTERACTIONS
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Despite being separated in space, aboveground and belowground organisms influence
each other, both directly and indirectlyFor instance, large herbivores feeding
aboveground can have strong indirect inggg on soil belowground communities (Box
13). Similarly, plants, asgrimary producerspossessing belowground (roots) and
aboveground (leaves, stems and flowers) organs, play a direct role in linking above and
belowground organisms (Van der Putteviet et al. 2001; Wardle 2002). The main
biotic interactions among plants and stihctional groupsare presented below.

Box 13: The feedback effect of large herbivores feeding

The majority of research works on the impacf herbivore feeding activity are focused

on plant community structure or biodiversity. However, herbivores may also have
positive or negative indirect effects belowground, on soil organisms and cycling of
nutrients. For instance, acceleration ofutrient cycles occurs when herbivores
promote the supply of labile substrates swil as faeces and/or root exudates, which
stimulates soil decomposer activity, rates of nutrient mineralization, and uptake of
nutrients by grazed plants (Bardgett and ke 2003). In contrast, deceleration of
nutrient cycling occurs when selective feeding on nutrient rich plant species leads to
the dominance of plants that produce poor quality litter, or when herbivory induces
the production of secondary metabolitda foliage which reduce litter quality and
decomposability. Moreover, in extensiyejrazed conservation meadows, a long-term
exclosure study, has demonstrated that largerbivores influenced soil biodiversity
through altering vegetation aaposition (Veen et al. 2009).

Herbivores grazing can also heat up the stilnulating ant activity. The ants bring up
fresh soil from deeper layers, which contain lessnatodesand microorganisms. As a
result, soil on ant mounds becomes morppeopriate for plants that are normally

sensitive to soil nematode and microbigathogens. Such biotic interactions,
depending on the context, can finally creatmsaics of plant diversity (Blomgyvist et al.
2000).

Plants and chemical engineers

Interactions between plants and chemical engineers have an important role in plant
community development, plant diversity, nutrient cycling and in the maintenance of
overall soil structure. The interactions between plant roots and microorganisms are
important and they occur through a molecularosstalk. These interactions can be
beneficial, detrimental and neutral. Plamiicroorganism feedback interactions are
case sensitive and depend on plant species, plaxainomic(or functional) groups and
site-specific differences in soil properti€Bezemer, Lawson et al. 2006). This means
that the key interactions may be context-dependent, but that plant-soil interactions
generally play a major role in regulating aboveground biodiversity and ecosystem
functioning.

In general, plants may strongly affect soil microbi@minmunity composition (Grayston,
Wang et al. 1998; Miethling, Wieland et &000) since the abundance, activity and
composition of bacterial communities in thieizospherevary according to vegetation
diversity, depending mainly on the biochemical diversity of their root exudates (Lavelle,
Lattaud et al. 1995; Wardle, Bonner et al. 1999).Vice versa, in many soil ecosystems,
plant growth is limited by the amount of nignts released by bacteria and fungi, such

as NH', which depends on the microbial driven decomposition rate.

In the perspective of climate change, any modification of atmospherie CO
concentration would influence this relationship through altering plant growth and
productivity, hence the quality and quantity of organic substrates entering soil as
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exudates and litter, thus finally influendke availability of substrate for decomposer
microorganisms (Figure 2-24)(Zak, Pregitzer et al. 2000) and can have either positive or
negative influence on the nutrient mineralisation. The increase in the atmosphegic CO
concentration would stimulate the photosynthetactivity of certan species of plants

and thus could affect the microbial functions in th@zospherewhich are generally
carbon-limited. This would happen indirectly through modifying root deposition. Other
indirect effects caused by the greater soil carbon allocations concern the enhancement
of solil structure and the increase in the plarptake of nutrients and water. This could
cause a decrease in the amount of available nitrogen with competition between plants
and microorganisms, favouring microorganisms and provoking a decrease in plant
growth. Apparently, the different results oactivity, compositia and size of soil
microflora and on the interaction between microorganisms and plants and
microorganisms and fauna depend in fact on the different plant-soil systems studied
having different intrinsic characteristics and the different techniques used having
different sensitivities. Mycorrhizal infections of plant roots under elevated €O
concentration, for instance, are generally stimulated due to the increase in the carbon
allocation rates to roots. However, futuresearch should address the central role of
mycorrhizain the context of global change, asthappear to be a keystone in the £O
—related response.

Figure 2-24: A conceptual model illustrating the links between plant productivity and microbial
activity in terrestrial ecosystems (agded from (Zak, Pregitzer et al. 2000))

Plants can also set umutualistic interactions with fungi. The majority ofascular
plantsare associated witmycorrhizalfungi. The plants through this interaction benefit
from an increased capacity to extract plpb®rus, water or other nutrients from the
soil, whereas the fungi obtain carbohydrates from the plants in return (Box 8). The
relationship between plants and soil fungincalso regulate the spatial patterning of a
plant community, for example in temperate forestsagsit-pathogenic soil fungi actively
contribute to tree spacing by killing off dams in the vicinity of the parent trees
(Packer and Clay 2000).
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In brief, the physiological activities of both plants and soil microbial communities and
their interactions control the flow of nutrients, such as carbon and nitrogen in
terrestrial ecosystems.

Plants and biological regulators

The biotic interactions between the biological regulators and the ecosystem engineers
are, to our knowledge, limited to thparasiticinteractions betweemematodesand

plant roots. Root-knotnematodes and cyst nematodes for example, are obligate
pathogens of numerous plant species feeding exclusively on the cytoplasm of living
plant cells. These organisms cause drametanges in the morphology and physiology

of their hosts and a number of plant processes are alterechbyatodesas they
establish their specialised feeding cells. Thus, ptem&siticnematodescan devastate

a wide range of crop plants, causing huge economic losses in agriculture each year.

Plants and ecosystem engineers

Similarly to chemical engineers, ecosyst@ngineers may also have an important
influence on plantcommunity structure by altering plant nutrition. This influence can
be direct or indirect (Figure 2-25).

Figure 2-25: Direct and indirect effects of ecosystem engineers on plants

Ecosystem engineers can directly determine the plamihmunity structure through

their engineering action, the creation of organic matter hotspots, or through the
release of active compounds. Earthworms:; fiastance, may actually influence plant
health and defence through the production of hormone like products (Bezemer, De
Deyn et al. 2005; Blouin, Zuily-Fodil et2005) while termite mounds, ant mounds and
gopher mounds in different region of theorld can locally determine the vegetation
type and favour specific plant species which can be extremely different from those in
the surrounding landscape (Hobbs and Mooney 1985; Spain and Mclvor 1988;
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Blomqvist, Olff et al. 2000). Interestinglgpl choice experiments show strong termite
preferences in favour of the plant specigowing on their own nest. Therefore, there

is a clear agreement between plant prefereader soil altered by termite activity and
termite preferences for plant species favedr by their engineering action (Konaté
1998). In addition, ecosystem engineers beingbm the plant roots to stabilise their

nest and of the presence of nectar as a food source. Thus, in some cases, the biogenic
structures produced by ecosystem engineeirs,addition to the direct advantages,
could also have indirect positive effects on their fitness.

The spatial patterning of the activity of soil engineers can also have important effects
on the growth of individual plants due the creation of organic matter hotspots. The
amount of nutrients, such as phosphorus and nitrogen for example, is higher in
earthworm casts and burrows than indhsurrounding soil (Heine and Larink 1993)
creating hotspots of resources which amgailable for roots growth. The capacity to
locate such nutrient enriched patches and the optimal patch size varies among plant
species (Campbell, Grime et al. 19%utchings 1994), whic cause ecosystem
engineers to selectively favour or disfavour plant species, which will alter their
competitive balance and, thefore, plant diversity andommunitycomposition.

Ecosystem engineers can also have an indirect effect on plants through a modification
of the spatial distribution of biological regulators. This phenomenon has been
observed, for example, in the Netherlandghere ants in semi-natural grassland soil
bring fresh subsoil to the surface, which pides the plants with a substrate that is
free of plantparasiticnematodes This condition favours the grass (red fesdaestuca
rubra) over sedge (sand sedg&arex arenarip After a while, the soil becomes
colonised again by plamtarasiticnematodes which results in the replacement of the
grass by the sedge (OlIff, Hoorens et al. 2000).

Aboveground-belowground interactions through plant defensive chemistry

Plants have a variety of chemical defeacthat often increase in concentration
following attacks by herbivores. Such induced plant responses can occur aboveground,
in the leaves, and also belowground in tlo®ts (e.g. release of toxic compounds). Soil
organisms can also induce defence responses aboveground and vice versa.

The effects of belowground organisms on aboveground plant defence can be direct or
indirect. Several soil organismse(matodes mycorrhizalfungi, etc.) which pass a part

of their life cycle in association with plant roots can directly influence the release of
defence molecules in the aboveground parts of the plant, thus finally changing the
plant defence efficiency against aboveground pests and herbivores. Alternatively,
indirect defence involves the attraction tfe enemies of the herbivores and pests, as,
when they are fed upon, plants emit véila compounds that are attractive for
herbivores and pest enemies.

Similarly to belowground organisms, aboveground herbivores can influence
belowground plant defence responses. Plant feeding by caterpillars, for instance,
caused a decrease in toxic molecules capable of reducing the growth of pathogenic
fungi in ragwort roots. Indeed, the effecbf aboveground organisms on belowground
plant defences, even if less severe that thgposite effects, can significantly alter the
soil community composition (Poveda, Steffan-Demter et al. 2003; Bezemer and van
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%2 BELOWGROUNBELOWGROUND INTERACTIONS
Chemical engineers and biological regulators

Biological regulators can modulate microbial activity by regulating their number,
mainly through grazing. Ifiact, several species gfrotists, as well as bacterivorous
nematodes,graze on bacteria. Thus, the biomass of methanotrophic bacteria is partly
determined by the grazing activity of localotists (Murase and Frenzel 2008).
Similarly, food web studies in a range oil sgstems have shown that the availability of
mineralised nitrogen for vegetation is dependent for approximately one third on the
predation of microbes, which releasesmaial nutrients that become available for
plant uptake (Clarholm 1985). For instangeptists can modify the composition of
microbial communities of thehizospherethrough grazing on selected plant growth
promoting rhizobacteria (Bonkowski 2002itrogen and phosphorus mineralisation
rates can also be regulated by grazingsmil fungi (Ingham, Trofymow et al. 1985).
Effects of grazers become evident when they are selectively omitted. For example, the
elimination ofnematodesreduce the overall nutrient mineralisation and consequently
causes a decrease in both nitrogen and phosphorus uptake by wheat (Hu, Li et al.
1998).

However, biological regulators may alstimulate and shape microbial activities
through more complex mechanisms. For instance, during the grazing process a number
of nutrients and stimulating compounds become more available for microorganisms
thus favouring their growth (Swift M J, &leO W et al. 1979; Ratsak, Maarsen et al.
1996). Moreover, the migration ohematodes creates porosity and improves the
ventilation in soils, enabling the transpgopf previously unavailable nutrients to
microbes. In addition, root-feedingematodes affect the quantity and quality of
rhizosphere deposit, inducing plants to prode secondary protection substances
(Kerry 2000), which have an impact on midebldiversity. Finally, biological regulators
can promote the heterogeneity of the micro-environment and thus the diversity of
microorganisms (Ritz, Griffiths et alQ97). On the other hand, microorganisms can
inhibit the reproduction of biological regulators in thkizosphere Some species of
fungi, for example, produce chemicals that may inhibit the hatching of eggs and the
mobility of juvenilenematodes(Kerry 2000).

The local effects of biotic interactions among chemical engineers and biological
regulators vary locally, depending on several factors, including (Bardgett and Chan
1999):

x Chemical engineers and biologicadulators local species composition

x Selective grazing: micro-predators may prefer some microbial species to
others. Bacteria-feedingematodes for example, prefer to graze soil bacteria
which are in suspension, whilgrotists prefer to graze larger and rapidly
growing bacteria. As a consequendbe feeding rate of micro-fauna can
change the competition advantage among different types of microbial
communities and may offer a growth dominant condition for fungi via grazing
on bacteria. Thus, through a selective grazimgtists and nematodescould
strongly affect the structure and the functioning of the soil microbial
community.

x Local soil physicochemical charactersti€/N ratio, organic matter content,
pH, etc.

European Commission - DG ENV
Soil biodiversity: functions, thegs and tools for policy makers

February 2010




Soil microbes can also act as antagonistpathogens (protection from pest), or as
pathogens to plants or other soil organismthereby contributing to the biological
regulation function (see also section 3.6).

Chemical engineers and ecosystem engineers

Soil ecosystem engineers select and ragulthe communities and activities of
chemical engineers that inhabit their fuianal domains (Lavelle, Bignell et al. 1997)
through a direct action on their ecology or through an influence on biological
regulators that operate food web regulatis inside these domains (Marinissen and
Bok 1988; Loranger, Ponge et al. 1998; Desadmenez et all999). They can have
predatory ormutualisticinteraction with chemical engineers.

Themutualisticrelationships are developed with the microorganisms that pass through
their gut thanks to the ingested soil and ihe biogenic structures which they build
thereafter. The selective reactivation and incubation of microbes within the
earthworm’s gut causes a crucial first step of activation in the organic matter
decomposition process. In soils that have been experimentally treated with
earthworms, for example, soil microbi&iomass is reduced, while the metabolic
activity of earthworms is increased (Sch&892). A similar effect also occurred with
termites and ants (Abbadie and Lepad®89; Dauber and Wolters 2000; Petal,
Chmielewski et al. 2003; Brauman, Daily et al. 2007).

Generally predominantmutualistic relationships among chemical engineers and
ecosystem engineers may turn into or ocoasilly comprise predation. The ecosystem
engineers grazing on fungi, for example, can modulate the fungal growth in both
positive and negative ways depending on the grazing intensity (e.ghthleallength

of a fungus is greatest when subjected téermediate intensities rather than low or
high intensities of earthworm grazing)(Wardle 2002).

Another common mutualistic interaction among fungi and plantsrayeorrhizalfungi
and rhizobia

2.3. CONCLUSIONS

The high diversity of soil organisms is reflected the vast range of functional roles
that they perform. As has been seen, soil organisms can be broadly separated into
three main functional categories chemical engineers, biological regulators, and
ecosystem engineeriying and acting at different spatio-temporal scales

As stated at the beginning of the chaptershould be noted that the three functional
groups presented here do not cover all theil organisms present in soil, but only the
key ones which are considered to have a mdjmctional role. In addition, it is worth
stressing that several knowledge gaps exist on components of soil biodiversity, and
that new groups of soil organismsvith potentially high ecological significance (e.qg.
Archaea) have only recently been comsigl as having specific functions in sail
ecosystems. Thus, the classification proposed here should be regularly reviewed in the
light of the constantly evolving scientific findings on soil organisms.

As has been seen in section 2.Zjierarchy of both biotic and abiotic factorgovern
the composition and activity of the soil communigt different spatial/temporal
scales Among the abiotic, temperature, nsiure, pH, salinity and some soil
characteristics are the main factors to coreidwhile the key biotic interactions for the
soil ecosystem functioning occur between tineee functional groups and are often bi-
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directional. The role of these biotic and abiotic factors in driving functions will be
biome/habitat specific and will also vary depending on geographical parameters (e.qg.
topography) and, of courselepending on the species consideretforeover, within

the same species, the same factor (e.g. temperature) can have different effects,
depending on thedevelopmental stageor thelife history traits for a single individual.
Finally, depending on the context, abiotic factors could control biotic factors, or vice
versa. Thus, in order to better understand the influence of a range of biotic and abiotic
factors on soil ecosystems, aase-based approachanalysing the effects of
determinate conditions (e.g. climatic scenajoon the key species of a specific soil
ecosystem should be taken. In general, when considering the influence of regulating
factors, anabove-below ground perspectiveaking into account what is occurring
above ground (e.g. the presence of mammathlieores) should be a priority, and the
potential for such interactions to influenamil functions should always be considered.
Thus, in conclusionn situ field studies, even if more difficult to carry outwill be more
informative regarding the real influence dfiteracting abiotic and biotic regulating
factors on soil ecosystems (e.g. above-belground interactions), while laboratory
studies will be more easily performed to obtanformation on the impacts of a specific
biotic or abiotic factoon a single species.

Y4 MAIN RESEARCH GAPS

Function of new groups of soil organisms (e.g. archea)

More evidence on the relationship beeen soil diversity and soil functions
Deeper knowledge on mechanisms underlying a specific function

How abiotic and biotic factors influence soil organism mediated functions
through the modification of single species biology

X More data on the impacts of a specifi@ctor on an individual species (e.g.
salinisation on nematodes).

X X X X
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3. SERVICES PROVIDED BY SOIL AND RELATED BIODIVERSIT

3.1. INTRODUCTION

As discussed in the previous chapter, t@mmmunity of organisms living in soil carries
out a very broad range of biochemical and biophysical processes that regulate the
functioning of the soil itself and that can also affect the neighbouring ecosystems.
Many of these functions also provide essahtbenefits to human society. Most of
these services are supporting services, or ise/that are not directly used by humans
but which underlie the provisioning of adther services. These include for instance
nutrient cycling and soil formation. In additipsoil biodiversity is involved in all the
main regulatory services, namely thegtdation of atmospheric composition and
climate, water quantity and quality, pest and disease incidence in agricultural and
natural ecosystems, and human diseasesl &ganisms may also control, or reduce
environmental pollution. Finally, soil organisralso contribute to provisioning services
that directly benefit people, for example the genetic resources of soil microorganisms
can be used for developing novel pharmaceuticals.

Each function may contribute to servicegher directly or indirectly. For instance,
nutrient cycling clearly underlies crop production, while soil engineering affects water
storage and transfer, and soil biodiversibjfers a reservoir of species which may
contribute to pest control, decontaminatiomy to the development of new medicines.
Other functions performed by soil and soil biodiversity contribute more indirectly to
human well-being, such as soil organictt@a decomposition which contributes to
carbon storage and climate control. A key question is thus the definition of the
relationships between soil, soil biodivaysiand the ecosystem goods and services
which are derived from its functions.

The six main ecosystem services relatedsed and to soil biodiversity considered in
this study are:

x Soil organic matter recycling and fertilifyincluding soil formation: a basic
function that supports nutrient cycling andrimary production which then
contributes to biomass production

x Regulation of carbon flusand climate controlvia the carbon storage

x Water cycle regulationjnfiltration, storage, purification, transfer to aquifers
and surface effluents, erosion prevention and regulation of flows in effluents
(flooding or drying out of rivers)

x Decontamination and bioremediationa chemical and physical neutralisation
of contaminants

x Pest control:biological control of pests anpathogens of plants, animals and
humans.

x Human health:this includes both direct (e.g. provisioning of pharmaceutical
molecules) and indirect services.de avoided impacts linked to the non-
provisioning of the above mentioned services)

In the definition of these six services, for the sake of simplicity and to avoid double-
accounting, several sub-services has some$ been grouped into one service. The

|
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following table show the comparison amongr grouping and the services defined in
the Millennium Ecosystem Assessment (MEAgore For each identified service, the
soil organisms and the related processes unded the service’s provision, as well as
its utility for human society, will be presented.

Table 3-1: Comparison of the services classifion of this report with MEA nomenclature

This report MEA nomenclature Category of service
Soil organic matter recycling | Decomposition, nutrient Supporting and
and fertility, including soil cycling, soil formation, Provisioning
formation primary production) erosion
regulation
Regulation of carbon flux and Climate regulation Regulating
climate control
Water cycle regulation Water regulation and water Regulating
purification
Decontamination and - Regulating
bioremediation
Pest control Diseases regulation Regulating
Human health Diseases regulation Regulating

3.2. SOIL ORGANIC MATTER RECYGHHERGILITY AND SOIL FORMATION

Soil fertility can be defined as the ability sdils to support plant growth by ensuring
the adequate recycling of organic matter and nutrients. The contribution of soil
organisms to soil fertility can thus lmlecomposed into its supporting anuiovisioning
services

X Supporting servicessuch as nutrient cycling and decomposition of organic
matter, that support life and other ecodgsn services such as plant production
and soil formation. Soil formation or pedenesis is the process by which soil is
created.

x Provisioning servicesuch as production of crop or plant biomass, also called
primary production(Figure 3-1), that provide goods to society.

Figure 3-1: Relationship between soil organic tiea cycling (supporting service) and fertility
services (provisioning service)
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3.2.1. WHICH PROCESS IS RESPONSIBLE FOR THE DELIVERY OF THIS SERVICE

Y4 QUPPORTING SERVICES

Soil biodiversity drives two maisupporting servicewhich are interwoven: organic
matter decomposition and nutrient cycling. iBbiotas decompose dead organic matter
resulting in the formation of more complex organic matter caltednus (Box 1) that
participates in general soil formation arglality maintenance through its specific
properties (cation retention, hormone likeffects on plants, water retention, and
stabilisation of soil aggregates)umusis an important buffer, reducing fluctuations in
soil acidity and nutrient availability. Thuke organisms living in and on the soil can
contribute to the formation of distinchumus giving rise to distinguishable soil types.
For instance, coniferous foresteve acidic leaf litter and, with the help of local soil
organisms, form what are known as inceptss while mixed or deciduous forests leave
a larger layer ohumus changing the elements leached and accumulated in the soil,
forming what we call the alfisols.

Although chemical engineers are the main astof organic matter decomposition, all
three functional groupsare involved in organic matter recycling. As a consequence,
organic matter recycling is regulated in a very complex manner, by all the biotic and
abiotic factors controlling the ecology of soil organisms (section 2.2).

/2 PROVISIONING SERVICES

Plants areprimary producersable to produce biomass from inorganic compounds, and
their products are often referred to gsrimary production Photosynthesis is the main
chemical process through which ptanproduce organic compounds (therimary
production) from the fixation of atmospheric GO

CQ + HO (water) Hight = CHO + Q

The molecule obtained by the fixation of £ generally called reduced carbohydrate.
Importantly these simple molecules produced by plants can be used to synthesise
more complex molecules such as lipids proteins. Alternatively the reduced
carbohydrates can be consumed by plat@obtain energy for their growth.

In addition to photosynthesis, plants alyboions made available by soil organisms via
their roots, or through mass flow and simple diffusion. The mineral ions absorbed by
the plant travel from the roots to the growing parts where they are integrated to form
new indispensable molecules for the plant.

Both the abundance and the quality (i.e. nutritional quality)oafmary productionare
intricately linked to the diversity of functions performed by soil fauna and flora, since
the functional groupscontribute to the availability of nutrients and to the soil
structure, two crucial parameters for plagrowth. However there are little data to
guantify this linkage.

3.2.2. WHY IS THIS SERVICE IMPORTANT TO HUMAN 80CIETY

Soil fertility and nutrient recycling are evidently important to human society for several
reasons. First of all, this service mdispensable for food production and more
generally for all forms of agriculture arfdrestry. Plants take up the non-mineral
nutrients — carbon, hydrogen and oxygenfrem air and water, while the soil plays a
role in providing them with the mineral nutrients essential for their growth. This
service is also important through the deleterious impacts that its improper
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management may bring, such as eutrophioatiof water bodies by effluents and air
pollution (Lavelle, Dugdale et al. 2005).

Plants provide products (ecosystem goods) that are important for the development of
human society. The most evident of thesdded, in the form of fruits and vegetables
and other derived food products (e.g. vegkoils). All of these products provide
vitamins, mineral elements, proteins, lipidsligo-elements, fibres and sugars which
are crucial for the human diet. But the pladérived products are not limited to food.

A large spectrum of additional products, ranging from energy to genetic resources, is
provided byprimary producersTo cite some examples: textile fibres, wood, fuel (e.qg.
biofuel), and a large quantity of active moides used in pharmaceuticals. Thus, the
provision of the soil fertility and nutrient reciing service is crucial for human society
and its impairment would have important impacts on our development.

In addition, primary producers (plantsyelease oxygen into the atmosphere and
through the process of evapo-transpiratiomhich is the sum of evaporation and plant
transpiration from the soil surface to atmosphere. Themary producerspartly
regulate the movement of water to the air, g is an essential step in the water cycle
and local climate regulation (Figure 3-2). Thiss service is indirectly linked to the
water and climate regulation services discussed later in this chapter.

Figure 3-2: The sum of transpiiah and evaporation from earth’s surface give rise to the evapo-

3.3.

transpiration proces$’

REGULATION OF CARBON FLUX AND CLIMATE CONTROL

Soil biological processes driven by soil bicaa have an importargffect on the global
carbon cycle. This is becausails are both a sink and a source of carbdoil stocks
carbon mainly in the form of soil organic ttex and releases carbon in the form of
carbon dioxide (C£ formed during the decompositioaf soil organic matter. The sail
carbon pool is thus in a dynamic equilibrium of inputs and outputs (Figure 3-3). Soil is
the second largest global carbon pool, esied to contain about 2500 Gt of carbon to

= Image from: www.answers.com/topic/evapotranspiration
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one metre depth, and with vegetation contains some 2.7 times more carbon than the
atmosphere (Woodward 2009).

Soil carbon stock can be organic or inorgari we consider the soil inorganic pool
included, the soil pool contains three timeas much carbon as the atmosphere. The
carbon stored in aquatic, especially marine systems, contains more carbon than soll
and air together.

Figure 3-3: Input and output of soil carbon

The carbon output is mainly ithe form of carbon dioxide (G which is one of the
main greenhouse gases (GHG) contributing to global warming. In addition,fs@iO
biota can also control fluxes of other GHGs, such as methang, {@ich is produced
during the carbon cycle, and nitrous oxide,@Y which is produced as part of the
nitrogen cycling (Box 7). While these gasgsesent much smaller fluxes than those of
CQ, they are much more potent than casbh dioxide as a greenhouse gas (21 times
and 310 times, respectively).This procesgiether with the GHG released by human
activity, contributes to global warming.

Thus, through their capacity to stock carb@oils can act as a buffer compartment in a
context of climate change. A good carbon sige capacity of soils could be one of the
tools for climate change mitigation, espebrabecause of its immediate and low cost
availability. However, the limited magnitude daé effect and especially its potential

reversibility, for example due to convertingagsland into arable land, should be kept
in mind (Schils 2008). Moreover, the soil carbpwol is itself susceptible to warming,

causing enhanced carbon loss to atmosphane carbon cycle feedback (Huntingford
2000).

3.3. 1. WHICHPROCESS IS RESPONSIBLE FOR THE DELIVERY OF7HIS SERVICE

The regulation of carbon flux is a procebs/en by soil biota. The global soil organic
carbon pool is estimated at 1550 Giga tonnes (Gt), 73-79 Giga tonnes of which (around
5%) are stored in Europe (Schils 2008). Sgimic carbon is the main fraction of the
soil carbon pool. The soil organic carbon pool is mainly formed by soil biota and

accumulated organic matter (e.lifter, aboveground residues).
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Soil organic carbon is gained through thecdmposition of organic matter leading to
humification of lignin, cellulose and otherganic compounds by soil microorganisms
(Figure 3-4). A part of the organic matter is mineralised in the inorganic carbon pool.
Thus, all the soil organisms involved in organatter decomposition play a key role in
the delivery of this service.

Figure 3-4: Processes affecting soil organic carbon (SOC) dynamics. DOC= dissolved organic carbon -

- adapted from(Lal 2004)

Soil organic carbon can be lost in the form of,CThe C@ released during the
respiration of soil organisms involvedthme various soil organic matter decomposition
processes is widely thought to be emf the most important sources of @@ the
atmosphere. The size of this flux is & per year (Schils 2008). Indeed, feedback
between soil organic carbon and atmospheric,@a process which is not fully
understood yet. In addition to this loss in gaseous form, soil carbon equilibrium can be
altered by other processes. Soil particlemtedning both organic and inorganic carbon
can be detached from the soil matrix and transported away, being redistributed in the
landscape or deposited in aquatic ecosyste Carbon can also leach from soil to
water.

All these processes are influenced by soxtiee, biomass, level of disturbance, soil
structure, nutrient cycling, profile charactstics, and climate. Thus, some types of
soils, having different textures or land uses tore more carbon than other types: in
Europe, for example, peat land soils store 20#4he total carbon stored in EU soil.
Indeed, the published literature shows large variations in the amounts of carbon
accumulated in different soil categories.a&Ssland soils were found in all studies to
generally accumulate carbon. However, thidies differ on theamount of carbon
accumulated. In one study, the sink @séte ranged from 1 to 45 million tonnes of
carbon per year and, in another studipe mean estimate was 101 million tonnes per
year. Croplands were found to act ascarbon source, but estimates are highly
variable. In one study they were estimated to be a carbon source equal to 39 million
tonnes per year, while in another study, croplands in Europe were estimated to be
losing up to 300 million tonnes of carbon pgear. The latter is now perceived as a
gross overestimation. Forest soils generabcumulate carbon. Estimates range from
17 to 39 million tonnes of carbon per year with an average of 26 million tonnes per
year in 1990 and to an average of 38llion tonnes of carbon per year in 2005. It
would seem that on a net basis, soils inrdfe are on average most likely accumulating
carbon. However, given the very high uncertainties in the estimates for cropland and
grassland, it would not seem accurate asmlind to try to use them to aggregate the
data and produce an estimate of the carbancumulation and total carbon balance in
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European soils (Schils 2008). Thus, precisgrduestimations are difficult to extract
from the literature, given the number of uncertainties, including the dynamic trends in
land-use change in Europe. Given the politiogbortance of the management of soils
for carbon storage, some recent works hasstimated the potential for agricultural
soils to sequester more carbon throughatiges in management, and this has been
recently considered in the context of different biological strategies for C sequestration
(Woodward 2009).

In any case, any activity altering the input of organic matter to soil (e.g. conversion
from natural to urban landscape), modifig organic matter decomposition by soil
organisms, or that favours erosion or leaching, can have significant impacts on the
delivery of the carbon storage serviogsoils (see also section 4. ).

In Europe, for example, the largest emissions of f&@n soils are resulting from land-
use change (e.g. from grassland to agricult fields) and the related drainage of
organic soils. This is due tioe fact that land-use changes modify soil conditions (e.g.
oxygen concentration) and thus activate soil biota mediated production ef @@he
pre-industrial era, soils were one tife major sources of atmospheric £@ostly due

to land-use change (e.g. conversion of matuenvironments into agricultural land).
However, in the industrial era, carbon emitted by soil represents only half of the
guantity emitted by fossil fuel combustion (Table 3-2).

Table 3-2: Estimates of pre- and post-industrial losses of carbon from soil and emission from fossil-
fuel combustion, overall estimtion in the word (Lal 2004)

Source | Carbon emissions (Gt)
Pre-industrial era

Land-use conversion 320

Fossil fuel combustion 0

Post-industrial era (since 1850)

Land-use conversion (total) 1365

Soil cultivation 78 42

Erosion 269

Mineralisation 528

Fossil fuel combustion 27830

3.3. 2. WHY IS THIS SERVICE IMPORTANT TO HUMAN 80CIETY

The service of regulating climate through regulating GHG fluxes is very important to
human society. Even relatively small changes in the f@@ between soil and the
atmosphere, for example, could have a significant impact on climate. A perturbation of
climate stability can lead to several deletars effects for human siety. Direct effects
could be to affect human health, water ragmes, crop productivity, food resources
and security. Indirect effects could be to disturb social equity, governance, production
and consumption patterns and populatiogrowth (IPCC 2007). In addition, a
deregulation of climate due to an impaired GHG flux in soils may strongly affect all
other natural ecosystems leading teskes in global ecosystem services.

3.4. REGULATION OF THE WATER CYCLE

Soil water regulation services include thepaaity to infiltrate water, store it
underground, as well as regulate its flux and purity in a balanced way in order to keep

water quality and quantity.
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3.4.1.

WHICH PROCESS IS RESPONSIBLE FOR THE DELIVERY OF THIS SERVICE

Rainfall, snow, and dew, are the main sources of water reaching soil. Water reaching
the soil surface can follow different paths (Figure 3-5):

infiltration and/or surface run-off

interflow below the soil surface

evaporation and root uptake, followenly evapo-transpiration by plants
deep percolation to groundwater

X X X X

Figure 3-5: Water pathways in sqiBardgett, Anderson et al. 2001)

The majority of processes linking soil projes and soil biodiversity to water control
services have been qualitatively describédt precise quantification of these direct
and indirect relationship are lacking (Bardgett, Anderson et al. 2001).

%4 WATER INFILTRATION

When water reaches the soil, it can infite underground or run-off along the soil
surface. The choice between these two options depends on the quality of the soil
matrix which is in turn determined by soil properties, including biodiversity. Apart from
some algal crusts in the Arctic ecosysteratthlock water infiltration, the majority of

soil organisms have a positive impact dme infiltration rate. For example, soil
engineers such as earthworms and termites significantly increase infiltration rates
through soil by creating macro-porasd channels. Thus, for exampllee elimination

of earthworm populations due to soil contamination can reduce water infiltration
rate up to 93%(Clements 1982).

In addition to earthworms, ants and termites can affect water infiltration rates.
Underground aquifers can be recharged by the water flow passing though nest
galleries, particularly in arid environmisn For example, the elimination of small
populations of a species of termite in the Chihuahuan Desert resulted in a modification
of surface run-off pattern and infiltration (Bardgett, Anderson et al. 2001). Other
organisms can also have indirect effects on water infiltration rates through modifying
the quantity and quality of soil organic matter.
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Another major factor controlling the water ittfiation rate in soil and its capacity for
water retention is the surface of ground covered with plants or plant litter. The
vegetation quality and distribution in the saoilatrix is regulated by soil characteristics
and soil biodiversity which, as we have sgensure the appropriate functioning of the
ecosystem, providing the conditions for plant growth.

The presence of vegetation can regulate the quantity of water reaching the soil by
protecting it with leaves, capturing the water and structuring the soil with underground
roots. The result of this action is thatater is kept locally and can pass through into
underground reserves. When vegetation is leditor absent, water will run off, instead

of going underground, enhancing the erosionsoil particles. Plant roots prevent that
soil particles from being washed away witlater flows, keep soil macro-aggregates
together and avoid landslides.

In the case of deforestation, the run-off and the associated risk of erosion are
increased, while the water infiltration rate @ecreased (see also section 4. 2. 1). Thus,

a healthy soil sustaining plant growth is@lparticularly important to avoid erosion
(Ineson et al. 2004)n the USA, for example, it has been observed that land without
vegetation can be eroded 123 times fastthan land covered by vegetatignwhich

lost less than 0.1 ton of soil per haijin Utah and Montana, in cases where the
amount of ground cover decreased from 100% to less than 1%, erosion rates increased
approximately 200 times (Pimentahd Kounang 1998)(Figure 3-6).

Figure 3-6: Soil erosion rates related to percentagfeground cover in Uih and Montana (Pimentel
and Kounang 1998)

As a consequence, the frequency and theemsity of run-off, flooding, and aquifer
recharge can be strongly influenced by changes in land cover. This includes, in
particular, alterations that change the watstorage potential of the system, such as
the conversion of wetlands or forests intwoplands, or the conversion of croplands
into urban areas.

%4 WATER PURIFICATION

The infiltration of water through the soil issal an important part of water purification.
Contaminants and pathogenic microbes (esgme forms of bacteria and viruses) can
then be absorbed on the surface of soil pelgs during this infiltration, resulting in
cleaner and safer water. Several physico-chemical processes take place during the
water infiltration: sedimentation, precipitation, oxidation-reduction, sorption-
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desorption, ion-exchange and biodegradatioh contaminants. The ability of soil to
perform these functions depends on its texture, salt contemimus content and
richness in microorganisms located in the subsurface. All these factors are, at least
partly, dependent on soil characteriss, including soil biodiversity.

Y4 WATER STORAGE AND TRANSFER

Once infiltrated, water is redistributed underground. This redistribution is highly
dependent on soil porosity, which in turn isfluenced by the activity of ecosystem
engineers. The existence of pores of different sizes allows water to be retained at
different tensions (the smaller the size of the pore, the greater the force with which it
is retained in soil) providing plants with continuum of water resources as soil dries
(Bardgett, Anderson et al. 2001).

In addition, the productivity and compogit of plants can also influence water
transfer, by controlling the rate of evapo-transpiration of water, from the soil to the
atmosphere. Thus, water movement is inditly regulated by plant and root biomass
distribution, which are both partly dependent on soil biodiversity. For example, when a
root-feeder, such as a nematode, alters the plant growing rate, this will influence the
overall evapo-transpiration ratera water movement (Figure 3-7).

Figure 3-7: Scheme of the role of soil properties and biodiversity in soil water pathways

3.4.2.

(Bardgett, Anderson et al. 2001)

WHY IS THIS SERVICE IMPORTANT TO HUMAN 80CIETY

Water quality and quantity are essential to human life, and most of it comes from
underground sources. Thus if the grourmter quality is degraded because of
impairment in soil functioning, all the degradable pollutants will not be degraded or
neutralised. As a consequence, the need\@ter treatment facilities will increase. If
the groundwater quantity is reduced follomg impairments in soil regulation of rainfall
infiltration and storage, the underground reservoirs of drinking water indispensable in
periods of droughts will be impaired. In addition, the surface run-off will be increased

102 European Commission - DG ENV
Sl SOil biodiversity: functions, thegs and tools for policy makers

February 2010




leading to a higher frequency of peak flows and flood risk. Such stronger run-off will
then result in higher erosion rates and an increased accumulation of sediments in flood
water. An increased quantity of sediments transported by flood waters will in turn
result in a higher risk for human healt{Ebi, Kovats et al. 2006). Obviously, a
degradation of water quality and a decrease in quantity could also have deleterious
impacts on human wellbeing and quality of life, and in the more extreme scenario,
affect human health. Additional negative impacts resulting from the impairment of the
water regulation service include eutrophican of water bodies, sedimentation of
gravel-bedded rivers, loss of reservoir capacity, and muddy flooding of roads and
communities.

Thus, maintaining an efficient water regutaj service will avoid important costs for
the construction and the operation of wateurification plants and remediation to
prevent the drying out of streams as well as to ensure flood control. First attempts to
economically evaluate the value of heajtecosystems providing a good water quality
have been performed. Since 1997, theraisvorldwide trend to organise systems for
payment of water services, in which pdepliving in the higher parts of water
catchments where water is stored and purified get subsidies from people from low
lying areas (urban and industrial areas) riwintain ecosystem in good health and
hence, water services (280 000 ha dted a cost of $30 million)(MEA 2005).

3.5. DECONTAMINATION AND BIOREMEDIATION

Soil is a natural sink for pollution. Soilntamination is deleterious for both the
environment and for human health. However, soil-related processes can mitigate the
impacts of pollution on the environment and human health through modification and
control of their chemical fate and behaviour, thus limiting the transfer of pollutants to
other media. This service is called decontamination or bioremediation. Natural
occurring bioremediation can be enhanced by human intervention, called human-
driven bioremediation. This is often applied to try to return a contaminated area back
to its pristine state. However, this is inrggral a very long-term process, which in some
cases is not possible where the contaminbrads are too large or the risks too high.

Bioremediation can be performed using:

X microbes (most cases) whittansforms organic compounds
x plants which can accumulate a pollutant and facilitate its removal from soll
matrix (phytoremediation)

Bioremediation can ensure, for example etipartial decontamination of an aquifer
once the pollution source has been removedwhen hotspots of pollution have been
treated. A number of frequently encountered pollutants, such as chlorinated
hydrocarbons, benzene, toluene, xylersd ethyl benzene can be removed through
natural soil decontamination. Other compemnts such as inorganic molecules and
pesticides can also be remediated by soils, while heavy metals can be chemically
neutralised into inactive forms by chelation processes, accumulated in plants and
removed from the sites (Table 3-3). Indeed, several pollutants such as persistent
organic pollutants (e.g. dioxins) cannot be decomposed by soil microorganisms.
Moreover, soil microorganisms can also bmxicated by dangerous substances in the
soil. Therefore it is necessary to take imocount the toxicity to soil organisms as part

of the risk assessment of contaminated sites.

Table 3-3: Some contaminants that can be bio-remediated and their potential sources
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Class of pollutants Examples of potential sources
Chlorinated phenol Timber treatment

Pesticides Agriculturgesticide manufacturing
Chlorinated solvents Drycleaners

Polychlorinated biphenyls Powerasibns, electrical manufacturing
BTEX Port facilities, airports, gas work sites
PAHs Engine works, oil production and storage

The overall service is ensured by both bi@rd abiotic soil properties and depends on
local geology, hydrology and ecological communities. Both biological and physico-
chemical processes underlie the provisioning of this service.

The biological processes involviedbioremediation include:

x Bioavailability: the fraction of a total amount of a chemical present in a
specific environmental compartment thatyithin a given time span, is either
available or can be made available for alpt by (micro)organisms or plants,
from either the direct surroundings of the organisms or the plant or by
ingestion of food.

x Bioaccumulation:the ability of soil organisms to incorporate pollutants and to
cumulate them within the organism

X Biological degradation:is the capacity of living organisms to modify the
chemical fate of a pollutant intemaller, non toxic molecules (e.g. £O

x Metabolisation: is the ability of a living organism to modify a chemical
pollutant and obtain usefuinetabolic molecules.

In addition to these biological processesnumber of physico-chemical processes are
involved in decontamination, including:

Abiotic degradation(e.g. photodegradation, hydrolysis)
Dilution

Dispersion

Radioactive decay

Absorption of contaminants.

X X X X X

3.5.1. WHICH PROCESS IS RESPONSIBLE FOR THE DELIVERY OF THIS SERVICE

The microorganisms included in the group of chemical engineers play a key role in the
four biological processes mentioned @ke. However the overall process of
biodegradation of a compound is often a result of the actions of multiple organisms.
Effects of biological controllers and aaystem engineers which are the proximate
determinants of microbial activities are albkely to play a great role in microorganism
performances.

The microorganisms performing bioremediation may be:

X indigenous to a contaminated area (natural bioremediation)

x indigenous from a non contaminated area and transported on site (human-
driven bioremediation)

x selected in a laboratory and transported to the contaminated site (human-
driven bioremediation)

In order to have an effective bioremiadion, microorganisms must enzymatically
attack the pollutants and convert them tiearmless products. As a consequence, all
factors influencing their survival, growth ardtivity rate can have an impact on the
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efficiency of bioremediation. Thus, human-driven bioremediation often involves the
manipulation of environmental parameters @low pollutants degradation to be more
efficient. Of course the optimal environmeh parameters depend on the pollutant to
be treated and the specific microorganism used.

Bioremediation can be performed sity, which means directly in the polluted area or

ex situwhich means that the contaminated soiltiansported elsewhere to be treated.
Thein situ strategies are in general less expensive and provoke a minor disturbance to
local ecosystems thaex situ strategies, because the human alteration of the local
ecosystem is lower (Box 14).

Box 14: A successful example of bioremediation

A well-known example of bioremediation is the microorganisms mediated cleaning
after the large accidental oil spill by thenteer Exxon Valdez in Alaska in March 1989.
The accident spilled approximately 41 006 of crude oil and contaminated about 2
000 km of coastline. Bioremediation was theimatrategy used in this case. Nutrients
and fertilisers to enhance bacterial growth were applied on the surfaces of
contaminated sand and sediments. This resulted in a fivefold increase in the rate of oil
degradation due to enhanced bacterial ad§viBragg 1994) and, finally, in an efficient
site remediation.

Bioremediation using microorganisms can sometimes be ameliorated by the presence
of earthworms, due to their regulative action on microbial activity and distribution in
the soil (Table 3-4). However, due toettearthworms’ high sensitivity to certain
pollutants, this is valid only in the casgpollutants which are not lethal for them.

Table 3-4: PCB (Polychlorinated biphenyl) removal in treated soils after 18 weeks in the presence
and absence of earthworms -adapted from (Singer 2001)

Soil depth % PCB removed (g-1 soil)
Earthworms No earthworms
0-2 67 58
2-6 39 44
6-20 53 43
total 52 45

Soil organisms can also affect important sbibracteristics such as porosity, pH and
organic matter content, that have an imdct effect on pollutants decontamination
(Bennett, Hiebert et al. 2000l addition, a number of chemicals secreted by bacteria
and fungi can influence desorption (contrary process of absorption) and the removal of
metals and hydrocarbons from the soil matrUsing a fungus, for example, a maximum
solubilisation of 68% for copper for a medi containing potato peels was achieved
(Mulligan and Kamali 2003).

Remediation by plants is called phyto-remagiin. In the case of phyto-remediation
the link between the service and soil biodiversity is indirect compared to microbial
mediated bioremediation, for example bagse soil biodiversity plays a role in
regulating plant abundance and distribution. This process is particularly useful to
remove metal pollutants and widespreadsidual organic compounds from soil and
water. Plants are efficient in accumulagi and immobilising persistent pollutants.
Several strategies of phyto-remediation éxighyto-extraction, phyto-transformation,
phyto-stabilisation, phyto-degdation, phyto-volatilisation and rhizo-filtration (Table
3-5). A combination of these processes can occur in nature.

Table 3-5: Strategies of phyto-remediation
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3.5.2.

Strategy Mechanism

Phyto-extraction Uptake pollutant in th@ant (e.g. metal), removal of the plant

Phyto-transformation| Uptake pollutant in ¢hplant (e.g. organic pollutant), degradation
within the plant. High above bioass production and/or pollutant
translocation to the above plant biomass is required to make a
phytoremediation approach successful.

Phyto-stabilisation Root exudation provokes firecipitation of metals into stable organi
forms (Phytostabilization of metals situaccompanies frequently the
bioremediation approaches )

)

Phyto-degradation Enhancementtble microbial degradation in thenizosphere

Rhizo-filtration Uptake of polluta in plant roots (e.g. metal)

Phyto-volatilisation Evapo-transpifah of pollutant (e.g. mercury)

All the abiotic processes involved in sdécontamination and their efficiency are
determined by the physico-chemical progies of soil surface, soil porosity, the
chemical properties of pore-water comparént, and, of course, the physico-chemical
properties of the pollutants (e.g. behaviour of organic and inorganic molecules may be
significantly different in the soil matrix). &presence of surface active fractions such
as organic matter, possessing high surface areas and charges can, for example,
facilitate oil retention in the soil matrixAll these physico-chemical properties are
directly or indirectly linked to soil pperties and biodiversity. For example,
earthworms and microbes are key actorstive determination of soil aggregation and
porosity. Similarly, microbial activity carchdly alter soil pH, affecting soil aggregation
and its capacity to absorb contaminants.

Therefore, a high diversity and biological atyiwithin soils, especially at the level of
chemical engineers, but also in the case of ecosystem engineers, is indispensable to
ensure this crucial service through a direinfluence on soil biotic degradation
processes and an indirect influence on soil abiotic degradation processes of pollutants.

WHY IS THIS SERVICE IMPORTANT TO HUMAN 8OCIETY

Three alternatives exist to bioremediatigphysical removal of pollutants, dilution, and
treatment. However, soil clean-up is, in general, a difficult operation with very high
costs. The European Environment Agency éstimated the total costs for the clean-up
of contaminated sites in Europe to between 59 and 109 billions of Euros (EEA 2000).
Bioremediation is the cheapesption for soil decontamination.

The natural capacity of soil to decontaminate has permitted to restore numerous sites
(Bragg 1994). This extremely important serniiees thus been the object of extensive
studies. A number of bacteria, fungi (including/corrhizag and plants have been
tested to evaluate their decontamination capacity. Bioremediation using
microorganisms presents some general benefits:

x It is useful for the complete destruction of a wide variety of contaminants,
rather than simply transferring them among natural media (e.g. pollutants
transfer from soil to water or atmosphere)

x The residues for the treatment are wally non-toxic products and include
carbon dioxide, water, and cell biomass

X It is a natural process generally perceived by the public as an acceptable
method for waste treatment

X In most cases, when the contaminant is degraded, the bio-degradative
microbial population declines

X The transport of waste is limited whemn situstrategies are chosen
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x Itis a relatively low-cost option

However, natural soil decontamination is aft@ot sufficient to restore a polluted site
completely, since natural biodegradation processes are in general very slow (several
decades), soil organisms cannot break dosome pollutants, and sometimes the
contaminant load is too large. This teetmely important service has thus some
limitations:

x It does not apply to all contaminante.g. to some hydrophobic organic
compounds

x It is very slow and sometimes the risks and the exposure to dangerous
substances do not allow for such long techniques

x It may not work if the contaminant load too significant (see section 5.5.1)

X In some cases, the properties of theodegradation products are not known
well enough to be sure that their nature is not more toxic than the original
molecule

x There is a difficulty in controlling lathe environmental conditions for an
optimal bioremediation

x More research is needed to improve treatments for soil contaminated by
complex mixtures of pollutants

x It is a long term treatment, comparetb alternative strategies, and thus it
requires the monitoring of the contamination (which may increase the costs of
such technologies)

x It is rarely 100% efficient in the limination of pollutants. Regulatory
uncertainty remains regarding acceptable performance criteria, e.g. can an
efficiency of around 70% in the pollutant removal be acceptable and is the site
then defined as completely decontaminated?

Understanding the categories of chemicals that can be biodegraded and the
responsible biotic and abiotic transformati processes underlying natural attenuation

is crucial to ensure the development of leonediation, due to its potential of efficient
and inexpensive soil cleaning. Howevertunal soil decontamination is often not
sufficient to restore a polluted site compédy, since natural biodegradation processes
are in general very slow (several tens of years).

In the case of plants, 400 species capablaafumulating metals have been reported
(Yang 2004). After sufficient plant growdimd metal accumulation, the aboveground
portions of the plant are harvested and removed, resulting in the permanent removal
of metals from the site. Phyto-remediatiois preferentially used in the following
conditions:

x Very large field sites
x Sites with a low concentration of contaminants
x As the final step of a decontamination procedure

There are some limitations:

x Long duration of time (and thus longrte monitoring of the contamination)

x Potential contamination of the vegetation and food chain (when the pollutant
is not degraded within the plant or when the plant is not removed)

x  Difficulty in establishing and maintaininggetation in heavily polluted sites.

February 2010

European Commission - DG E

Soil biodiversity: functions, thets and tools for policy make el




3.6.

3.6. 1.

In conclusion, the application of bioremediation using either microorganisms or plants
is feasible and relatively cheap. Howevdre option of transforming the pollutants
through microbial conversion seems prefelalio the option of bio-accumulating the
pollutant into a plant, thus leading to a simple transfer from one ecosystem to another
medium. Setting a bioremediation protocml a contaminated site requires excellent
knowledge of the nature and distribution of the pollution as well as of the local soil
organisms and plants. Different levels of cleaning up can be reached, depending on the
case, but to date precise criteria that define the quality of bioremediation are still
lacking.

PEST CONTROL

Biological pest control is the natural or human-influenced ability of natural
competitors, predators oparasites to act as biological contt@gents for pest species.
This control can be through top-down drottom-up mechanisms. Top-down pest
control occurs when a predator controkhe structure/population dynamics of a
species within the ecosystem. Bottom-upntiml in ecosystems occurs when the
nutrient supply controls the development apecies. Evidences from natural systems
show that the low diversity of an ecosystémassociated with a higher vulnerability to
pests, due to altered top-down and bottoop control mechanisms. In agricultural
fields, for example, the soil functioning imodified and, as a consequence, its
equilibrium can be altered leading to outbreaks of crop pests. Thus, the natural
biological pest control service can be usesl an alternative tgesticides. Biological
pest control strongly influences therovisioning serviceas well, because it promotes
primary production diseased crops do not produce food or fibres as efficiently as
healthy crops.

WHICH PROCESS IS RESPONSIBLE FOR THE DELIVERY OF THIS SERVICE

Soil biodiversity ensures pest control by agtboth directly on belowground pests, and
indirectly on aboveground pests (Figure 3-8). In ecosystems presenting a high diversity
of soil organisms, harmful microbes mematodesattacking crops are less aggressive,

as their effects are diluted in larger commties (Altieri and Letourneau 1982; Lavelle,
Bignell et al. 2004). In addition, vegetation dsity (aboveground diversity), which is in

part regulated by soil biodiversity,afours aboveground pest control through
supporting natural insect communities and some plant species that are specific targets
for pests, thus alleviating the pest charge on other plants.

Figure 3-8: Soil biodiversity regulatélse aboveground and belowground pests

In natural communities, the size of populatioissmainly regulated by the presence of
other organisms. Pests spreadcurs either when top-dowor bottom-up controls are
not efficient enough. Soil biodiversity rcanfluence both top-down and bottom-up
effects:
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x Top-down pest controla typical top-down control mechanism is, for example,
an induced enhancement of the natural enemies. This strategy has been
applied by Settle et al. (1996) who denstrate how organic inputs in rice
fields, by maintaining high levels alecomposer communities, maintain
constant levels of generalist predat8tshat feed on pest species. Whenever
an insect pest arises, control is immediately triggered as generalist predators
are already present. The idea is thus to favour the resources needed by the
pests’ natural enemies.

Possible strategies to enhance the natural top-down effects include improving
the availability of alternative foods preferred by the natural enemies,
facilitating the creation of a microclimate in which natural enemies may over-
winter or seeking refuge from factersuch as environmental extremes or
pesticides, etc. In addition, the tempadravailability of such resources may be
manipulated to encourage early season activity of natural enemies. Finally, the
spatial arrangement of such resources to enhance natural enemy activity
within the crop must be considered.

X Bottom-up pest control:bottom-up strategies act directly on the resources
available for pests. In practice, théensity of invasive predators can be
controlled by limiting their resources at the base of the food web.

Several studies show that pest control relationships within the food web depend on
general soil biodiversity, rather than on the presence of a specific species of soil
organisms. For specific soil-borne crop emesnsuch as for example the cereal root-
pathogens and the root knohematodes it seems that there should be specific
microbial enemies that play a key role éontrolling the pest (Kerry 1998). However,
recent multi-disciplinary approaches have shown that there is in fact a wide range of
control factors for this kind of pest, whicHl @lay a role in their suppression (van der
Putten, Cook et al. 2006). Similarly, it h&eib observed in the case of the pea aphid
pest, that when three of its enemies were present, the pest was suppressed more than
predicted from the summed impact of ela enemy species alone (Cardinale 2003).

Threats to soil biodiversity can alter soilmmunity structure and internal food web
interactions. This results in deleteriouspacts on the ecosystem’s self-regulation
properties and favours pests. However, if relatively simple precautions are taken to
maintain some diversity surrounding the csypest invasion can be controlled. Some
evidence indicates the importance of the ground cover vegetation or of the adjacent
wild vegetation to protect crops from pestSpecific types of weeds, for example, can
harbour and support beneficial arthropodpecies capable to fight pest populations
(Boatman 1994). In general, the more dise and stable the agro-system, the more
stable the insectommunity.

In conclusion, in a diverse ecosystethe species present cover all the available
ecological niches and use the resources alglén an optimal way (Elton 1958). This
balance impedes the development of pesisd invasive species (Altieri 1994). Thus,
keeping a high bio-diverse ecosystem is an important part for a good defensive
strategy, at least for generalist pest species.

BA generalist predator is a type ofgighat attack a wide range of plansd it is not specific to one type
of crop (e.g. Aphis gossypii).
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3.6.2.

WHY IS THIS SERVICE IMPORTANT TO HUMAN 8O0CIETY

The provision and the regulation pfimary productionis one of the most important
services ensured by soils. The service dftpegulation is indirectly related to the
primary production since such a control avoids the loss of plants and plant products.
Understanding the importance of this semics thus evident for everybody: diseased
crops don't provide food and fibres. A lossptdnts and of their products due to a pest
invasion could not only dramatically affect human health through a loss of crops yields
and consequently food resources, but alsoi@esly impair the economic, scientific and
cultural development through the elimination of all the plant derived products. For
example, the value of potato crops which are at risk from Colorado beetle in UK is
about 322 millions of Eurds The importance of this regulatory service for human
society is thus obvious (Table 3-6, Table 3-7, Figure 3-9). Moreover, the human-driven
pest control is one method which can be used to reduce the need for large scale
applications of broad spectrum pesticideRhis category of pesticides can be highly
problematic as they often act on insects which are beneficial to crops as well as
harmful insects. It has been demonstratditat the use of pesticides can be at the
origin of huge economic cost: a loss of maéien 8 billions of dollars per year for the
United States (Pimentel 2005). To that tleeological costs should be added. In
conclusion, the appropriate functioning dhis service is crucial from both an
environmental and an economic point of view.

Figure 3-9: Signs of pest damage: Healthy pot&ibage (left) and pest-infested potato plants

(right)
Table 3-6: Major pest in potatoes

Pest Type of damage

Aphids (aboveground pest) Aphids damage potatoes primarily by spreading
plant diseases. Occasionally, aphids become|so
abundant that their feeding weakens the
plants.

Beet Leafhopper (aboveground pest) Leafhoppers feed by sucking sap from the plant
causing a damage of the leaves. They are also
responsible for transmitting the curly top virus.

Cutworms (aboveground pest) Cutworms may cut off the stems of young
plants and feed on foliage and tubers.

Flea Beetles (aboveground pest) The bewfeed on leaves and stems resulting

2 www.statistics.defra.gov.uk/esg/evaluatiorifmth/annex1_3.pdf Last retrieval : 21/08/09
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Pest Type of damage
in many small holes in the leaves. The larvae
feed on roots, underground stems, and tubers.
Potato Psyllid (aboveground pest) Damagyeaused by a toxin that the immature
produce when they feed. The toxin causes a
plant response known as psyllid yellows.
Symptoms include an upward curling of leaflgts
nearest the stem on the top part of the plant.
Potato Tuberworm (belowground pest) Theiyal damage results from larvae mining
in the tubers.
Potatocystnematodes(belowground pest) | Infest pota&s roots causing a decrease in
growth

Table 3-7: Major aboveground pests and diseases of raspberry in Europe: their damage,
distribution and importancé®

Common name Type of damage Distribution in Europe| Importance

Large Raspberry Aphid  Virus Vefffotiage | Widespread/Northerr]  *****

Small Raspberry Aphid Virus Vector/Foliage  Widespread/Southern ~ **

Rubudeafthoppers MLO Vector Localised *

Common Green Capsid Foliage Localised *

European Tarnished | Foliage/Flowers Widespread/Northern  *

Bug

Raspberry Beetle Flowers/Fruit/Conta Widespread/Through | *****
minant out

Clay-coloured Weevil Buds/Foliage Localised/Northerr *rk

Strawberry Blossom | Buds/Flowers Localised/Southern *x

Weevil

Raspberry Cane Midge Canes (Midge Blight)  Widespread/Thrquigti*

out

Raspberry Moth Buds Localised/Northern *rx

Double Dart Moth Buds Localised/Scotland ok

Two-Spotted Spider | Foliage Widespread Fhxx

Mite

Raspberry Leaf and | Foliage Widespread but *kk

Bud Mite sporadic

Large Raspberry Aphigd  Virus Vefffotiage | Widespread/Northerr — *****

3.7. HUMAN HEALTH EFFECTS

Human health is here defined as the sum of complex interactions between the genetic
characteristics of individuals and their emnmental exposure to infectious or toxic
agents. Soil processes driven by soil biota can impact human health in two main ways.
First, soil organisms may be a source of new medicines, and a decrease of sail
biodiversity could directly impact this sergicSecond disturbances to soils and related
biodiversity through land-use changes can potentially have non negligible indirect
impacts on human health.

With their richness in microorganisms, sal® an important source of chemical and
genetic resources for the development gharmaceuticals (Box 15). In 1944, for
instance, streptomycin, an abhibtic used to treat a number of infectious diseases, was
isolated from a bacteria living in tropicsbil. Another very well known example is the
history of penicillin which has been the first pharmaceutical isolated from soil fungi in

28 \www.scri.ac.uk/scriffile/individualreporfa999/291CM.PDF; last retrieval 15 June 2009
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1928. In the laboratory of Alexander Flemiaggulture of staphylococcus bacteria was
contaminated with this soil funguBenicillium notatum Fleming observed that the
fungus inhibited the growth of the infectioubacteria next to it. He deduced that
something from the mould must be killing them, and shortly thereafter he isolated
penicillin.

All the current and future studies on microbial produced antibiotics and fungicides can
be useful to find new therapeutic molecules (Box 15) and help in fighting microbial
resistance of human pathogens to currentiged antibiotics. In the last years, a
phenomenon of microbial breaking of resistance has been observed, increasing so
rapidly that new drugs that were wonderful 20 years ago now turn out to be useless
(Taubes 2008). This happens becausgdréa have two main properties:

x They divide very fast (in average every 20 minutes) and their capacity to
genetically evolve in order to respond to an environmental stressor is
consequently extremely high.

X Any genetic information (e.g. the one coding for antibiotic resistance) can very
fast spread from one bacterium to another.

Such bacterial characteristics can be very dangerous for human health. In 2002, for
example, the U.S. Center for Disease Cdrdral Prevention (CDC) estimated that at
least 90 000 deaths a year in the Unit&dates could be attributed to bacterial
infections, more than half caused by bugssistant to at least one commonly used
antibiotic. For this reason, the medicaimmunityis always looking for new antibiotics.

In this context, maintaining aecosystem in a good statusdrich in biodiversity could

be a guarantee to keep a huge soerf pharmaceuticals available.

Soils and related biodiversity can also hawdirect impacts on human health. Below
some examples are provided to illustrate how an alteration of soils and related
biodiversity can be associatéd such health impacts.

Land-use changes, which result in a disturleantsoils and a loss of biodiversity, such
as urban expansion, deforestation, or agittural development have been correlated

to an increased incidence of human infecisodiseases (Table&3-(Patz et al. 2000).

For example, in the United States, agricultural practices altering watersheds and
freshwater flows could be linked to an ieased soil-borne infectious diseases rate
(Chua, Goh et al. 1999; Rose, Epstein €2Gf)1). Such a correlation, depending on the
considered case, could be explained by aliera of soil biodiversity which is always
associated to the equilibrated functiomg of the soils. The soil-borne infectious
diseases, being caused by a microorganism living its entire life cycle or a part of it
within the soil, are of course impacted tany soil and biodiversity disturbance. A
change in the soil equilibrium can be at the origin of important changes in soil
pathogens survival, growthfectivity, and distribution. As a consequence, the human
exposure rate may be consequently modified, leading to unexpected disease spreads.

Box 15: New antibiotics and fungicides emerging from soil biodiversity

Soil biodiversity may include a wealth obvel compounds that humans can use as
bactericides or fungicides. In the sdihese compounds are typically produced by
bacteria and fungi to fight other micrels. For instance, the release of these
compounds can suppress competitor microbial species and increase resource
availability for the producig species (de Boer 2007).

New species, or even entire new genera, of soil microbes are continuously being
discovered. As a consequence, new survsigdtegies revealing previously unknown
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mechanisms of microbial control and new Imcules are also continuously discovered.
For example, it has been recently observed that the newly found soil bacterial genus
Collimonas can inhibit soil fungal growtHoppener-Ogawa, Leveau et al. 2009). There
is then a huge potential in soil organisras a source of new pharmaceuticals.

Several methods are currently being developed to screen the genetic pools of
microorganisms and to facilitate the daeery of new pharmaceutical potentials.
Metagenomics approaches enable to scresncrobial DNA for loci involved in the
production of antibiotics or fungicides. These screening methods are applied, for
example, to unravel which microbial prodaccould be involved in making soils
suppressive to plant pathogens (van Els&peksnijder et al. 2008). However, the
characterisation of soil metagenome is still under way and presents some technical
difficulties (e.g. the extraction of DNA and the fact that due to soil heterogeneity the
extracted DNA is not the total presenh the soil sample and thus cannot be
representative of the indigenous soil DNA)(Bakken 2006).

Table 3-8: Agents and infectious diseases caused by a soil pathogens and having a suspected or
known links to land-use chang@atz, Daszak et al. 2004)

Agent/Infectious disease:
Lyme disease
Meliodiosis
Anthrax
Hookworm
Coccidioidomycosis

Disturbance of soils and related biodiversity may also alter food and water quality, and
thereby indirectly impair human health.

More indirectly, a disturbance of soil functiioig and biodiversity may affect associated
services, such as fertility, which are essdnfitlm human survival. This could result in
massive human migrations, which can haveamtant implications for the spread of
infections, children mortality, nutrition, and mental iliness. In addition, immigrants can
then act as vectors carrying infectioussetaise from their original area to new
countries. This has been, for example, ttese for SARS (Severe Acute Respiratory
Syndrome), tuberculosis and hepatiBgLoutan, de Haan et al. 1997).

In conclusion, soil biodiversity, through ensuring a continuous regeneration of genetic
resources for the creation of new phargguticals and well functioning soils, can
participate in the protection of human health. From a holistic point of view, any factor
affecting soil biodiversity could directly or indirectly have deleterious impacts on
human health.

3.8. ECONOMIC VALUATION OF BIODIVERSITY

Putting a value on biodiversity is no easy task. But in order to enable costs benefit
analyses of measures to protect soil biatsity, some econoin estimates of the
ecosystem services it delivers need to firevided. In 1995, a team of ecologists and
economists estimated the value of biodiversity to the global economy as being in the
region of $US 33 trillion annually (Costari&97). However, this estimate has been
defined as a “minimal estimate” by its own creators.

Thus, more recently, the “Service Providing Unit” (SPU) concept was developed, which
aims to assess the cost of the loss of a ohibiodiversity (Luck 2003). The crucial point
made in this approach is that chang@s key characteristics of populations or

European Commission - DG E

Soil biodiversity: functions, thets and tools for policy make L

February 2010




communities due, for example, to anthrogenic pressures, have implications for
service provision. Such changes need tagbantified to understand their implications
fully. The SPU concept permits to estiméatee value of the marginal product of
biodiversity, or the contribution of the ecosystem to the incremental production of
goods, services and human welfare at any one point of time. It is therefore a useful tool
for policy makers. As explained in thelldving Box, other attempts to provide
decision-making tools for policy makers have been made in the context of The
Economics of Ecosystems aBiddiversity (TEEB) study.

There are two main approaches to assess the value of biodiversity, depending on the
type of economic value considered:

x Production valueproduction function approach, where a part of the valuation
is based on the prices of the provideddl products such as food, fibres or raw
materials. Thus, soil services performiey various soil species, for example,
will contribute to the quality and the qudity of crop production, and thus to
its final price.

x Utility value: based on the stated or revealed preference. The stated
preference methods rely on survey approaches permitting people to express
their willingness-to-pay for (or willingse-to-accept) the services provided by
biodiversity and its general contribution to the quality of life (e.g. aesthetical
and cultural value, etc.). In the revealed preference method this utility is
assessed through market associated values, such as, for example, the cost of a
travel to a touristic natural area.

Alternatively, cost-based methods can besdsin which we evaluate the value of a
service provided by biodiversity througtsarrogate product. Thus we can estimate:

x  The ‘replacement cost’ which is the cost that would be spent to replace the
ecosystem services that are provided bipdiversity (e.g. in the case of soil
biodiversity, the cost of fertilisers or pesticides).

x The ‘damage avoided’ cost is the amouwftmoney that should be spent to
repare the adverse impacts arising in the absence of a functioning ecosystem
(e.g. in the case of soil biodivessithe cost of avoided floods)

x The ‘preventive expenditure’ is the ammat of money that would need to be
spent to avoid the costs of impact@ne example for soil biodiversity pest
control service, for example, would beetladditional cost of water purification
needed to remove pesticide residues.

One of the main difficulties for applying these methods is that the share of the total
value due to soil biodiversity has yet to beadished, since it cannot be assumed that

it is 100 per cent. In particular, it is ofteery difficult to separate the contribution of
aboveground diversity from that of soil biodisity, even if some attempts exist. As
shown in the following table, the consequences of such impropriety have been
estimated to be in excess oS dollars 1 trillion per year worldwide (Pimentel, 1997).

Box 16: The TEEB stifdy

Following the meeting of the environment Mstérs of the G8 countries and the five

2 www.teebweb.org; last retrieval 14/12/2009
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major newly industrialising countries thabdk place in Potsdam in March 2007, the
German government proposed a study on "He®nomic significancef the global loss
of biological diversity’ as part of the solea ‘Potsdam Initiative’ for biodiversity. This
initiative gave rise tdhe Economics of Ecosystersd Biodiversity (TEEB) studyhe
initiative is a major international initiativéo draw attention to the global economi
benefits of biodiversity.

The TEEB study aims to:

(¢}

x Integrate ecological and economic knowledge to structure the evaluation of
ecosystem services under different scenarios.

x Recommend appropriate valuation methodologies for different contexts.

x Examine the economic costs of biodiversity decline and the costs and benefits
of actions to reduce these losses.

x Develop "toolkits" for policy makers atternational, regional and local levels
in order to foster sustainable development and better conservation| of
ecosystems and biodiversity.

x Enable easy access to leading information and tools for improved biodiversity
practice for the business community — from the perspective of managing risks,
addressing opportunities, and measuring impacts.

x Raise public awareness of the individual's impact on biodiversity and
ecosystems, as well as identifying aseahere individual action can make| a
positive difference.

In the context of TEED, a ‘policy toolkitbviding guidance for policy-makers, covering
subsidies and incentives, ensmental liability, new market infrastructure, national
income accounting, cost-benefit analysisst-effectiveness analysis, and methods for

implementing Payment for Ecosystem Segsi¢PES) and Access and Benefits Sharing
(ABS), has been elaborated.

Support for TEEB continues to grow andipril 2009, the G8+5 Environment Ministers
signed the Carta di Siracusa which further supports the work of TEEB as @a vital
component of addressing the increasing dsjan of ecosystems and biodiversity. The
final synthesis and presentation ®@EEB are expectéa October 2010.

Table 3-9: Total estimated economic benefits obHiversity with special attention to the services
provided by soil biodiversity (moified from Pimentel et al. 1997)

Service /Activity World economic benefits (x US dollars
10° per year)

Organic matter cycling/waste recycling 760

Soil formation 25

Nutrient cycling 90

Bioremediation 121

Pest Control 160

Fertility/ pollination 200

Wild food 180

Biotechnology industry 6

Total 1542
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Some attempts of estimations at the national level also exist. An lIrish report, for
instance, recently estimated the value of deittility and nutrient cycling in the country

at Euros 1 billion per year (Bullock 2008). Bmitliversity is essential to the provision

of this service, but so is aboveground higgtsity through, for instance, pollination.
When, in the case of specific crops, thegormance of pollination is greater, the value
attributed to this ecosystem service can be further raised.

Similarly, in Ireland, the baseline value ofspeontrol, which is at least partly due to
soil biodiversity, has been estimated at 20limn per year. This is before savings on
pesticides which could reach perhaps farther Euros 2 million (Bullock 2008).
Moreover, several attempts have alsedn made to assess the value of primary
production in different ecosystems such asefsts, agricultural fiels, etc. (Table 3-10).
Primary production is highly, but not exclsly dependent on soil biodiversity, thus
the contribution of soil biodiversit{o this service remains uncertain.

Table 3-10: Marginal value of provisioning semc(cost of policy inaction) by forest biome,

adjusted for profits (Braat 2008)

Forest biomes Cost of policy inaction in EU (2007Euros
/halyear)

Boreal 246

Warm mixed 14

Temperate mixed 99

Cool coniferous 107

Temperate deciduous 142

Carbon storage depends on soil biodiversibut also on the storage capacity of
aboveground plants. An evaluation of the cadtpolicy inaction for different forestry
biomes, demonstrating the scale of the potential losses of carbon storage from land-
use changes, is available (Table 3-11).

Table 3-11: Marginal value of carbon sequestration (cost of policy inaction) by forest biome,

3.9.

projections in 2050 - Lower hmd estimates (Braat 2008)

Forest biomes Cost of policy inaction in EU (2050Euros
/halyear)

Boreal 864

Warm mixed 2126

Temperate mixed 1373

Cool coniferous 864

Temperate deciduous 1179

An estimation of the carbon stock in gras¥ll soils has been calculated for France and
evaluated at Euros 320 /ha per year. For French forests, a similar estimation gives a
value comprised between Euros 22 and Budd0 /ha per year. However, this last
value comprises, but is néimited to soil carbon storage (Chevassus-au-Louis 2009).

CONCLUSIONS

The services provided by soil can be graliprgto six main service categories which
have been estimated by the authors of the report to be the most related to soil
biodiversity: soil fertility, carbon fluxand climate regulation, water regulation,
decontamination, pest control and human dléh. Each service can be ascribed to
specific functions and processes performed by soil organisms. The table below
summarises the main roles of each of the ftimical groups in providing soil services.
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Table 3-12: Conclusive scheme summarising the relationship between soil functional groups and

soil services

Soil services Chemical engineers Biological regulators Ecosystem engineers

Soil fertility and nutrient | Mineralisation of all Control on microbial activities | Influence pathways through

cycling, soil formation substrates; Nitrogen creation ofhabitatsand
fixation and nutrient selective activation
assimilation by plants
(mutualism)

Water regulation Limited creation of micro- | Control on microbial activities Regulation of macro-
porosity (fungal micro aggregation (compacting
tubules; micro aggregates and de-compacting
and consolidation of functions); regulation of
macro-aggregated porosity
structures)

Carbon flux and climate | Organic matter Control on microbial activiés Sequestration of organic

regulation decomposition matter in stable compact
Synthesis of recalcitrant structures;
components Maintenance of aerobic
GHG emissions conditions

Decontamination Transformation into less Control on microbial activities Stimulation of release in
toxic forms, neutralisation easily assimilated forms by
(chelation processes) microorganisms

Sequestration into micro-
sites (stable macro-
aggregates)

Pest control Control of fungal and Control/spread of fungal Control of plantparasitic
bacteria diseases diseases nematodes

Communitylevel control Food for generalist
predators

Human health A stable microbial Control on microbiatommunity | Contribute to water quality
communityhelps in and in general to soil
controlling the spreading o formation and maintenance
eventual pathogens for which prevent natural
humans. Chemical disasters (flood, landslides,
engineers are also a source etc.)
of new pharmaceutical
molecules.

The table highlights the general trends, but it is important to highlight that precise links
between soil biodiversity and services are abways clearly identified. It can be very
difficult to distinguish among services progalby soil in general and services provided
specifically by soil biodiversity. In additi to date, no consistent relationships
between soil species diversity and shihctions have been found (Bardgett 2002,
Bardgett 2005b), implying that more specils not necessarily provide more services.
This is because several species can perfilvensame function (Box 4). Moreover, the
relative contribution of the different groupsf soil biota to specific functions varies
across biomes, habitats and land uses.

In addition, services are often interlinkeduch that pest control will contribute to
fertility for instance, whereas other sereis may trade off against each other.
Therefore, the services provided by soil aadl biodiversity should not be considered

in isolation, but rather as different fate of a set of highly associated functions
performed by soil biota. Such a holistic knowledge of sail is currently lacking and we do
not have an exact understanding of the potential interlinkages among services.

Another factor of uncertaintys that sometimes, even the mechanisms underlying one
specific service are not perfectly understood. For instance, we do not know exactly
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how biodiversity can control pest spread bow to quantify the final impacts of sall
biodiversity disturbance to human health, even if we observe that a qualitative
relationship exists.

Thus, additional knowledge is needed regarding the biological mechanisms underlying
services and the quantification of their depasrtte on soil biodiversity. There is a clear
need to develop approaches that identdynd quantify changes in ecosystem dynamics
and their implications for ecosystem ser@s and to understand the links between
species population dynamics (e.g. changes in population density and distribution) and
service provision. Finally, a precise econoewaluation of these services would be
useful, but a homogeneous approach to merh this valuation is not yet available,
even if some attempts exist at both global and national levels.

Y2 MAIN RESEARCH GAPS

x Quantify the benefits of the services provided by soil ecosystems

x Assess the economic value of the services delivered by soil ecosystems

x Quantify the relationship between soil processes, soil biodiversity and
services

x More knowledge on the potentiinter-linkages among services

x Understand the links between species population dynamics

European Commission - DG ENV
Soil biodiversity: functions, thegs and tools for policy makers

February 2010




4. DEALING WITH THREATS TO SOIL BIODIVERSITY

4.1. INTRODUCTION

European soils are a widely used resource, submitted to a number of relatively well
identified threats (ENVASO 2008). Soil biodiversitan be threatened bysoil
degradation processessuch as erosion, organic matter depletion, salinisation, sealing
and compaction; and several majihweats, including land-use change, climate change,
chemical pollution, GMOs, and invasive specfesshown in Figure 4-1, each of these
threats can actdirectly on soil biodiversity (e.g. chemical pollution) iodirectly,
through one of the soil degradation processes (e.g. land-use change can affect soll
biodiversity by favouring erosion).

In this chapter, the above-mentioned degedibn processes are first defined, with a
description of the natural and human-driven process driving them, and a discussion of
their distribution in Europe. The specific ingta of each threat on soil biodiversity are
then presented, by looking at their effects on functional groups and related services.

Figure 4-1: Schematic representation of the approach used to present the threats to soil
biodiversity

4.2. SOIL DEGRADATION PROCESSES

Soil degradation is a very common feature Europe and worldwide. Although the
guality of managed soils may be improved by cultivation, the majority of human
activities (e.g. intensive agriculture, touris occupation of land, etc.) reduce soil
quality directly or indirectly by soil degradian. Soil degradation can alter productivity,
soil functioning, and all related services.eTimpacts of the five main soil degradation
processes on soil biodiversity are detailed below.
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4.2.

1.

EROSION

Soil erosion is normally a natural processuarring over geological time scales, and
consists of the removal of the land surfaeg physical forces leading to a progressive
exposition of underlying rocks. Erosion firsinoves organic and fine-textured particles
from the soil surface, and then moves teeper soil particles to water effluents or
wind that transport them away from the landscape. The main natural drivers of erosion
are water and wind action, which scratch, detach, and/or move soil from one point to
another, sometimes thousands of miles aw Soil biota may contribute to erosion
processes, especially when larger soil aegrs deposit thin unstable aggregates on
the soil surface (Blanchart, Albrecht at 2004; Cerda and Jurgensen 2008). These
earthworm deposits may trigger soil creeping and the transfer of smaller particles
towards deeper soil layers (Nooren, Vanbreemen et al. 1995).

Natural soil erosion can be significantly decated by anthropogenic activity. Practices
that involve deforestation, exposing bare doilwater and wind, the use of deep tillage

or mineral fertilisation enhance water rurffoand wind action, which triggers erosion
(Lal and Kimble 1997; Heisler, Rogasik e1898). Factors such as soil characteristics
and climate (e.g. long drought periods follogdvby heavy precipitation), can also favour
the acceleration of human-driven erosiokach year, in the world 75 billion metric
tonnes of soil are removed from the land wynd and water erosion, most of it coming
from agricultural fields (Myers 1993). Erodsdil can result in the filling of lakes,
reservoirs and rivers with soil particles. In addition, soil erosion can promote the
diffusion of soil and water pollution and destroy naturabitats

The direct effect of erosion is the degradation of the upper layer of the soil and the
decrease of soil organic matter content. Asresult, the nutrient availability for soil
organisms is diminished, their biomass is reduced, and probably their diversity also
(Pimentel, Harvey et al. 1995)(Figure 4-2).

Figure 4-2: Relationship between s@fosion, biomass, and biodiversity

Erosion can also have indirect effects on soils and their services, through reducing plant
diversity, standing biomass and produdiyvi For instance, erosion can reduce soll
carbon storage, since reduced plant gtbwmeans less carbon input to soils. In
addition, erosion leads to enhanced carbon emissions due to breakdown of soil
structure and exposure of carbon in aggregmtin turn, erosion-induced reductions in
plant diversity and abundance can reduce soil biodiversity. For instance, by reducing
plant diversity, erosion significantly reducéhe stability and of grassland ecosystems.

In experiments on nutrient-poor sandy soils, the decrease in plant diversity made the
grassland less resistant to drought, thereby reducing total plant biomass (Tilman and
Downing 1994). This may reduce soil biodiversity.
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Different impacts of erosion on soils are ictf@orrelated and it is difficult to separate
them. The loss of soil organic matter triggered by soil erosion, for example, reduces
water storage capacity and promotes water run-off. This leads to a decrease in soil
nutrient levels causing a reduction in the number and overall biodiversity of soil biota
(Figure 4-3).

Figure 4-3: Example of interactions between direct and indirect erosion impacts

Currently, erosion affects 46.3% of Europesuils, although at variable intensities.
Overall, soil erosion rates in Europe wegstimated to average 17 tonnes/halyear,
greatly exceeding the rate of soil formatiohabout 1 tonne/ha/year (Barrow 1991). In
Europe, soil erosion is mainly due to inappiafe agricultural pratices, deforestation,
overgrazing, forest fires and constructi@ctivities. Soil losses through water run-off
are also significant (Figure 4-3). Some paléidy heavy storms can cause losses of 20
to 40 tonnes/ha, which is 20 to 40 timesegter than natural soil renewal. Under
climate change, when there will be an irase in extreme climatic events, it is
expected that soil erosion problems will further increase.

The Mediterranean region is particularlynstive to erosion because of its climatic
conditions and the nature of its soils. Indharea, long droughts are often followed by
heavy precipitation events which acceleratke erosion of fragile soils. In some

Mediterranean areas, erosion is irreversitdad no more soil is left. In the north of

Europe, the situation is slightly better. iB@rosion in this area is less aggressive
because rainfall events are more evenly distributed over the year.
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Figure 4-4: Estimated soil erosion by water in Europe (source: Pan-European Soil Erosion Risk

4.2.2.

Assessment PESERA)

ORGANIC MATTER DEPLETION

The critical quantity of organic matter en#ng an optimal soil fertility has not yet been
defined (Korschens, Weigel et al. 1998). These thresholds will be highly context-
dependent (Box 1). Natural processes that determine the quantity of soil organic
matter include:

X

Climate Climate driven factors such as temperature, precipitation, wind or rain
intensity can contribute in the distribution of soil organic matter in the
landscape.

Land cover and/or vegetation typenainly influence litter quantity

Topography slope and aspect have an influence on organic matter
accumulation.

Anthropogenic processes that influence soil organic matter include:

X

X
X

Conversion of (semi-)natural ecosystems to agriculture and changes in land
use (e.g. conversion of arable to grasslandor instance, the conversion of
natural to agricultural ecosystems usuatiguses depletion of 50 to 75% of the
previous soil carbon pool.

Deep ploughingleads to organic matter dilution within soil. Agricultural
ecosystems generally contain less soil oigaarbon (SOC) than their potential
capacity because of the severe losses due to accelerated erosion and leaching
(Lal 2005) and because of the increasespigtion rate in ploughed soils, due
to the enhanced aerobic stas of deeper soil layers.

Soil erosion

Leaching of nutrients from soil to watefe.g. due to excessive irrigation)

%0 www.eusoils.jrc.ec.europa.eu/ESDBchive/pesera/pesera_downloaaml; last retrieval 27/08/09
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x Artificial removal or decrease of litterdue to land conversion (e.qg.
deforestation)

x Forest fires
x Qver-grazing

As an important source of soil fertility arswil structure (Box 1), SOM depletion leads
to a decrease in soil fertility and in soil ladbiomass with significant consequences for
biodiversity. Such impacts are the samelasse for soil erosion discussed above.

A large fraction of European soils (45%% kary low organic matter content, between

0 and 2% (Citeau 2008). Southern Europe ssifi®mm organic matter depletion due to

its warm climate which favours the activitf chemical engineers, and therefore the
organic matter decomposition. Indeed, some warm areas of France and Germany are
also affected by this type of soil degradation (Figure 4-5).

Figure 4-5: Organic carbaontent in European soif$

3 www.eusoils.jrc.ec.europa.eu/pjects/Soil_Atlas/Download/12.pdf; last retrieval 31/08/09
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4.2.3.

SALINISATION

Salinisation is the accumulation of waterdole salts in the soil. This process can be
natural or human-induced. In general, inappropriate irrigation practices, such as use of
saline water and/or soil characteristics whitthibit salt washing are at the origin of

the problem. Soil salinisation can also Ikggered by the over-exploitation of
groundwater in coastal areas, which leadstte infiltration of salty marine water.
Moreover, marine storms can potentially imese soil salinisation in coastal areas.

As soil salinity is one of the key factors controlling the ecology of soil organisms, high
salt concentration can affect the overall tabolism of plants and soil biota included in

the three functional groups Many bacterial species have optimal salinity
concentrations and enter a dormant stateéofmancy) if the optimal range is exceeded,
resulting in inactive states. Both biological regulators and ecosystem engineers are in
general extremely sensitive to salinisation.the majority of cases, salinisation causes

a strong decrease in plant growth and crop productivity, so that salinisation may lead
to desertification and loss of soil biodiversity (Box 17).

Salinity is a global threat for soils. In Europe, between 1 and 3 million hectares are
affected by this degradation process. The Mediterranean region, Spain, the Caspian
Basin and the Carpathian Basin are the most affected areas (Figure 4-6).

Figure 4-6: Salinity in European sdfls

% www.eusoils.jrc.ec.europa.eu/library/thees/Salinization/; last retrieval 31/08/09
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Box 17: Desertificatin and biodiversity

Due to excessive erosion or salinisationboth, land degradation may reach the point
of irreversibility, i.e. deseffication. Desertification is a form of land degradation in

arid, semi-arid and dry sub-humid areas, resulting from various factors, including
climatic variations and human activities. Degeation most frequently results from
the mismanagement of biodiversity: overexploitation of vegetation cover leading to
topsoil erosion and hence reded productivity, or improper water use resulting |in
salinisation. This affects not only cropat also rangeland and soil biodiversity. The
final effect is the loss of natural ecosyste. When the overexploitation of rangeland
results in desertification, the effects on biodrgity are first expressed in the direct loss
of plant species and the animals associatgth them, and later in the loss of topsail
and the potential for rehabilitating biodiveity. These biodiversity losses, both |in
goods and services, further exacerbatesddification in the affected areas.

4.2.4. GCOMPACTION

Soil compaction is a type physical degradation due to the reorganisation of soil micro
and macro aggregates, which are deformed or even destroyed under pressure.
Compaction results in poor drainage, sub-surface gleying, etc. Soils can be naturally
compacted at various degrees, and theirtural compaction rate can be further
increased by trampling or heavy machinefyhe sensitivity of soils to compaction
depends on soil properties, such as textare moisture, organic carbon content, and

on several external factors suels climate and land use.

The direct impact of soil compaction is tfeemation of a unique, uniform layer of soil.
Within this compacted layer, the access &mil engineers, water and oxygen is much
harder than in the original non-compactedilsmatrix. This causes for instance altered
root dimensions and distribution, leading gomodification of their engineering action
and a decrease in plant growth. This has been observed for example in the case of corn
where the proportion of deep roots istrongly decreased in the compacted area
(Whalley, Dumitru et al. 1995) (Figure 4-Fhe macropores created by plant roots and
ecosystem engineers are the most vulndmlbo soil compaction. A loss in macro-
porosity significantly reduces the total soilraBon and water infiltration rate, having
several impacts on soil organisnObstructed water infiltratin results in water run-off
and erosion.

The first direct impact caused by soil comjiat and the consequent reduction of soil
porosity is the reduction of available h#dils for soil organisms. This affects in
particular soil organisms living in surface areas, such as earthworms. Any compaction
damages the earthworm tunnel structure and kills many of them.

Alteration of soil aeration and humidity atus due to soil compaction can seriously
impact the activity of soil organisms. Oxygen limitation can modify microbial activity,
favouring microbes that can withstand anabio conditions. This alters the types and
distribution of all organisms found in the rest of the soil food web. In addition, both
laboratory and field observations have shothat compaction can significantly reduce
the numbers ofmicroarthropodsinvolved in biological regulation, as shown in Table
4-1. The degree of impact varies with both the type of micro-arthropod and soil.
Although micro-arthropod populations mayaaver, this can take several months.
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Figure 4-7: Distribution of maize dry root biomass in the soil profile in spring compaction
experiments (Whalley, Dumitru et al. 1995)

Table 4-1: Effects of laboratory compaction of silt loam grassland soil on Acari (mean of 20
samples) at a soil water content of 22gtper 100 g (Whalley, Dumitru et al. 1995)

An important portion of European soils havigh (28%) to very high (9%) risks of
compaction (Jones, Spoor et al. 2003).nttd and Eastern European soils are
particularly affected by compaction. Soilngpaction areas are continuously increasing

in Europe due to the use of heavier wheel pressure in agriculture. To date, pressures of
up to 13t (which is more than what is alled on some roads) are currently used, and
their impact on wet soils in particular is tremendous, causing compaction of up to
almost one metre deep. European soils and soil organisms are thus increasingly
threatened by soil compaction.

4.2.5. SEALING

Soil sealing is the process through which saiks covered by an impermeable layer,
which impedes exchanges between abovegrd and belowground worlds. Natural soil
surface sealing occurs when fine particlesn a surface crust that may impede water
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infiltration in the deeper soil layers. Thisnd of surface crusts is, for example, an
important structure in semi desert envirorents that generally host active although

fragile microbial communitiesdowever, today, most sealing is of anthropogenic origin,
and linked to urbanisation. In this case,lscare covered by impermeable layers of
asphalt, concrete or other sealing materialSuch artificially sealed soils are not
functional anymore. An additional negativansequence of sealing is that natural
processes, such as water infiltration, bem® concentrated on a much smaller soil

surface and that water will need to run-offrdctly to canals and rivers. As a result,
local soil sealing also has negative effexither places, where disproportional water

discharges have to be processed.

Sealing can lead to a slow death of most soil organisi@sil biota can initially survive
on the moisture and organic matter that was present in the soil before sealing, until
these resources are exhausted. Then, soil &datenter an inactive state and larger
soil fauna may either disperse or, wheealing covers vast areas, die off.

Human-driven sealing often concerns soilattiare rich in nutrients and valuable for

agricultural production, because rich sodse close to urban areas and, therefore,
more readily subject to the pressure ekpanding urban areas. Moreover, sealing
contributes to the elimination of ‘buffezones’. These are the semi-natural zones
between urban and agricultural areas whiconnect natural ecosystems. Thus, soil
sealing and degradation by urbanisatiomay also affect surrounding natural areas
through habitat fragmentation.

The degree of soil sealing is variable throughButope and it is, of course, particularly
high in extremely urban areas such as the Ruhrgebiet (Germany), or in the
Mediterranean region where the pressure of tourism has led to a vast expansion of
urbanised areas along the coast. In the futwgeil sealing is expecteid continue at an
increasing rate all over Europe. Indeed, even in already highly urbanised areas, sealing
is still progressing: between 1990 and 2000Fmance, natural soils sealing due to
urbanisation increased by 4.8% (IFEN 20&%] the sealing rate is still increasing.
However, the most noticeable increasesdealing may occur in Central and Eastern
Europe, due to the economic developmernd in areas which up to now had low
sealing levels, such as Finland or Ireland.

New initiatives in spatial and urban development planning could already limit the levels
of soil sealing through keeping space for semi-natural areas within urban zones and
considering the possibility to have green redb favour the reconstitution of natural
environments.

4.3. LAND-USE MANAGEMENT

The densely populated European landscapare dynamic structures that have
experienced continuous redistributions amdodifications for centuries. Land use is
changing according to the ever-evolvingeds of human populations for critical
ecosystem services such as food, fresh waded housing. Thus forests are grown and
cut for construction materials, paper or fyelrop fields are cultivated with a variable
intensity, depending on population growth and needs, and may be fallowed, or
completely abandoned, for economic or other reasons. For example, in the nineteen-
nineties, when the world market pricedgropped, much arable land was fallowed.
Another example is the abandonment of agricultural land currently taking place for
biodiversity conservation and restoration prams e.g. in case of natural disasters or
with the farmer changing for a more plactive parcel or leaving for a better paid
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4.3.1.

activity. Grasslands are also being turned into crop fields, and several of these fields
are gradually consumed by growing urbsation. In addition to the continuous
changes in the shape and composition of taedscape mosaic (the amount of specific
parcels building the landscape), changes fanaification of land use are also common.
Also, the demand for producing biofuel cropsatves the risk that intensification of
land use will increase, leading to a decreasesoil biodiversity and corresponding
ecosystem functioning.

In the scientific literature, land-use changa® the first most commonly cited cause of
general biodiversity extinction, as they are immediate and often take place at large
scales, thereby not allowing species to adaptfammove away to other areas. As land
use is highly susceptible to changing pebcand as the effects of land use on
biodiversity are so strong, land use changarismportant policy tool for managing and
conserving (soil) biodiversignd the corresponding services.

The changes in land use may affect soihgwnities mainly by changing the quality
and quantity of inputs available to them and by modifying soil micxbiats (Bardgett

and Cook 1998). For example, forest clegreliminates the leaf and woody surface
litter that is home to a wide fungal andviertebrate diversity. In the same manner,
conversion of grasslands to agriculturadldis or tree nurseries involves tillage that
destroys thehabitats of large invertebrates that foexample act as soil engineers
(producing burrows or galless). Soil tillage also destroys mycorrihzal networks and
other fungal hyphae and it brings the soil community in a disturbed state, thereby
eliminating many soil organisms that haveedatively long life span (Helgason, Daniell
et al. 1998).

As human population keeps growing, the demand for soil services and the ensuing
need for changes in the type and intensity of land use are expected to continue at an
ever increasing rate. Eventually, and if m@ation is taken, this could alter the
abundance and diversity of soil fauna and atdcsoil microbes, especially soil fungi,
which reduces the capacity of soils to provide the expected goods and services.

SOIL BIODIVERSITY FOR DIFFERENT LAND USES

Despite the fact that a majority of Europgispulation lives in urban areas, 91% of the
EU territory is composed of rural aredsrests and (semi-)natural areas. The rural
areas consist mainly of a mosaic of cropls, grasslands, and orchards. In the coming
10 years, between 2000 and 2020, there is an etggbincrease in the total forest area

by 5%, and a matching decrease in cragldEEA 2007). Studies have shown that the
responses of soil communities to land-use change are taking much more time than the
initial changes in vegetation (Korthals, iBmer et al. 2001; Hedhd, Regina et al.
2003). It can take years, if not decadesidoe the soil community has become adapted

to the changed environmental conditionhis is partly because the growth and
development of populations is so slow andpiart, because it takes much time for soil
organic matter to build up and, in part, because some soil organisms need to disperse
to the land that is changed in use. Thus, land use can be changed from one day to
another, but it may take years to decades fwil biodiversity tdollow and to establish

new equilibria (van der Wal, van Veen et2006). It will also take years, or more likely
decades, for the ecosystem services to be changed accordingly.

/4 FORESTS
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Natural forests are the most common type otural area in Europe, covering over
35% of the EU territory. Forest soils areadtterised by extensive root systems and
leaf litter layers that provide both habitaind food to soil fauna. Forests also offer a
protective microclimate, mostly characised by reduced temperature extremes,
decreased light availability, reduced wirsgpeed and increased moisture. Two main
types of forest soils can be distinguishedniéerous forest soils, which are more acidic
(mor), and deciduous forest soilghich are non acidic (mull).

Forest soils are usually quite buffereddasometimes very old environments, which
tend to host highly diverse soil communiti@$agvar 1998). Deciduous forest soils have

a good aeration and allow ion exchanges, favouring a high soil biodiversity. They
exhibit high C:N ratios (10:15) (see Box 18) and are characterised by fungal-dominated
food-webs (the ratio of fungal to bacterial biomass ranges from 5:1 to 10:1 in
deciduous forests), fungi-eatingrotists and nematodes and high densities of
microarthropodsandanecicearthworms (Bardgett 2005). However, earthworm forest
communities are not very diverse: only three out of 27 species commonly found in
Europe are clearly associated with the fstrenvironment, and other species may only

be found at low densities (Watt 2004).

Coniferous forest soils in contrast havewer biological activity, since the acidic
conditions restrict microbial activity, and hence theinctional groups above.
Compared to deciduous forest soils, thessils are more heavily fungal-dominated,
with fungal to bacteria biomass ratiosaghing 100:1 or 1000:1 (Ingham, Coleman et
al. 1989). Ecosystem-engineemumunities are dominated bgpigeicearthworms and
enchytraeids (Lavelle et al. 1997).

Box 18: The C:N ratio and the fungal: bacterial ratio

The C:N ratio is the amount of carbon relatito the amount of nitrogen present in
SOM. There is always more carbon than nitrogen in organic matter, and a low ratio
(close to one) means that the amount of carbis close to that of nitrogen, whereas a
high ratio means that there is a considerably higher mass of carbon for each gramme of
nitrogen in organic matter. The C:N ratio of leaves is typically much lower than that of
wood, by at least an order of magnitude (Snowdon 2005).

The C:N ratio determines what happens whmganic matter is incorporated into soils.
Indeed, the C:N ratio is a measure of the quality of SOM, which influences its rate of
decomposition. Decomposition may occutheir through fungal- or through bacterial-
based pathways. Fungi have a higher C:N ratio than most bacteria (de Vries et al. 2006).
Accordingly, fungi tend to prefer food rich in carbon, such as cellulose, whereas
bacteria tend to prefer food rich in nitgen, such as plant leaves. Moreover, fungi
usually have slower turnover rates than bacteAas. a result, high C:N ratios may lead

to fungal-dominated decomposition and lowenitrogen mineralisation than bacterial
decomposition. At any stage of decomposition, nutrient deficiencies may limit
microbial activity and thereby block the release of nutrients and other elements to
plants and other soil organisms. This ascwhen the C:N ratio of the decomposing
resource is high compared to that of the chemical engineers. Indeed, in this case
nitrogen is limiting, and is used by the chemical engineers for their own growth, and
not available to plants (Lavelle and Spain 200hjs explains why agricultural systems
can require nitrogen fertiliser, as well asrmmment of organic matter with a moderate

C:N ratio.

/4 GRASSLANDS
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Grasslands are ground covered by grasstgated vegetation, and little or no tree
cover. Various types of grasslands exisEimrope, ranging from almost desert-like in
south-east Spain, through steppe and mesic types to humid grasslands and meadows
which dominate in the North and North-West. Most European grasslands can be
defined as ‘semi-natural grasslands’, sinceyttare covered with sown and grass leys
aimed at producing forage for livestockhey are modified and maintained through
grazing and/or farmers’ cutig regimes. In 2005, grasslands represented 13% of the EU
territory, most of which were permanent grasslands (87% of European grasslands).
However, these grasslands are not evenly distributed across Europe, with 60% of
permanent grasslands found in only four countries (U.K., France, Spain and Germany).
The intensity and type of agricultural management practices vary according to the land
use. Most European grassland systems, ipatarly in Western Europe, are moderately

to heavily managed (Bardgett and Co&R98), while most cropped systems are
intensively managed. Grassland management varies in particular, with respect to the
nature and quantity of fertiliser inputs (Bardgett and Chan 1999).

Grassland soils present the richest soil biodiversiagnd it is worthwhile to consider
including longer-lasting grasslands in an $ésadyop rotation in oder to restore carbon
levels and soil biodiversity, as well dsease-suppressing services (Garbeva 2004).
Grasslands are characterised by extenso@ systems and generally limited amounts

of leaf litter which favour a high diversity and biomassiefmatodes microarthropods

and earthworms in particular. Given thewolevel of leaf litter, grasslands are
characterised by fungal-dominated food webs with microbial biomass similar to that of
forests, but missing wood-decaying fungi (Tugel 2000). The communities of biological
regulators are very active, and dominated by fungal-feedingoarthropods protists

and nematodes Grasslands generally host the staiverse and abundant earthworm
communities in Europe (Watt 2004),ttvisome communities dominated byndogeic
species and others bynecicspecies (Lavelle and Spain 2001). In temperate grasslands,
most of the biomass can be explained by one family of earthwodtomapricidagwhich

can represent 70-80% of the total soil biags in low tillage systems (Bardgett and
Cook 1998; Ruiz Camacho 2004). When usedpastures, grasslands face soil
compaction and pressa on crop growth.

/4 QROPLANDS

Croplands are managed at moderate to strdngensity, with irrigation, deep tillage
and ploughing, and systematic use of cheminplts, such as fertilisers and pesticides
aimed at enriching the soil, controllingarasitesand diseases, and eliminating crop
competitors. Croplands represent 22% of the EU territhryover 95% being
conventional agricultural land. The key feature of this type of agriculture is the
specialisation of the productioprocess, often resulting in monocultures and choice of
fast-growth and high-yield plants that alldeamost of their biomass to the harvested
parts. In other words, conventional agriaule may push ecosystems in the direction of
performing one single service, food provisioning, at the expense of the other, related
services, such as the maintenance of sailcure, water quality and climate control.
Such intensive agricultural practices conttibtio the homogenisation of the landscape
and are unfavourable to most soil organisnisading to large scale soil biodiversity
changes (Freckman, Duncan et al. 19A§ham and Detling 1984; Bardgett, Frankland
et al. 1993; Bernier and Ponge 1994). It is netessarily so that soil biodiversity of

%3 Eurostat, 2008, Agricultural statistiedlain results — 2006-2007.Website:
epp.eurostat.ec.europa.eu/cache/ITY_OFFRIBED-08-001/EN/KS-ED-08-001-EN.PDF Downloaded the
10th September 2009
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croplands is so much less than of fomample grasslands, but some essential species
groups with special functions can draput. For example, cropland soil contains
relatively few arbuscular mycorrhizal fungi and also few earthworms. The soil
community is adapted to regular disturbance and the food chains are mainly based on
bacteria-based pathways (De Ruiter et al. 1995).

Especially conventionally cropped soils fesu stressed and depleted soil food webs.
When intensively cropped, arable soils a&tearacterised by low organic matter inputs
(leaf litter and stubbles are largely removedhd thus low soil fungal/bacterial ratios,
and depleted bacteria-dominated cheralcengineers communities. Consequently,
biological regulator communities are themselves reduced and dominated by
opportunistic bacterial-feeding fauna. Finally, strong mechanical and chemical
disturbance cause reduction of earthworm andycorrhizal fungi communities.
Earthworms are only present at moderate densities (10 a 20 individuals per m2) and
mostly composed ofEndogeicspecies (Patrick Lavelle, personal communication), as
epigeicsare missing due to a lack of litterykr. Together, these conditions are
indicative of lowresilienceand low sustainability (de s, Hoffland et al. 2006).

Crop systems generally vary with latitude agrdwth seasons are relatively short in the
Mediterranean (where summer drought prevents crop growth, unless irrigation is
used) and northern Europe, where the summarg relatively short. In the temperate
zone, crop systems are often based on raias, for example of cereals, sugar beet,
cereals and potato. Normally, cereals (likeaeat) enable the soil to recover from high-
intensity crops (like sugar beet and potat@yhen prices on the world market drop and
particular crops become economically unprofitable, such as happened with the prices
for cereals in the past 20 years and neealative rotational crop is available, the
rotations will be narrowed, with fewer cr@pthat enable soils to recover. A major
disadvantage is then that levels of speci$oil-borne diseases do not drop anymore
between the successive cultures of the samm@p species. For example, beet cyst
nematode, or potato cyst nematode do need three years of non-crop in order to have
their populations declined. If the rotatiosecome shorter, the nematode populations

do not decline and biocides need to be uded nematode control, which is also very
negative for other soil invertebrates and for ground and surface water quality (Scholte
1985).

Continuous cropping of soils is often apdlim cereal fields. During the first decade,
continuous cropping results in a decline ldrvest, because of emerging soil-borne
diseases. However, after a decade ohtiimuous cropping, disease suppressiveness
may develop, such as against root pathng of wheat (Weller 1995). Some crops, like
maize, can withstand enormous amounts of nutrients, which makes that these crops
have been used in the past for rathercessive fertilization by manure, leading to
phosphate-saturated soils in ndriwestern Europe (Koopmans 2004).

Although each type of land use is characterised by its specific soil biodiversity, the
intensity of management practices may also vary within a certain land use and severely
impact soil biota. Typically, soil biodiversity peaks at intermediate management
intensities (see Box 3). Thus, species mdite and abundance increase from low to
intermediate disturbance (e.g. extensive gstands to organic agriculture), peak at
moderate agricultural disturbance (e.g. orga agriculture) and then decrease with
strong agricultural disturbances (e.g. conventl agriculture)(Frdanan, Duncan et al.
1979; Ingham and Detling 1984; Bardgett, lktand et al. 1993; Bernier and Ponge
1994). Therefore, reducing management intiéysof an intensive cropping practice
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with some degree of organic inputs, contirugoplant cover and limited tillage, typically
leads to an environment in which soil biodiversity is enhanced.

A number of major long-term studies have istigated the impacts of tillage on soil
biodiversity under intensive, reduced and -titage conditions. Tillage consists of
preparing the soil for cultivation by ploughingpping, or turning it with a chisel plough

or heavier duty field cultivators. Tillage caary in intensity, with deep tillage leaving
less than 15% of the crop residue cover on the soil, whereas softer tillage typically
leaves between 15% and 30% of crop residues behind. The most obvious effect of soil
tillage is the negative correlation between the size of organisms and their biomass,
since tillage mechanically disrupts the solil stuuret particularly at the scales of action

of biological regulators and ecosystem aragrs). Earthworms and other large surface
soil-dwelling organisms are often damaged or killed by intensive soil tillage, which
promotes soil compactionral reduced water infiltration(Citeau 2008). This effect
depends of course on the intensity andpdle of tillage, with light tillage leaving a
higher diversity of large earthworms thanroeentional tillage for instance (Ernst and
Emmerling 2009). Fungi can also be phatliadisrupted in tilled soil, as theinycelia

are broken up.

Soil tillage is clearly devastating for somey kggoups of soil organisms, especially for
(arbuscular mycorrhizal) fungi and earthwws. The solution would be no tillage,
however, that also involves a number ofngplications, such as reduced potential for
weed control, which is especially atte neck in organic farming (Berner 2008).
Moreover, the effects of soil tillage on earthworms differ between earthworm species
(Ernst and Emmerling 2009), which is probably due to altered distribution of soil
organic matter across the soil profile (E&trand Emmerling 2009) and altered soill
habitat quality (Metzke, Potibff et al. 2007). Soil tillagdefinitely has considerable
potential, but it clearly needs more longrte and comparative experimentation before

it can be practically recommended asnzeans of conserving soil biodiversity and
enhancing ecosystem saces (Peigne 2009).

However, one of the problems of non-tdja is that crop left-overs may promote
disease transmission from one to another year. Another potential disadvantage is that
weeds are less controllable, and in the caseaaft- or tuber crops, non-tillage is much
more difficult. Still, non-tillage would promotihat population levels of beneficial soll
organisms remain high and that soil waterldiog capacity may improve. Therefore,
this avenue, or other novel techniques redugithe negative impacts of soil tillage on
soil biodiversity, might need to beriher explored (Waid 1999; Brussaard 2007).

Mechanical tillage also disrupts soil strut, rendering previously protected organic

matter available to microbial dmmposition, and previouslynaccessible prey available

to predation (Van Veen and Kuikman 1990).aAsonsequence, soil tillage results in
increased mineralisation and cycling of angamatter (Ogle, Breidt et al. 2002) and

intensive soil tillage enhances erosion ocopds, especially when soils are not ploughed
parallel to elevation along the elevatidines in order to prevent runoff.

Organic farming practices can be considetedprovide a lower level of stress and
higher organic inputs for food webs than conventional agriculture. This increases the
potential niches for soil fauna, however,ntay not necessarily lead to improved soll
biodiversity. Organic farming may change the relative abundance among groups of soil
organisms and promote only some specifiggdasuch as earthworms, more specifically
(Birkhofer, Bezemer et al. 2008).

European Commission - DG ENV
Soil biodiversity: functions, thegs and tools for policy makers

February 2010




Indeed, in a meta-analysis, no impact of organic management practices was found on
soil organisms, although for mo&tnctional groupsorganic management resulted in
increased abundances (Bengtsson, Ahnstetnal. 2005). Overall though, there is a
tendency for long-term soil management inganic agriculture to promote better soil
structure (aggregates stability and orgamiatter supply), nutrition (organic matter
supply) and foster pest control compared ¢onventional agriculture (Birkhofer, Wise

et al. 2008).

Another major issue in cropland management concerns the use of mineral versus
organic manure as a main source for nutrient supply. Organic, sustainable farming
practices are increasingly favoured in Europe, although cereal crop yields under organic
management are typically 60 to 80% tfose under conventional management
(Mader, Fliebbach et al. 2002; David 200%he switch from low to intensive
management typically reduces the diversity, although not necessarily the density of sall
fauna, as some faunal species, for example bacterial feeding and root-feeding
nematodes often become increasinglpumdant (Bardgett and Cook 1998; Bloem,
Schouten et al. 2003).

Extensive trials at the Frick site in Switaed showed that organically manured arable
land produced slightly less yield, but that other ecosystem characteristics were much
more favourable (Mader, Fliebbach et. 2002). Organic nmare promotes soil
microbial biomass, but slows down microlbéetivity. Farmyard manure also promotes
the abundance of biological regulators (for example bacterivorous nematodes) and
ecosystem engineers (earthworms) in the soil and generalist predators above ground
(Birkhofer et al. 2008). In a further examiimat of the Frick experiment, conventional
crop production using mineral fertilizer gave 23 % more straw and wheat production
(Birkhofer et al. 2008), but the environmeiteosts of using biocides and herbicides
may reduce this profit when analyzing albeomic costs and benefits. Clearly, what is
currently lacking are studies that coneidthe various aspects of organic and
conventional agriculture in comparison @ much more integrated way (Bengtsson
2005).

Concerns are being raised about thendgeterm environmental consequences and
sustainability of intensively managed systemss now clear that the intensification of
agriculture can have negative consequenedslocal scales (e.g. increased erosion,
lower soail fertility), regional scales (e.qg.lltion of groundwater) and global scales
(e.g. reduced climate regulation). Moreoveultivation systems have long-term effects
on microbialcommunity structures (Buckley and I8uidt 2001), and soil communities
in general, such that several decades a@ieandonment, agricultural fields still show
modified or depleted soil activitywan der Wal, van Veen et al. 2006).

/4 URBAN LANDS

Europe is highly urbanised, with over 7586 its population living in cities and a
projected 80% by 2020 (EEA 2006; EEA 2007). Over a quarter of Europe’s territory is
already urban, but cities are expanding f&asthan populations, in what is known as
‘urban sprawl’. Urban areas consist of highly modifiedbitats with over 80% of most
central urban areas covered by pavement and buildings. As a result, urban soils are
subject to sealing and compaction, andcdaenvironmental stresses such as air
pollution, heavy metals pollution, and incieed temperatures in the urban cores (2—

3°C warmer)(McDonnell, Pickett et al. 199ansen, Knight et al. 2002). The buildings
and other paved areas modify the chemical and physical equilibrium of soils, as well as
their connectivity to other types of ecosystenfsee section 4. 2. 5). However, in the
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remaining space, urban systems can involvaurg in the form of tree lanes, lawns,
cultivated areas and parks, or even natu@mnnants such as urban forests, wetlands,
lakes and streams. But even these godtches face intensive management and
disturbance, involving intensive use of chemicals and little to no litter.

Figure 4-8: Trade-offs between agriculture and other ecosystem services under different

management intensitied’

Sealed urban areas have a severely depleted biodiversity, given that soil sealing
stops exchanges between soil fauna and all external inputs. The chemical engineers
might go indormancyunder sealed soils, when they do not simply die off. Non-sealed
urban soils are bacteria-dominated given the high chemical inputs used for pest
control. Biological regulators are dominated hyicroarthropods Earthworms are
mostly absent, and present only in urban parks or forests.

The table below summarise the distribution of functional groups in different land-use
types.

3 Figure from: Ben ten Brink, The Cost of Poliegtion: The case of not meeting the 2010 biodiversity
target, European Commission, DG Environment, 2007
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Table 4-2: Distribution of functional groups by land-use types

Soil biodiversity Forest Grassland Cropland Urban land
(Dominance/diversity)
Total ++ ++ + -
Chemical engineerg Fungi dominated |Fungi dominated |Bacteria dominatedBacteria dominated
Fungi: 10-100 m |Bacteria: 18-10°
Bacteria: 1810° | g/soil
g/soll
Biological Fungal-feeding Protistsand Opportunistic Negligible
regulators protists and nematodes bacterial- feeding
nematodes dominated fauna
(100-1000 g/soil) | Protists 1000/g Protists 1000/g
Micro-arthropods |Nematodes 10- Nematodes 10-
(10°/m?) 100/g 20/g
Microarthropods |Microarthropods
5000-20000/m? < 100/m2
Ecosystem Earthworm and Earthworm Epigeicand Negligible
engineers ant-dominated dominated endogeic
Anecicearthworms | EndogeitAnecic | earthworms
(100/m?) earthworms (50-300/m2)
4, 3. 2. IMPACT OF LANDSE CHANGE ON SOIL BIODIVERSITY

Each square metre of used land may famme, to many changes. These changes
usually involve an initial disturbance phadmefore a new ecosystem equilibrium is
established. In the course of this proceis quantity and quality of available organic
and mineral inputs are modified, leading to a redistribution of soil communities.
Consequently, large biodiversity changemy occur locally, as species escape to
neighbouring resource-rich plots or go extinct if they cannot escape. Accordingly,
native soil communities may experienceduetions in their diversity and abundance,
while in contrast non-native, sometimes ini&s species may find suitable conditions
and resources, and progressively replace native species. In the new ecosystem,
biodiversity may be more, equally or less abundant than in the previous one,
depending on numerous and complex parameters, e.g. ecosystem characteristics, the
intensity of the disturbance and the pool of species present in the landscape.

Some land-use changes may reflect natural disturbances, that can induce shifts from
old mature systems to newly created systs, where species often assemble at
random and productivity is relatively lireid (Bardgett, Bowman et al. 2005). Others
may be human induced instead, and inwlmodifications in plant cover and/or
management regime, such as switches frdamests to agriculture, with a sudden
disappearance of leaf-litter and of the microclimate created by trees, or conversion of
grasslands to arable land, with major losses in carbon and soil biodiversity.

%4 QHARACTERISTICS OF L-48B CHANGESHENROPE

Europe has experienced relatively fast alrdstic changes in landscapes throughout its
history. For instance, in the $0century alone, European landscapes have changed
drastically, as rapid industrialisation hagl o escalating urbanisation, while growing
populations have been pushing for increased agricultural productivity. These changes
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can occur over very short timescalest fostance, the Corine Land-cover databise
shows significant changes in land us&urope between 1990 and 2000, where at least
2.8% of the European land was subjected to a change in use.

As a result of fast land-use changes, current communities are often composed of
generalist species that have been alile adapt to changes well, whereas more
specialised species that were unable to adapt to changes may have become extinct or
have been maintained only in few, isolatedabitais For instance, European
earthworm communities are surprisingly hogeneous from Finland to Portugal, with

25 species making up a large part of all communities across the different types of land
uses, although the structure of the commities varies locally (Watt 2004). Whereas
homogenisation processes may not alwayssbedrastic, they are likely to be common

for small organisms with low dispersal ability, such as soil organisms. The
homogenisation of biological communities landscape scales reduces the insurance
potential and thus theesilienceof communities to future changes.

Moreover, the original pool of speciesofn which soil communities originate is not
very old. Indeed, historically, the most drastic land-use changes that affected Europe
were the ice ages. In those times, the ggas destroyed the soil, killing most of the
earthworms in Northern Europe for instancjch that re-colonis@&n could only start

after the retreat of the glaciers, ca -10000 BC.

Nevertheless, some of the largest changegsemi-)natural systems are also due to
natural succession processes. Ecologsatcessions have been particularly well
studied in forests, where natural or humamduced disturbances (such as storm, fire,
or logging) recurrently cause forest clearingbese clearings are then re-colonised by
a suite of species in a series of successteps. First, pioneering fast-growing species
with good colonisation capacity occupy the site. Slowly however, these species are
replaced by better competitors, and aaganisation phase starts during which the
composition of communities is highly vable, and depends essentially on the
resources available (such as light, nutrients) the species present inside the patch, as
well as on the inputs from outside the patcin their mature phase, communities are
usually dominated by a few species of thedlly superior competitors. This phase is
usually followed by a senescence phase,emhorganisation is progressively lost,
probably as a result of reduced nutrient availability. In the next cycle, the same
community, or a very different one, may estalilisdepending on equilibrium attained
after the initial reorganisation phase (Béer and Ponge 1994). These four phases have
been generalised to all natural as wels economic or ingutional processes
(Gunderson, Holling et al. 1997). As commaesitchange naturally, so do, depending
on abiotic factor, soil nutrients, pH, andgamic matter accumulation in litter, and
therefore soil biota. For inahce, during the early stages of succession, litter is usually
essentially composed of leaf tissue, wher@ashe later stages it is mostly composed
of wood, which takes longer to decgose (by a factor of 10 to 100).

Y4 IMPACT OF THE MAIN LANBE CHANGES ON SOIL BIERSVTY AND RELATED SERVICES

When forests are converted to grasslandsagglands to crop lands, or agricultural
lands turned into urban areas, a sharp switch from one type of oilmunity to
another occurs. The switch is even greatehen forests are converted directly to
agricultural lands or urban areas. During the transition phase, a general decline in soil
biodiversity is observed (Decaens, Jimeerezal. 2004)(see also table at the end of
section 4. 3. 1, Table 4-3 and Table 4-3).

3'5www.terrestrial.eionet.europa.eLELCZOOGI last retrieval 16/09/2009
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Forest WGrassland

This is a switch within a fungi-domieat system, but increased disturbance in
grasslands results in lower soil microbial watyi in grasslands than in forests. The
reduction in the activity of chemical emgiers is also reinforced since the reduced
activity of anecicearthworms in grasslands hieds their movements (Edwards 2002;
Decaens, Jimenez et al. 2006). However, communities of biological regulators and
ecosystem engineers tend to be more disein grasslands than in forests.

The switch from forests to gsslands thus results in a reduction of nutrient cycling and

of the regulation of carbon flux andlimate control services. However, while
reductions in carbon storage have been freqtig observed in microcosm studies, this
process is highly variable in field conditicensd also may depend on land use and the
level of nitrogen deposition (Setala H, Haimi J et al. 1988; Setala, Haimi et al. 1988;
Setéala 1990; Setala, Martikainen et al. 1990; Setala and Huhta 1991; Lavelle and Spain
2001). Severe reductions in organic matter daposition have only been reported so

far in tropical soils where processes are mtiaster and biological impacts much more
important than in temperate soils (Rosnd Woods 1980; Chauvel, Grimaldi et al.
1999). Although not explicitly tested, therare some suggestions that fungal-
dominated grassland soils retain more nutrign the microbial biomass under stress
(e.g. dry-wet) and that more nutrients are held in the microbial biomass in general,
which might be important for nuitent retention (Gordon 2008).

GrasslandWCropland

This is essentially a switch from low tmoderate or high management intensity
(intensification, see introduction). As such, microbial biomass can be approximately
40% greater in native grasslands and pes$ than in cropped fields (Dominy and
Haynes 2002), at all depths from 0 to 40,amith a higher diversity and abundance of
bacteria (Garbeva et al. 2002). The moresglands are managed, the more their soil
communities bear resemblance to thosewbpped sites (Steenworth 2002). However,
the conversion of grassland into agiicwal land can suddenly render available the
previously protected organic matter and pake local bursts of microbial activity and
significant losses in soil C (Van Vemrd Kuikman 1990). Impoverished microbial
communities result in reduced communities of biological regulators in cropped fields,
in particular with fewer nematode specdgHodda and Wanless 1994). Cropped fields
are usually dominated by bacteria-feedingmatodes at the expense of plant-feeding
ones (Yeates 1999). Frequent disturbance due to machinery use and low food
availability are known to cause reductions in the abundance of springtails (Heisler and
Kaiser 1995) and earthworms (Didden 2001 )}th® point that some cropped fields may
have no earthworm populations at all. Earthworm communities in agricultural fields
are probably a subset of grassland commusitias similar species are found, just at
lower abundances (Boag, Palmer et al. 1997; Didden 2001).

Loss of organic matter and biologically simplified food webs in agricultural areas
compared to grasslands can result in tregluction of the provision of services. The
disruption of chemical engineers and earthworm communities hinders nutrient cycling,
carbon regulation and thus climate control. Impoverished communitieshofualist

and non-pest microbes and biological regulators also reduce plant protection and
growth, impacting soil fertility. In agricultural cultures, this is often remediated through
artificial means (e.g. fertilisers, pestiek). The change in chemical engineers
communities may also alter the self-regulatiof ecosystems so that toxicities may
develop in soils or in water tables and effluents (Altieri 1999). As a matter of fact, given

European Commission - DG E

February 2010 Soil biodiversity: functions, thets and tools for policy make




the relatively low efficiency of crops to alybonutrient inputs (50 to 80% in the best of
cases for mineral N, for example), large amts of nutrients brought as fertilisers in

cropped fields leak to water tables, suréaeffluents and to the seas, resulting in
eutrophication. Finally, mechanical practiasd machinery increase soil compaction in
agricultural fields, thus impairing saihixing and aggregation and impairing water
transfer, as explained in the section on soil tillage.

Grassland/CroplandwUrban land

In this switch, the abundance and diversity of all native soil species reduces
dramatically, and more so with increasing urbanisation, mostly as a result of the
prevalence of soil sealing. In contraspme exotic soil species or some urban
exploiters (species able to adapt to the human environment) may flourish (Germaine,
Rosenstock et al. 1998; Hansen, Knightlet2002). Sewage sludge can also severely
deplete soil invertebrate communities and soil trophic structure (Andres and Domene
2005), mainly reducingarasiticand predatory mites and predatory and omnivorous
nematodes (Pavao-Zuckerman and Coleman 200/hether this is due to altered
nutrient availability, or to adverse emehmental conditions is not well known.
However, urban forests can represent havensoi biotic activity inside urban areas.
For instance, although they have little gamic residues and litter, and are heavily
impacted by humans (resulting e.g. in soil sealing and compaction), urban forests
favour earthworms which are able to dipwn to deep soil organic matter stores
(Kostel-Hughes 1995) (PouyitcDonnell et al. 1995).

The overall decline in all components ofildamiodiversity, from already impoverished
soil communities, results in the loss of almaditservices provided by soil biodiversity.
Litter decomposition is made almost redundant, given the reduced litter quantity and
man-made management practices involvingy.esoil sealing or litter cleaning. As a
result, carbon storage and climate contreervices are impaired. Moreover, the
reduction in natural water regulation iseften not fully compensated for by urban
management towards surface water regulation and streaming.

Table 4-3: Impact of land-use change on the diversity of the three functional groups

;Jonucgonal Forest WGrassland | GrasslandWCropland| Cropland WUrban land
Chemical \ \ \
engineers \ fungi, Z bacteria |(but some localz)
Biological =/Z \ \
regulators Z nematodes Plant-feeding ->

\ microarthropods |bacteria-feeding

nematodes

Ecosystem 4 \'/0 \
engineers anecic->endogeic | \ anecicearthworms

earthworms
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Table 4-4: Impact of land-use change oretkervices provided by soil biodiversity

Forest W | Grassland | Cropland W

Grassland WCropland| Urban land RIS SOl LTSS

Ecosystem service

Soil fertility and =/\ \ \ Reduced decomposition of
nutrient cycling soil organic matter

Reduced biological control
Regulation of carbon | \ \ \ Reduced decomposition and
flux and climate mixing of soil organic matter
control
Regulation of the i \ \ Reduced burrowing activity
water cycle
Decontamination and |- \ \ Impaired self-regulation of
bioremediation ecosystems
Pest control - \ \ Reduced biological control

Human health effects

Box 19: Switching fronfiorest to plantations

Natural forests may be converted into tree ptations, for production of trees. In this
process, forests are partly or completelyt @nd tree seeds are planted and cultivated

in order to give young trees, later plantad cities and gardens. Therefore, the
ecosystem changes from a natural and biodiverse ecosystem to a managed, often
mono-culture ecosystem. Many forest spexieave specific habitat requirements, and
may have their populations drastically redudadccase of simplification of their habitat.
The impacts are typically related to a reductimonlitter or to the loss of old and dead
trees.Forest management practices typicatlyolve the reduction and change of the
diversity and quantity of litter inputs. Forgtance, rotten logs are usually removed. As

a result, allfunctional groupsare affected by a reduction of their food and habitat
resources in the switch to monoculture. A sehitfrom forest to plantation in Malaysia
resulted in the simplification cformmunity structure in severalaxonomicgroups, and

to an increased biomass ehdogeicearthworms and of two other soil engineers. In
contrast, communities of other soil engineers (termites, ants, beetle larvae) were
depressed by the vegetation change (Hamoto 2005). However, many species can
use food sources in plantations if colonisation is made possible from nearby native
vegetation (Lindenmayer 2004). Tree plantatoare also characterised by a suite of
management cycles, involving the remowafl aged and dead trees. As a result,
plantations follow succession-like dynamicsthwduccessional phases of instability and
equilibrium, and soil communities present teomal patterns similar to those observed

in natural successional patterns. The imfgdepend on the species. For instance,
observations in German and French forestevgéd that the diversity of microflora and
Collembola dropped steadily after tree hasting, and then increased continuously
during the growing phase. In contrast, the richness of larger chemical engineers
remained stable in the first phases, andcdeased afterwards (Chauvat, Zaitsev et al.
2003; Hedde, Aubert et al. 2007). Howevegme successional stages are often
inhibited in tree plantations (e.g. senescence and/or decay of dead trunks). This may
preclude the occurrence of somessential soil functions, such asoturbation by
earthworms (Bernier and Ponge 1994). Thia e&tually impact the fertility service,
since earthworms typically use part ofettitter accumulated during the mature phase,
resulting in a massive release of nutrierisd in the macro-aggregation of soil from
the upper 10 cm, thereby creating suitable conditions for rapid growth of seedlings.
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4.3.3.

SCALE OF IMPACT

Y4 SPATIAL SCALEHE IMPORTANCE OF LANDSCAPE SCALE

The impacts of land-use change on sotdbiersity may not be the same at the
landscape scale as at the plot scale. At the plot scale, land-use changes impact soil food
webs and biotic interactions, and thus the dynamic equilibrium within a soil
community. At the landscape scale, dispersahis key factor determining the amount

and type of transfers of soil biotas among different communities. As part of this
process, non-native species may colonisgw ecosystems and potentially become
invasive. But as a result of this re-arrangement of communities at the landscape scale,
it is possible that soil services can stillgrevided over the whole landscape, although
they are impaired in certain plots. Mever, this requires that the landscape
composition and structure offers conditions for thesilienceof soil communities.

To date, most scientific literature has faad on the impacts of land-use changes at
the plot scale and on local soil foodebs, often not taking into account the
surrounding landscape. Solutions as regards the maintenance of biodiversity and
ecosystem services are probably to be fowtdandscape level, by creating refuges for
living organisms or focusing on stocks eéds in soil. For example, grassy margins
around cultivated fields, and riverine forastan help soil biota recover and recondition
adjacent soils (Hansen, Knight et al. 20B&yem, Schouten et al. 2003), mainly larger
invertebrates. Also, biodiversity at thkandscape level provides sources of living
organisms, which are crucial to increase theilienceof ecosystems, by allowing re-
colonisation of degraded ecosystems, e.g. after a fire.

The landscape dimension is starting to be increasingly studied, in particular through the
development of monitoring systems. For example, the BIOASSESS (BlOdiversity
ASSESSment tools) projecttioé European Union (Watt 2004) focused on the impacts

of land-use intensification for soil bioarsity at the landscape scale.

Y4 TEMPORAL SCAL$OIL BIODIVERSITY RESTORATION

The effects of land-use changes are cumulative, as each land-use change comes with
further modifications and potential damage®e soil diversity, e.g. for grasslands
changed into cultivated fields and then into an urban area, the native soil fauna of the
grasslands will be subject to tworgecutive and cumulative impacts.

The effects of land-use change may also only occur after a certain time lag. As an
example, some consequences of urbanisation processes may present thresholds in
their biological response and only be noticeable several decades following the start of
urban development while others (e.g. sealing) will be immediately noticed (Hansen,
Knight et al. 2002), depending also on thal organisms considered. Soil organisms
that depend on living plant roots will be gométhin days to months following sealing,
whereas mineralizing microbes may survive years until all suitable organic matter

has become mineralized. However, very ditts known about what actually happens
under such sealed conditions.

The time a disturbance takes to damage a soil is often much less than the time it takes
to restore that ecosystem. Lowering the inwty of land use practices enhances soll
biodiversity, but this process takes seveyahrs to take effect (Korthals et al. 2001).
For instance, impacts of agricultural pracscare often still felt on grasslands 25 years
after their restoration. Moreover, not all gups reach their equilibrium number at the
same pace. For instance, following a switch fragnicultural to grassland, it take years,
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sometimes more than 25 years for fungal to bacterial biomass ratios to recover to pre-
disturbance levels (van der Wal, vafeen et al. 2006; Smith 2008). Some fungal-
feeders did not come back at time scal®s which study sites are available (Siepel
1996), and others did not reach their natutal’el again, like diverse predatory mites
and nematodes (Holtkamp, Kardol et al. 2008). Similarly, for earthworms, although
their total biomass significantly increased in the first couple of years, after seven years,
epigeic earthworm communities were still gdeted in favour of dominanendogeic
earthworms (Citeau 2008). Therefore, restoratmirsoil biodiversity is not an easy task
and when the soil chemistry and structure has been altered too far, the soil community
rather develops towards a new state than to the original conditions. Very few studies
(if any) have systematically analyzednsequences for ecosystem services and for
economy of such barriers in soil transition.

4. 3. 4. FRJUTURE TRENDS

By 2035, it is predicted that rural areasll not be the dominant land-use type in
Europe anymore, and grasslands are etpd to decrease to around 10%, being
replaced by surplus land. During the meti2000-2020, arable land is expected to
decrease by 5% and grasslands and permaneps by 1% each (EEA 2007), although
these figures can become outdate very easily, due to sudden changes in land demand
for, for example, biofuel production. Thdand use in rural areas may be changing
faster than soil biodiversity can follow.

But while projections suggest that the agricultural surface will decrease slightly by
2035, organic agriculture surfaces are expectedontinue increasig, as the rate of
conversion from conventional to organic agriculture varies from 0.1% in Malta to 11.9%
in Austrid®. Indeed, the trend towards organic agriculture is growing, with organic
agriculture surfaces moving from 1.8% to 4.1% of cultivated surfaces between 1998
and 2005 in the EU-25, and reachi&® in some European countriésThus organic
agriculture in Europe is already twice asahuextended than it is in the rest of the
world and effects on soil biodiversity, ecosystem processes and services have been
outlined in the sectioron arable land above.

Total forest area has consistiy increased over the recent decades and is expected to
continue increasing, to grow by around $tween 2000 and 2020. This will be due to

a mixture of afforestation and natural prosses, and likely to occur mostly on former
agricultural land (EEA 2007), as well anglthe tree margins imountain and boreal
areas. Moreover, an increase of approximately 1% for urban areas is expected until
2020 (EEA 2007), although large differencastdetween Member States and regions
within Europe. Given the poor soil biodiversity of urban soils, this would result in
drastic reductions of the whole soil bi@ss and soil biodiversity. However, large
differences exist across Member States and regions, with the proportion of the surface
sealed ranging from 0.3% to 10%.

4.4, CLIMATE CHANGE

Global climate change can have importantpacts on all the soil biodiversity and
related services. These impacts can be dioedhdirect effects linked to the alteration

38 Eurostat, 2007
37 www.organic.aber.ac.uk/statisticsilex.shtml; last retrieval 15/09/09
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4.4.1.

of the climatic parameters (e.g. tempetae, humidity). Here some examples are
provided for each of the services discussed earlier.

IMPACTS ON CARBON STORAGE AND CLIMATE CONTROL

As previously discussed in section 3.3, an irgyd fraction of carbon is stocked in soil
which has important implications for climategulation. This relationship is actually
bidirectional equilibrium, such that climatchange can also affect the soil carbon
storage capacity.

Since soil is the largest store of carbongoof the major issues related to climate
change is that it will alter the activity of soil organisms leading to increased breakdown
and loss of C to atmosphere, with positieedback to climate change (Jenkinson
1991). In particular, climate eimge-driven modifications on:

x Temperature — freeze/thaw cycles
x Precipitation rate — wet/dry cycles
X CQ concentration

Climate change alters the soil carbon sige and climate control service directly,
through a modification of:

X soil organic matter (SOM) decomposition
And indirectly through an alteration of:

x litter quality and quantity
X erosion
x  photosynthesis

For example, a long term increase in temperature, such as observed under climate
change has been shown to influence micrébspiration in laboratory experiments.
The respiration of soil microbes is an important factor modulating the overall organic
matter decomposition and thus the carbonosage service. The more respiration is
efficient, the more organic matter is decposed with in parallel, a release of £O
However, this direct relationship amg soil organic matter decomposition and
atmospheric temperature is still a subjeof debate, and contradictory results are
produced in laboratory and open field expaents. In contrast to laboratory studies,
long-term field experiments on forest soils have shown that the organic matter
decomposition is constant at different latitudes having different temperatures.
Similarly, in grass prairies field experimgntn artificial warming of 2°C has been
observed to provoke a microbial acclimatisat thus basically an adaptation to the
new conditions rather than an altered respiration rate. These two studies have
weakened the idea that a positive feaalck between increasing temperature and,CO
release could exist due to microbial adiv{Giardina and Ryan 2000; Luo 2001). Thus,
depending on the model, the quantity of released carbon under modified climatic
conditions can be differently evaluated (SctiB08). In any case, the optimal climatic
conditions for enzymatic activity of chemical engineers always vary locally, depending
on the specific species asselape in the considered geographical area (Desanto, Berg
et al. 1993). Thus, global optimal conditidios the delivery of this service cannot be
defined.

In addition to temperature, the soil moisture and the frequency of wet/dry and
freeze/thaw cycles can modify the soiggregation and have potential important
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impacts on the availability of organic mattand, as a consequence, on the microbial
communitystructure and activity (Figure 4-9).

Figure 4-9: Simplified representation of the pential influence of climate change on climate
control/carbon storage service

However, current understanding of the restivity of the decomposition rate to
humidity is limited. A number of studies have shown a range of possible effects of the
precipitation rate on the carbon cycle, twia special focus on wet/dry cycles. In
general, the effects of the alternation of dry and wet conditions on this service depend
on the local hydrological conditions. Thus, for example, depending on the water status
of soil, the soil respiration rate can either be enhanced or repressed in European shrub
lands during drought: in water limited ecosgms microbial respiration is repressed,
while it is increased in ecosystems havingigh relative humidity (Sowerby, Emmett et

al. 2008). Heavy precipitation and drought eteenan also mobilise organic matter that
was previously unavailable and stabilistaiough freezing, thawing or water logging
events. This, in general, decreases soil egation and thus modifies the activity of
microorganisms in the soil.

Future climate change may also affect laardl ocean efficiency to absorb atmospheric
CQ, thus leading to a final positive feedbagffect (Figure 4-10). As a consequence, an
increased concentration of G@an be considered both as a cause and an effect of
climate change.
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Figure 4-10: Positive feedlo of climate change on GGtored in land and ocean reservoirs

A number of experiments have demonstrated that an increase in atmosphesc CO
which may be one of the effects of climate change, can significantly change soil
environment mainly by modifying the distribution of above and belowground
nutrients. For example, an increase of atmospherig€@0ld lead to an increased plant
growth, since C@is the molecular building block for photosynthesis. This may lead to
an increase in litter production rate andnaodification in litter chemical composition,
which may in turn lead to a change irs itligestibility. Such modifications will then
influence the nature of organic matter available for soil microorganisms (Figure
4-11)(Zak, Pregitzer et al. 2000). As a cqusace, a modified litter production may
modify the overall carbon supply and the nitrogen flow between plants and
microorganisms (Berntson and Bazzaz 1997). In addition, elevataeh&@/QOead to an
increased root growth which will have a sijgant impact on soil structure and major
consequences for soil biota.

Figure 4-11: C&@induced alteration of resource availabiyi for soil microbes. In this conceptual
model, atmospheric C&enrichment indirectly affects soil ngrobial biomass, conmunity structure

and activities by altering carbamutrient and water availability
(Hu, Firestone et al. 1999)
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4.4. 2.

IMPACTS ON NUTRIENT CYCLING AND FERTILITY

Climate change may not only affect the carlmycle, but also the nitrogen cycle. It has
been shown in a natural forest soil, thatilsearming increases the nitrogen availability
for plants through an increase in net nitrag mineralisation (Melillo, Steudler et al.
2002)(Figure 4-12).

Figure 4-12: Average yearly net nitrogen mineralisation rates measured in the heated and
disturbance control plots at the Harvard Forestisavarming experiment (Melillo, Steudler et al.

2002)

The observed effect on nitrogen mineralisatiégs probably due to an effect of soil
warming on microbial activity. The impacts of temperature on microbes regulating the
nitrogen cycle within soil depend on d¢hconsidered ecosystem and the analysed
species. For example, a study (HorzrbBaok et al. 2004) shows that a reduced
microbial activity in grasslands may b&pected under climate change. Indeed, the
authors show that an increase of atmospheric,@® 700 pm) and a high precipitation
rate (50% of relative humidity) affects the Ammonia Oxidising Bacteria (AOB)
community and structure negatively (Figure 4-13). The association of an elevated
ambient temperature and high precipitation rate have been observed to have similar
effects. In conclusion, these observations sugjgkat climatic factors susceptible to be
altered by climate change, such as,€@ncentration, temperaire and precipitation
rates can significantly alter soil chemical engineers growth and activity and that such
modifications can have implications for nenit cycling and fertility services. However,
specific studies on individual soils hostidifferent soil bacterial communities should

be performed, in order to anticipate the nature of impacts on this service at the local
level.
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Figure 4-13: The effect of G@nd precipitation levels on AB population (Horz et al. 2004)
4.4.3. IMPACTS ON WATER CONTROL

Climate change can have profound impacts on:

x Soil properties and structure As shown in (a) in Figure 4-13, changes in
temperature and precipitation rates mayave important implications for soll
properties (e.g. pH, porosity)

x Soil organismsas discussed in section 2. 2. 1 and as shown in (b) in Figure
4-13, the ecology of all threeinctional groupsof soil organisms is sensitive to
climatic parameters

In turn, as shown in (c) in Figure 4-13 ,a bidirectional relationship exists between soil
properties, soil structure and soil organisms (Young, Blanchart et al. 1998).

In particular, regarding the impacts ofimmate change on the biodiversity of soil
organisms, any modification of the ecolog@f ecosystem engineers, which through
their biogenic structure and their ‘engineering’ action are crucial in ensuring the
infiltration of water underground, could alter the water control service. But the
guantity and the quality of water stored in sdlnot only a function of infiltration, but
also of several other processes including nlagie, capillary rise, evapo-transpiration,
etc. All of these processes are at leasttlyadependent on plants diversity. The
aboveground/belowground relationships are thatso crucial in the provision of this
service and likely to be altered by climate change, given that both plants and soil
organisms are sensitive to climatic parameters (d in Figure 4-13). Thus, even if they
have not been quantified yet, some important impacts of climate change on this
service could be expected.

4.4.4. [IMPACTS ON PEST CONTROL

As argued in section 3. , more diverse smiinmunities ensure better pest control.
Climatic factors susceptible to be altered by global climate change, can affect soil
organisms differentially, favouring some groups while being deleterious to others.
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Favoured species can sommts become pests. The impacts of climate change on
pests can be:

x Direct: climate change can provoke massiwgrations, range expansion, and
geographical or seasonal shifts in species ranges that alter the distribution of
several deleterious pest species.

x Indirect: climate change can alter the biotic interactions of pest species within
the ecosystem

In the case of insects, for example, matudies have concluded that insect pests
generally become more abundant as teemptures increase, through a number of
inter-related processes, including range expansions and phenological changes, as well
as increased rates of population development, growth, migration and overwintering
(Cannon 1998).

Biological interactions may also be disruptiedthe soil as a result of climate change,
releasing some pest species from their bia@ntrol and enabling them to spread. This
can lead to pest outbreaks of e.g. bacteria, fungimatodesor insects species.
However, sometimes the synchrony between @ppest and their biotic control will be
kept in climate change scenario, if the thrae sensitive to climate in similar ways, or
able to adapt accordingly. An increasetbé average temperature of 2°C in UK, for
example, will result in an advance tfe growing season of 2-3 weeks (Rowntree
1991). As a consequence, some pest spesiesh as the spittlebug, will respond by
anticipating their life cycles of 2—3 weeks, leading to no main changes to the spittlebug
invasion frequency (Whittaker 1996).

Thus, climate change can have important impacts on pest control mediated by soil
biodiversity (Garrett 2006), but these effe@re very context dependent. Therefore, in
order to foresee possible impacts and tageecautionary measures, a case by case
approach (associating geographical condition, pest species and plant species) should be
considered.

4.4.5. QURRENT AND FUTURE TRENDS

Today, global warming is a well known faeitth an overall increase of both air and
ocean temperatures, and evidence of a significant melting of snow and a rise in
average sea level. Several scientific stadibow that almost all natural systems are
being affected by this process, including sails.

On the basis of several scenarios exploring alternative development pathways, and
covering a wide range of demographic,oeomic and technological driving forces,
future GHG emissions trends can be estimated. A range of scenarios all concur to
predict a warming of 0.2 °C per year for the next two decades, along with a
modification in the rate anéhtensity of precipitations.

Such modifications of climatic factors could strongly impact fsoittional groupsof
organisms either directly, through an effect on their ecology, or indirectly, through
increased floods, droughts, wildfires, im$e distributions and land-use changes, and
fragmentation of natural systems. An incredsesoil erosion rate is also expected.

In conclusion, climate change is likely ltave significant impacts on soils that may
affect all of the services provided by soibdiversity, indeed the quantification of these
impacts is not possible at the moment (8sH008). In any case, all mitigation and
attenuation measures taken to limit global climate change are expected to have a
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4.5.

4.5.

4.5.2.

beneficial impact on soil biodiversity ggervation, soil functioning and associated
services.

CHEMICAL POLLUTION AND GMOS

A large range of chemical pollutants carack the soil of both natural and modified
ecosystems through various routes (dirempplication, atmospheric fall out, waste
disposal, etc.) and influence the functionin§ soils on a wide spatio-temporal scale,
from individual organisms to landscapes.

TYPES OF CHEMICAL POLLUTANTS

/4 PESTICIDES

The deleterious impacts of pesticides on sdiégpend on their chemical characteristics.
The persistency of pesticides in soil dam highly variable, ranging from hours (e.qg.
fumigant nematicides) to decades (e.g. organochlorine insecticides). Similarly, their
toxicity can be restricted to a class or affect a broad spectrum of organisms, either
directly or indirectly. In addition, some pesticides can bio-accumulate, which means
that they can be concentrated in the bedi of soil organisms and taken up into higher
levels of the food chain.

/4 INDUSTRIAL CHEMICALS

A number of industrial chemicals can pollute the land near their manufacturing sites or
be transported as gaseous emissions aotlgh water to other soils (TGD 2003). The
industrial chemicals which can constitute a threat for soil biodiversity include, for
example, heavy metals, inorganic gaseous emissions (e4), p&dsisting oil and fats
(e.g. petroleum) and the polychlorinated biphds which, similarly to some class of
pesticides, can be bio-accumulated by some species of soil organisms.

IMPACTS OF CHEMICAL POLLUTION QMISXDIVERSITY AND RELATED SERVICES

The impacts of chemical pollution on soils can be extremely heterogeneous, and either
direct or indirect.

Effects on survival or reproduction are meesd in acute or chronic tests. The direct
effects include an impaired survival orpreduction of soil organisms due to acute
toxicity or bioaccumulation. Toxicitynd bioaccumulation affect the metabolism,
growth, development or longevity of soil organisms, and even possibly cause some
genetic effects (e.g. leading to genetic modifications of the target organism). These
direct effects affect individual speciesf soil organisms, like microorganisms,
invertebrates or plants depending on thetnee of pollutants and on its distribution

into the soil matrix. Thus, the direct impaaitchemical toxicity on soil organisms can
have important detrimental effects on their population dynamics, by influencing basic
reproduction and survival parameters, attiereby modifying the size, sex ratio, and
stability of soil organism populations.

Alternatively, chemical pollution can have indirect effects. In general, the indirect
effects are more difficult to evaluate and dess well studied than the direct effects on
specific organisms. The indirect effectan be due to a contamination of soil
organisms’ food supply and in general, involve a modification of the functions of sail
organisms. For example, pesticides caterabr disrupt dynamic soil processes which
are crucial for the delivery of soil servicés.g. the decomposition of the organic
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matter)(Hendrix and Parmelee 1985) leadingaio impairment of the nutrient cycling
and fertility service. Sometimes, chemical pollutants can also have strong indirect
impacts on predator/prey relationshipshus altering the food web (Edwards 1999).
Acid emissions, such as N@ SQ emissions can alter the availability of soil organic
matter, and therefore its decomposition and the soil pH, which in turn modify the
community structure and composition of soil organisms. In addition, pollutants,
through indirectly influencing the relationships between belowground organisms and
plants, can affect the structure and cowgtion of plants communities (Edwards
1996).

Thus, in fact chemical pollutants can infhee soil functioning at all trophic levels,
altering individual organisms, populations or communities, and at different spatio-
temporal scales. Here we present the impacts of chemical pollution on each of the
three mainfunctional groups

Y4 IMPACTS ON CHEMICAL ENGINEERS

Chemical pollutants can strongly alter the ecology and the physiology of chemical
engineers such as bacteria and fungi. Several studies have demonstrated the effects of
pollutants (e.g. pesticides such as fungicide tebuconazole, pyrethroid insecticide
lambda-cyhalothrin) on (Sturz and Kimghn 1999; Cycon, Piotrowska-Seget et al.
2006):

X microbial survival and growth: the pesticide sulphonylureas, for instance,
targets the enzymes involved in the skiasis of the amino acids valine, leucine
and isoleucine; non-target organisms such as bacteria and fungi can be harmed
by the compounds in high concentrati®. Moreover, during degradation of the
pesticide fenpropimorph, active saprophic fungi are substantially affected,

X microbial respiration

X enzymatic activity (i.e. alteration in the efficiency in nutrient transformation):
for instance, pesticides such as tricldpate, linuron, thrimethacarb have been
observed to have some effects (Bollag 1993).

These studies have sometimes reportednflicting results and the mechanisms
underlying the observed effects are not alwaysderstood. In fact, the characteristics

of a chemical pollutant in soils can be altered by the action of soil organisms and by the
presence of other pollutants. For examp{@admium can be present as an impurity in
certain phosphate fertilisers, and can hmaptured by hyperaccumulator bacteria
species like Thlaspi caerulescens or by fast-growing plants, such as Salix and Populus
spp. that accumulate above-average concentrations of only a smaller number of the
more mobile trace elements, including d®aium. The longer-term effectiveness of
phytoextraction and associated environmehtasues are still studied and not forseen
with certainty (Dickinson 2009). But in sfjec cases, mycorrhizal fungi can absorb
Cadmium and modify mine residues, ancdhbe contribute to soiformation (Gonzalez-
Chavez 2009). However, to date, interactieffects between pesticides and biotic
factors received little attention. In additionn some cases a pesticide can surprisingly
favour microbial growth. This occurs forammple in the case of Fosthiazate, which,
being an organophosphate, may serve as an energy source for microorganisms
(Eisenhauer, Klier et al. 2009).

When considering the impacts of chemical pollution on chemical engineers, following
aspects should be taken into account:
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x A single chemical can have different effects on different soil microbial species
and communities, which can disturb the interactions within and among
functional groups

x Microbial organisms have a very short reproduction time (e.g. an average of 20
minutes for bacteria in optimal conditia), thus an exposition to some toxic
chemical could rapidly lead to a resistant microbial population. Chemical
resistance evolves via natural selection acting upon random mutation. Thanks
to this process, heritable traits (ges) codifying for such resistance and
making it more likely for a microbial organisms to survive and successfully
reproduce, become more common in a population over successive
generations. In the case of bacteria, additional mechanism can facilitate the
development of a chemical resistant population. Once a gene carrying the
information for the resistance is generated, bacteria can transfer the genetic
information in a horizontal fashion (between individuals) by DNA exchange.

x On the other hand, the positive aspect of chemicals-microorganisms
interaction is that some chemicals can be transformed by soil microorganisms
into non- or less toxic compounds; in tluase we speak of bioremediation (see
also section 3.5).

In conclusion, it is clear that the microb@mmunity structure in soil may be markedly
changed by chemical pollution. Some microorganisms may be suppressed and others
may proliferate in the vacant ecological nich@his may in turn lead to successions in
the microbial community and thus to altered activities at a later point in time.

%4 IMPACTS ON BIOLOGICAL REGULATORS

Industrial chemicals, such as heavy metald petroleum, have been reported to have
various deleterious impacts on biologicaégulators. Some studies have been
performed onnematodes Industrial chemicals can affethe lifespan of individuals
(Figure 4-14), and as a result the abundance and the structure of soil hematode
communities (Ettema and Bongers 1993;e@€h2009). Such changes can seriously
impair the functioning of nematode commuras and affect the provisioning of related
services.

The responses of a species to individual pollutants can vary depending on the dose and
the exposure time (e.g. the sensitivity oEmatodesto pentachlorophenol after 72
hours of exposure can be 20 to 50 times higher than their sensitivity to cadmium).
Therefore, for each considered chemigabllutant and species, a specific dose-
response curve should be determined.
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Figure 4-14: Effects of three pesticides on nemaés (C. Elegans) survival after 24 h (black) and 48
h (white) at different conentrations (Sochova 2007)

Y4 IMPACTS ON SOIL ECOSYSTEM ENGINEERS

Earthworms, in contrast to ants and termites which tend to be resistant to several
pollutants (Eeva, Sorvari et al. 2004), are ofteéghly sensitive to soil pollution. Their
sensitivity is due both to:

x Their close contact with the pore water and their high water permeable
epidermis: water soluble pollutants can easily be internalised
x The fact that they swallow high quantities of soil

The influence of heavy metals and their bioaccumulation by earthworms has been, for
example, the subject of many studiesthre past (Bouche 1984; Morgan and Morgan
1999; Kennette, Hendershot et al. 2002). Methave been shown to cause mortality
and reduce fertility, cocoon production, coon viability and growth of earthworms.
Rather than the total metal content of soil$,is worth considering the metal fraction
that is mobile and thus available for idaworms. For instance, Cadmium from the
industries and from the production and th@g@lication of artificial phosphate fertilizers
mainly ends up in soils, giving rise to cadmium-rich sludge. Cadmium strongly absorbs
the organic matter in soils and can be takenlpplants. This is a potential danger to
the animals that are dependent upon the plants for survival. Earthworms and other
essential soil organisms are also extremsysitive to cadmium poisoning. They can
die at very low concentrations and thishaonsequences on the soil structure. When
cadmium concentrations in soils are higiey can influence the soil processes of
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microorganisms and threaten the whole soibegstem. However, it is still not possible
to predict with a high degree of confidence the body burden of an earthworm at a
metal contaminated site, and more research is needed.

Pesticides can also affect several physiological parameters of earthworms, including
neuronal activity, immune response capg (Sorvari, Rantala et al. 2007), and
reproduction rate (Bustos-Obregon and Goiwea 2002). In addition, pesticides can be

at the origin of deleterious effects on DNA causing genetic mutations and increased
productions ofiree radicalgesulting in celluladegeneration (Song 2009).

A number of factors should be considered when evaluating the impacts of chemical
pollution on earthworms:

x Earthworms are selective consumergh{iards, Bohlen et al. 1996), and food
selectivity depends on the considered species. Thus, rates of heavy metal
bioaccumulation for instance will differ according to the species (Morgan and
Morgan 1999).

x  The distribution of a pollutant may vary among soil phases: it can be absorbed
to the solid phase or dissolved in the liquid (e.g. water pore) phase, depending
on its chemical form. Different forms of the same pollutant can then be more
or less available for uptake by earthws, thus having different levels of
‘chemical availability’. Since the environmental conditions (e.g. soil pH) can
influence the chemical availability & pollutant, any modification of soil
properties may alter pollutants distribution.

x Earthworms are able to eliminate excesetals in their bodies, thanks to a
physiological control mechanism. Depending on the pollutant this elimination
pathway can be more or less efficient. For example, in the case of metals,
copper and zinc are easily eliminated by physiological pathways based on
carrier systems, which naturally exiir the physiological control of these
elements. However, the mechanism of excretion is much slower for cadmium
and lead. Thus, for these metals the imaletoxification pathways are much
more complex and involved intracellulgranules which act as metal storage
compartments (Spurgeoand Hopkin 1999).

In conclusion, in order to evaluate thgensitivity of earthworms to a chemical
pollutant, information on the local earthworm species, their feeding and habitat
preferences are needed, as well knowledgé their ability to expulse specific
pollutants.

%4 IMPACTS ON SOIL BIODIVERSITY RELATED SERVICES

As discussed earlier, many pollutants chave seriously adverse effects on soll
systems. Indeed, there are very few ternést ecosystems worldwide that are not
exposed to chemical pollutants. In general, research into the effects of pollutants on
soils is relatively limited, most studies sipshowing the susceptibility of particular
organisms to certain pollutants. As a matterfatt, to predict effects of pollutants on
the communities of soil organisms, inforn@t must be extrapolated from a small
subset of the species, because it is impicat to conduct a large number of tests on a
large number of species. Thus, holistic integrated studies that evaluate the impacts of
chemical pollutants on soil functioning asvé&ole and the related services are still at
their beginning and the issue of threats to soil biodiversity has only recently been
covered by ecological risk assessments (Box 20).
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4.5.3. THE IMPACTS GBENETICALIMODIFIEEDRGANISMEGMO)ON SOIL BIODIVERSITY

In the case of soils, when we mention GM@is refers to plants in the majority of
cases. Genetic modifications are used to improve crop quality (e.g. pest resistance,
timing of ripping process) and productivity (e.g. growth capacity). The existing
molecular techniques involve the insertion and integration of a short segment of DNA
from another organism (e.g. plant, microbe or animal) into the genome of the plant, to
add single characteristics to the plant breeding line and variety.

However, GM plants can also be consideasda source of pollution for soil organisms,
because they can have an indirect ingpaon soil biodiversity, and favour the
development of genetic resistancetarget pest organisms (Eastham 2002).

So far, the majority of studies on the efts of GM crops on soil biodiversity, have
focused on Bt-modifications (Bacillus thgiensis) (Icoz and Stotzky 2008). However,
these modifications mainly target insect retsince, and their impact on the bulk of soil

biodiversity is likely to be indirect and giggible (Kowalchuk, Bruinsma et al. 2003).

In contrast, the main question related toikbiodiversity is whether the effects of the
GM-crops fall outside the normal openagj range (NOR) of soil organisms, which
defines their normal metabolic and physiological fluctuations within agricultural
systems.

Large studies in this area include farmiscanalyses in the UK38, the EU-project
Ecogen (Krogh and Griffgi2007) and the Dutkc ERGO-programme39. But since saill
biodiversity is so variable and diverse,ethdentification of such NORs is highly
complicated. Moreover, soil tillage, fertilisapplication and pesticide use already exert
large effects on soil communities. If the effeaf such practices are also considered to
fall within the NOR, then it is expectedaththe effects of most currently known GM-
crops will also easily fall within this ran@gi€éowalchuk, Bruinsma et al. 2003; Weinert
2009).

Out-crossing of GM traits to wild plant eges has been studied intensively, but the
guestion how these introduced genes may infige soil biodiversity in nature is still an
open question. Indeed, few studies have identified some impacts on soil organisms.
The main identified impacts of GM crops on soil communities can be divided depending
on the considered functional groups.

Y4 IMPACTS ON CHEMICAL ENGINEERS

GM crops can influence microbial communities by several ways: altering the quality
and the quantity of growth substances (Oger, Petit et al. 1997), the structure of the
bacterial community (Di Giovanni, Watrud at. 1999), the efficiency of microbial
mediated processes (Hopkins, Websteragt 2001), or the genetic transfer between
GM crops and bacteria.

However, this last impact has recentlgdn debated by the scientific community and

the transformation frequencies under field conditions are supposed to be very low
(Demaneche, Sanguin et al. 2008). It is imaoirtto underline that the public debate
about antibiotic resistant genes in transgenic plants should not divert the attention
from the real causes of bacterial resistartoeantibiotics, such as the continued abuse
and overuse of antibiotics prescribed by physicians and in animal husbandry (Lynch,

8 www.defra.gov.uk/Environment/gnfige/ ; last retrieval 10/08/09
3 www.defra.gov.uk/Environment/gnfige/ ; last retrieval 10/08/09
39 www.nwo.nl/NWOHome.nsf/pages/NWOA 6N4ALKX_FHagt retrieval 10/08/09
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Benedetti et al. 2004). In any case, mostlef studies that have been conducted have
detected some effects (e.g. transfer dfansgene to soil bacteria) (Bruinsma,
Kowalchuk et al. 2003). In addition, Géfops have been reported to alter the
mycorrhizal colonisation of roots (Turrini 2008).

Y4 IMPACTS ON BIOLOGICAL REGULATORS

Small impacts are in general highlighted. Erample, the analysis of the soil fauna in
agricultural fields cultivated with genetically modified tobacco plants has shown an
increased number of nematodes and a decreased number of collembola (Donegan,
Seidler et al. 1997). The majority of the studies are focused on nematodes and long-
term studies on microarthropods included in this functional group are rarer
(Heckmann, Griffiths et al. 2006).

Y4 IMPACTS ON ECOSYSTEM ENGINEERS

The influence of GM crops on earthworms varies depending on the considered genetic
modification and earthworm species, ranging from no effects to slightly significant
effects. For example a type of GM plants has been shown to influence the cocoon
hatchability of an earthworm species (VesgeKrogh et al. 2006), while another type
has no significant effect on all the analysed earthworm species.

For the future, studies may need to focus specific functions, rather than on
biodiversity as a whole. Decomposer functions and enzymatic functions are important
candidates for such studies, as they arectl for the cycling of elements through
ecosystems. Also, we need to move more todgaa predictive system that can help to
estimate how specific modifications can influence soil biodiversity and functions inside
and outside cropping systems. Until a syst is devised to establish the full
consequences of GM crops on soil functiapifor example on litter decomposition and
carbon and nutrient cycling (Powell 2009)ethonsequences of specific modifications
will need to be evaluated on a case by case basis (Kowalchuk, Bruinsma et al. 2003).

This is likely to become an issue of easing importance in the future. Indeed, for
obvious reasons of increased crop produityi, the area employed for culturing GM
crops has been constantly increasing in the last years (Figure 4-15).
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Figure 4-15: Area employed for cultung GM crops from 1996 to 2003 (James 2003)

Box 20: Taking into accmt biodiversity in ecosystem risk assessments

The main objective of the Ecosystem Riskessment (ERA) methodology is to identify
the origins and quantify the impacts of human activities on natural ecosystems. To this
end, ERAs must assess theolegical integrity of ecosysms. Although ecological
integrity is tightly linked to the state of biodiversity, since it can be defined as the
condition of relatively unaltered ecosystes, which contain a full suite of native
speciespiodiversity has so far been neglected in environmental assessmenmtss is
because biodiversity is often considerambtbroad and vague a concept to be applied

to real-world regulatory and management problems.

Measurable indicators can be selected tesass the status of biodiversity over time.
For instance, useful, measurable indicata@an be chosen that correspond to the
different functions (e.g. soil organic matter decomposition) or different levels of
biological organisation (e.g. landscapeommunity, species). Particular attention
should be paid to validate the relationships between indicators and the components of
biodiversity they represent (Noss 2000), andetosure that they allow to answer the
specific question that the assessment iitending to answer. A comprehensive
indicator considering all the aspects of biodiversity does not exist.

Some attempts have been made. Biodiversigsessment is not So uncommon in site
specific ecological risk assessment (euging the TRIAD approach). Recently, a
methodology was proposed for performingualitative assessment of soil quality,
based on the analysis of the possible effects of soil contamination on ecosystem
biodiversity. Such methods could be first good tools for policy makers (Semenzin, Critto
et al. 2009). However, methods capable s$@ssing the impairment of soil biodiversity
quantitatively are still lacking.

However, given the different impacts of chemical pollution on soil organisms,
significant impacts of chemical pollution on soil biodiversity functioning and related
services can be expected (Table 4-5).
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Table 4-5: Possible impacts of chemical pollution on soil biodiversity related services, on the basis

of its impacts on soil organisms

Chemical Affected soil organisms| Affected soil function Affected soil service
pollutant
Pesticides Biological regulators, | Organic matter Nutrient cycling, soil
ecosystem engineers | decomposition, residue | fertility
fragmentation
Pesticides Chemical engineers | Mineralisation, Nutrient cycling, soil
(microorganisms), immobilisation fertility
biological regulators
(micro-fauna)
Pesticides Ecosystem engineers | Bioturbation Soil Nutrient cycling, soil
structure regulation fertility, Water
Soil organic matter regulation
production
Pesticides Biological regulators | Population control Pest control
GM plants Chemical engineers Mineralisation, organid\Nutrient cycling, soil
matter decomposition | fertility
Industrial Chemical engineers Nutrient cycling, soil
chemicals fertility
(heavy
metals)
Industrial Biological regulators Soil structure regulation| Nutrient cycling, soil
chemicals (Nematodes) Soil organic matter fertility, pest control,
(heavy production and water control, climate
metals) transformation, control
regulation predation
Industrial Ecosystem engineers | Soil structure regulation| Nutrient cycling, soil
chemicals (Earthworms) Soil organic matter fertility; water control
(heavy production and
metals) transformation
GM plants Ecosystem engineers | Soil structure regulation| Nutrient cycling, soil
(Earthworms) Soil organic matter fertility; water control
production and
transformation

In conclusion, when analysing what are tim@st affected soildnctions by chemical
pollution, we can see that organic mattergtadation and soil structure regulation are
highly altered functions. As a consequenite soil fertility and nutrient cycling service
together with the water control service aredhmost affected services by this category
of threat.

4.5. 4. QURRENT AND FUTURE TRENDS

Humans currently use more than a third of the production of terrestrial ecosystems
and about half of usable freshwaters. Totalb such productivity, terrestrial nitrogen
supply and phosphorus liberation have been doubled through the addition of fertilisers
and deleterious species have been coiizd through pesticides. Likewise, we have
significant quantities of pesticides havedn created and released globally, causing a
mounting pressure on soil organisms. Pesticide production in the world has increased
by 400% between 1960 and 1990. At this rapesticide production will be almost
twice that of today by 2020, and three timéhe present amount by 2050. Indeed, this
probably gives a much higher figure thananrealistic scenario and even if the EU
consumption is high, reaching a total alfnost 300 000 tonnes in 2001 in EU-15 (see
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following table) recent EU legislation to lintite use of pesticides will probably help in
controlling EU pesticide osumption in the future.

Projections for 2050 show an increase from 1®4.8-fold. Should trends continue, by
2050, humans and other organisms in maluand managed ecosystems would be
exposed to markedly elevated levels ofsgeides (Tilman, Fargione et al. 2001).

Regarding GMO, since the first large-scal#ivation of transgenic insect-resistant
crops in 1996, the global area of traesic crops has increased 47-fold, from 1.7
million hectares to 81 million hectares 2004 (James 2003). The dominant trait
introduced in cultivated transgenic croplants is herbicide tolerance, followed by
Bacillus thuriengiensiéBt) based insect resistance.dby, the four major genetically
modified crops are herbicide tolerant yoean and canola, and Bt maize and cotton
(James 2003). For vegetable crops, tomateéh delayed fruit ripening and potatoes
with insect and virus resistance are theawommercialised transgenic crops. However,
several novel traits have been already oduced in vegetable crops, but are not yet
commercialised. For example, in recent y&apnsiderable success has been achieved
in introducing abiotic stress tolerance, qualitgits and expression of various proteins
and enzymesof pharmaceutical and industrial importance. Indeed, in the future the
commercial trends of GMO may be less impressive than thought at the beginning, due
to active opposition of public and environmental NGOs which plead in favour of the
precautionary principle and ask for a moratorium on GMO products.

Table 4-6: Trends in EU pesticidensoimption rates in 2001 (source: INRA)

4.6. INVASIVE SPECIES

4.6. 1. IMPACTS OF INVASIVE SPECIES ON SOIL BIODIVERSITY

Biological invasions are one of the fifkey worldwide threats for biodiversity and
ecosystem functioning. Exotic species are called invasive when they become
disproportionally abundant in their new environment. Traditionally, biological
invasions are species that cross artificiatriaas, for example helped by transport or
tourism. Currently, global warming enhanc®e spreading of species from lower to
higher latitudes and altitudes.. As invasive species may disturb ecological relationships
or nutrient and energy flows through eomdgems, they can have major direct and
indirect impacts on ecosystem goods and services and on native biodiversity.
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Invasive species are known for any life fovertebrate animals, invertebrates (e.qg.
insects), plants, and microbes. Invasive verééd animals occur on all continents, but
their largest effects are in areas where sgscwith such traits did not occur before.

For example, deer and rats in New Zealaagte major impacts on vegetation structure

and nutrient cycling (Wardle, Yeates et 2001; Fukami, Wardle et al. 2006). Invasive
plants are widespread both in Europe and in all other continents. Their impact seems
larger in for example North America, Ausisa New Zealand and South Africa, but the
number of invasive plant species in Europe and their impact on ecosystems are also
considerable. Invasive insects are numeroukumope, as well as in other continents. A
famous example is the Colorado beetle,igéhthreatened potato crops in the 1950s
and 1960s, whereas currently corn in south-eastEurope is attacked by western corn
root worm that originates from North Aarica (Ciosi, Miller et al. 2008). This root-
feeding insect is still expanding north-wesfards. Invasive earthworms are mainly
known in North America (most of them ming from Europe) and in the tropics
(Bohlen, Groffman et al. 2004; Gonzalez 2086)! biodiversity can be influenced by all
these types of invasive species. Indeed, the application of a realistic strategy based on
biodiversity to effectively fight thithreat would need further studies.

%4 IMPACTS ON CHEMICAL ENGINEERS

The strongest impact on cheaoal engineers comes from invasive plants that have
traits that differ from the resident veget@n (van der PuttenKlironomos et al. 2007).

In most cases, such plants will be nitrogen fixing (Liao, Peng et al. 2008). For example,
nitrogen fixing Acacia trees in Portuguese sand dunes can make use cfylodabtic
nitrogen fixing microbes (Rodriguez-Echeige Crisostomo et al. 2009), which change
the soil conditions by enhancing carbomdanitrogen stocks, as well as changing
catabolicsoil properties (Marchante, Kjoller el. 2008). These changes may result in
altered soil conditions that can promote dhinvasion (Marchante, Kjoller et al. 2008).
However, in the case of invaders that dotrwve such particular traits, the effects
observed on nutrient dynamics can also be neutral, or even negative (Ehrenfeld, Ravit
et al. 2005; Liao, Peng et al. 2008). As pldmse species-specific effects on the
microbial rhizosphere community composition (Grayston, Wang et al. 1998;
Kowalchuk, Buma et al. 2002), invasive plants will alter the relative abundance of
microbial species in the soil. However, dspéants can do this, including native plants,
those effects will have little impact on soil biodiversity.

Invasive plants can influence theommunity structure and the abundance of
mycorrhizalfungi. For example, European crucifer plants redugeorrhizalinoculum,
which can have negative effects on natural tree recruitment in North American forests
(Stinson, Campbell et al. 2008nd impair the re-establisnent of native grassland
plants in Californian grasslands (Vagelg and Bever 2009). Introduced, non native
plants, such as the European forest understory forAligria petiolatg in Canada,
even if they are not invasive, aresalknown to suppress local arbuscutaycorrhizal
fungi, thereby limiting natural forest regeration (Stinson, Campbell et al. 2006).
Suppression of nativenycorrhizal fungi by invasive plants may be due to their
selectivity; some invasive plants only becomiected with a small portion of all native
mycorrhizalspecies present (van der Putten, Kdebauk et al. 2007). For example, St.
John’s Wort in North America has lowerycorrhizaldependency than populations of
the same species in Europe (Seifert, Beveale2009). Interestingly, such effects on
arbuscularmycorrhizalfungi have been reported mostly from outside Europe; whether
they also occur in Europe is not well known.
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Introduced invertebrates and vertetes can alter the soil microbiabmmunity and

their functioning. For example, in a large number of long-term exclosure experiments
in New Zealand, it has been shown that the introduction of large grazers in nature
reserves influences vegetation developmt and soil nutrient dynamics (Wardle,
Yeates et al. 2001). In another case, introducats killed shore birds that nest on the
ground. In rat-free islands, these birdsamisfer nutrients from sea to land, which
stimulates soil microbial activity. On islandsth rats, the stimulation of microbial
activity was strongly reduced (Fukami, Waret al. 2006). In Europe, soil microbial
activity can also be reduced by invasNew Zealand flatworms. As these flatworms
are predators of earthworms, they indirectly reduce microbial activity. Whether or not
they reduce microbial diversity is hknown (Boag, Yeates et al. 1998).

%4 IMPACTS ON BIOLOGICAL REGULATORS

Plant invasions may be favoured by the ede of pathogen control in the introduced
range. Indeed, in natural conditions, roleérbivores and soil pathogens are important
regulators of spatial and temporal changiesthe composition of natural vegetation
(Yeates, Wardle et al. 1999; Wardle 20B2ver 2003; Van der Putten 2003). Evidence
shows that soil pathogens and root herbivorgay important roles in controlling plant
abundance (Klironomos 2002), plant speciasediity (Packer and Clay 2000; De Deyn,
Raaijmakers et al. 2003), and vegetation gsson (Van der Putten, Van Dijk et al.
1993; De Deyn, Raaijmakers et al. 200)ot-feeding insects may cause dramatic
decline of plant populations (Blossey and Huoshi 2003). In contsg, effects of root-
feeding nematodes vary from marked, generalised reduction in plant production
(Stanton 1988), to localised damaged pegs, and their effects may depend on
interactions with, for example, pathogensoil fungi (De Rooij-van der Goes 1995; Van
der Putten and Van der Stoel 1998).

In their introduced range, invasive plants have fewer pathogeasasitesor viruses

than in their natural range or than other native plant species around them. Evidence is
rising that this may be due to escape fronil gmthogens. For instance, (Levine, Vila et
al. 2003), overall invasive exotic plants tend to have lessiatodesthan related
natives (van der Putten, Yemst et al. 2005). For example, Marram grass, which has
been intensively planted for sand stabilisat in European coastal dunes since th&' 19
century, has eight species of plamirasiticnematodesin the central part of its range
(coastal fore dunes in north-western EurQpelowever, this number drops towards the
extreme parts of the range, in the Mediterranean and in southern Sweden and
northern Germany. Interestingly, marragrass is more abundant and persistent in
non-native dunes than in stabilised dunes$ its natural range. This seems to be
because in its new range, marram grass still has a number of generalist root-feeding
nematodes whereas the specialists, such@stnematodesand root knotnematodes

are absent (van der Putten, Yeates et 2005). However, other studies have shown
contrasting patterns, with lower densities of root-feedingmatodesin the invaded
range compared to the native range (Virginia, Jarrell et al. 1992), higher richness of
nematodeson the invasive weedradescantia fluminensisompared to areas without

this invasive weed (Yeates and Willia@@01), or similar densities of root-feeding
nematodes shared among the invasive and the natplant species (Knevel, Lans et al.
2004).

There have been very few reports othe effects of invasive species on
microarthropods Microarthropods seem to be influenced most by invasive
earthworms (Migge-Kleian, McLean et 2006), but such examples are quite rare in
Europe. Invasive exotic plants can also influence microarthropod communities when
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4.6.2.

they produce different litter than the nativelant species. For example, the Japanese
stilt grass that invades south-eastern UnitBthtes has more phosphate-rich litter than
native plants and this enhances mite abundance, which reduces otleoarthropods
(McGrath and Binkley 2009). Also in athexamples invasive plants reduced
microarthropod communities  (Priteke Whittemore-Olson et al. 2006).
Microarthropods from warmer climate regions invadthe Antarctic, partly due to
human traffic, e.g. intensified tourism (HugGhown et al. 2006; Sinclair, Scott et al.
2006).

Overall therefore, it appears that soil biological regulators populations tend to be
reduced by invasive species. This mayualty favour the invasiveness of some
introduced plants, which find themselves released by their plant pathogens and root—
herbivores. Although these effects may be dabsial, some native plants may in fact
have comparable effects (De Ye Raaijmakers et al. 2004).

%4 IMPACTS ON SOIL ECOSYSTEM ENGINEERS

Probably the strongest effect on ecosystemgineers reported thus far is that of
invasive New Zealand flatworms in the ,Ukhich are a predator of indigenous
earthworms (see also the impact on chemical engineers). Through their effects on
native earthworms, invasive flatworms mahave large effects on soil microbial
communities and their activigis, as well as the effects on soil moisture dynamics, soil
properties and plantommunity composition (Boag, Yeates al. 1998). Moreover, as
earthworms can control plant enemies, suchrasmatodes(Blouin, Zuily-Fodil et al.
2005), invasive flatworms could also haveiampact on agricultural crop protection.
This may also stretch to plant-aboveground insect relationships, which can be
controlled by earthworms (Wurst, Dugassak@éna et al. 2004; Wurst, Langel et al.
2005).

QURRENT AND FUTURE TRENDS

Y4 SOIL ORGANISMS CONTROL PLANT INVASIONS

Soil organisms are a key factor in controlling plant abundance. When plants run out of
this control, they can become invasiveafVder Putten 2003). This applies to both
classic invasions (Klironomos 2002) and tbgl warming influenced invasions (van
Grunsven, van der Putten et al. 2007; EngglkMorrien et al. 2008). Plants that are
spreading faster, or further, than their taal soil pathogens can become invasive in
their new range. An example is black cherry, which was planted in the north-western
European forest. In North America, thiedr is controlled by native soil pathogens
(Packer and Clay 2000), but this control iseti in Europe, as the trees have been
introduced but not their pathogens (Reinttaand Dollahon 2003). However, very few

of the introduced plant species really become invasive. The estimate is that one to ten
of every thousand introduced plant species is becoming invasive (Williamson 1996).
Probably, in many of the exotic plants thdd not become invasive, soil biodiversity
contributes to plant control by root herbores or soil pathogens that switch from
native plants to the invaders. In that respesoil biodiversity serves as a reservoir of
potential enemies against invasive plants. Tisiscrucial, as the control of invasive
plants costs the European Community bilBoof Euros on an annual basis.

There have been biological control programmes involving release of root-feeding
insects, for example to control Knapweé@entaurea maculosa) in the USA (Clark,
Brown et al. 2001; Clark, Brown et al. 2Q0dlthough such introduced enemies also
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can exert negative effects on other plarftSallaway, DelLuca et al. 1999). However, no
programmes involving the release of soil pathogens or root-feedimgatodesare
known in order to control plant invasions; the few plant-feedimgmatodestested
parasitize aboveground plant structures (Robinson, Orr et al. 1979).

/4 GLOBAL CHANGES AND INVASIONS

The incidence of biological invasions isrgased by other large-scale changes in the
environment. Urban areas are a major souafénvasive species and they also can act
as stepping stones for plant range expansion under climate warming; because of the
relatively high temperatures in cities, many plants from warm regions can survive there
and they may break out when temperatures in the surroundings of the cities increase.
Other disturbances, for example due tand-use change, open up possibilities for
invasive plants (Ward and Masters 2007).

It will be impossible to control all exotspecies. Most of them, such as the large
number of exotic garden plants, have nottyeade it to invasive exotic weeds. High
soil biodiversity will enhance the chanceattpotential control organisms are present

in the soil from the invaded range and thaidtcontributes to biotic resistance against
the invasive plants. What would be far more risky is to consider the introduction of
pathogens from the native range, as they may switch to other hosts and reduce the
performance of native plant species. This may become an important subject when
plant range migrations towards previdyscolder regions will take place.

The consequence of successful range-expansions of plants as a consequence of the
current global warming for plant invasiveness can be massive. Thus far, there have
been some first studies showing that thesmnge expansions indeed can make plants
escape from their native soil pathogefian Grunsven, Van der Putten et al. 2009).
These developments need to be carefully studied, in order to assess their possible
consequences for nature managemeanid biodiversity conservation.

/4 PREVENTION

There are many strategies for controlling invasspecies. However, very few, if any,
make use of soil biodiversity, although itutd provide an interesting source of local
control mechanisms. Recent studies have shaat many native plants are controlled

by native soil pathogens and release from these pathogens can enhance plant
invasiveness in a new range. The possible strategy of using pathogens from the invaded
range to control exotic plants clearly qeires further studies. Nevertheless, this
strategy, instead of introducing pathogens from the native range, would mean
reducing the risks due to one problem (that of the invasive plant) by potentially
creating another one (that of introducing an alien pathogen).

One way to prevent that potential invaders are introduced is through the limitation of
imports on plant materials. A complication tisat so relatively few species become
invasive and that there is so little genepkdictability about which species are going
to become invaders. There are some rulestmimb, for example that exotic plants
forming many seeds, which grow on wastedlaand that have become invasive in other
areas with the same climate conditions,nceecome invasive more easily than slow
growing, fast reproducing species from undisturldezbitats In the near future, more
and more States will come up with impdimitations, but such permits only operate
well when executed at the scale of the whole Europe.
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4.7.

MANAGEMENT PRACTICES

Soil management practices have importantd sometimes immediate effects on soil
biodiversity and the resulting ecosyste services. Often, the impacts of land
management are organised into syndrom&sr example, intensively managed land is
often fertilized by mineral fertilizers, intensively tilled, heavily compacted during
harvesting, and cropped with a limited variety of crop species. This results in high pest
and pathogen pressure, which requires regular spraying with biocides, as well as weed
eradication by herbicides. These conditiare unfavourable for carbon storage in the
soil, they enhance the risk of leaching of nutrients and reduce the water holding
capacity, which pollutes ground- and surface water and which enhances the risk of
flooding downstream during and after heavyntall. Therefore, management practices
should aim at diminishing these accumulations of disturbances (e.g. in the case of
intensive agriculture), as well asqvide opportunities for enhancing thessilienceof

soil ecosystem services by conserving saibiersity. These activities may lead to
what can be called sustainable management practices. Given that management
practices are typically applied by farmevgho have long-term and influential contacts
with the land, their interest and motivation iaddressing the threats to soil biodiversity

will have a strong influence on the maintenance of this diversity.

The main mechanism explaining the changes in soil biodiversity with increased
intensification of management practicds linked to organic matter input. Organic
matter drives the soil foodweb, and depending on the type, it will drive bacteria- (low
C:N) or fungi- (high C:N) dominated food webs (Box 18). Greater litter inputs in
grasslands encourage fungal-dominated mital communities (Yeates, Bardgett et al.
1997), and a greater diversity oEmatodes(Wasilewska 1994; Yeates, Bardgett et al.
1997) andmicroarthropods(Siepel 1996). The enhanced microbial activity may also
enhance the biological regulators, and thus reduce nematode and soil pathogen
incidence (Freckman 1988; Griffiths, Ritz et al. 1994). In contrast, in intensively
managed (fertilised) grasslands or crapla, microbial communities are depressed
(Lovell, Jarvis et al. 1995) and shift fgportunistic bacteria-dominated communities
(Bardgett, Frankland et al. 1993; Bardgett and Leemans 1996). In turn, this tends to
favour opportunistic bacteria-feedingdaa. Soil tillage practices disturb fungabhae

and the larger earthworm species that visietkoil surface to obtain plant material for
food, such asanecic earthworms (Emmerling, Schloter et al. 2002). Biomass and
abundance ofanecicearthworms are reduced by a factor of 1.3-3 in conventionally
managed soils when compared to organnhanagement types (Pfiffner and Mader
1997; Siegrist, Schaub et al. 1998; MadEliebbach et al. 2002). Conventional
management also results in poorer soil aeration and soil drainage.

These trends are illustrated in the foling figure, where extensive management
represents an intermediate state between organic (biological) and intensive
management.
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Figure 4-16: Soll biotic variables in biologicektensive and intensive grassland farms on sand.
Intensive is set to 100%; * indicates statisticallignificant difference (p=<05) between categories
(Bloem, Schouten et al. 2003)

4.7.1. SOIL MECHANICAL FARMING PRACTICES

%2 MULCHING LIGHT SOIL SEALING

Mulching consists of covering the soilrsice to protect against erosion and to
enhance its fertility. Mulch is usually applied towards the beginning of the crop
growing season, and may be reapplied as neagssaserves initially to warm the soll

by helping it retain heat and moisture. A variety of materials can be used as mulch,
including organic residues (e.g. crop residue, hay, bark), but also manure, sewage
sludge, compost, rubber or plastic films. Mhing limits weed growth while conserving

soil moisture and moderating soil tempeuaé, virtually eliminating erosion.

Organic mulches are also a source of nutrients for the soil when they break down,
thereby stimulating chemical engineers ad§iMiBush-Brown 1996). In an experience of
wide extension trials using manure compast Australia, the first year of mulching
application led to 70% mineral fertilisesavings (Moral, Paredesa et al. 2009).

In addition, mulches can improve soil architecture by providing pore spaces which can
support fungi and root growth, serve as habitat and refuge from predators for
biological regulators and soil engineers. thre long-term, mulching systems favour
anecicand epigeic earthworms (they can have a biomass up to 12 times higher in
mulch cropping systems compared with centional systems), whereas organic and
conventional farming systems are favourablestalogeicearthworms (Pelosi, Bertrand

et al. 2009).

It is critical that mulches are used that dot contain contaminants. Other options, for
examplein situ mulching where plant residues are left in the field instead of burned,
should be done such that it does not promote re-infestation sources of pathogens.
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4.7. 2.

%2 APPLICATION OF ORGANIC RESI@IBE& OSTMANURE SLUDGE

Application of animal manure, sludge or other carbon-rich wastes, such as coffee-berry
pulp or compost, improves the organic mattcontent of the soil. For agricultural
purposes, it is usually better to allowrfa period of decomposition of the organic
residues before applying them to the field. This is because addition of carbon-rich
compounds immobilises available N in thel 4emporarily, as micro-organisms need
both C and N for their growth and developnt. Composting is precisely the recycling
and transformation of organic materi@isually from plant residues), intoumusform

to improve agricultural production.

Organic waste on crop fields increases thed available to chemical engineers and soll
engineers. Thus soil structure is stakitisand soil organic matter decomposition

improved (Six, Bossuyt et al. 2004). twi&, introduction of organic compounds

derived from composted urban organic wastincreased the biomass of earthworms
by a factor of four (from 4 g/m2 to 18 g/mhand other macroinvertebrates by a factor

of five (from 3 g/m2 to 16 g/m?) (Senapati 2000).

The different types of organic residues dot radl have the same impact on soil fauna.
The density of soil macrofauna was higher in farmyard manure (FYM) and in municipal
solid waste compost (MSW) than in controlils@ith no organic inputs (C), biowaste
(BW) and green waste composted withwegge sludge. Both manure and solid waste
compost include much air space, suggestingythelp create good habitat conditions

for macrofauna.

Application of organic residues is a cheap, efficient and sustainable treatment.

CGHEMICAL TREATMENTS

/4 PESTICIDES

Pesticides are used as a prevention or remediation measure against crop pests and
diseases. Most of the chemical treatmendse preventive, with seeds treatments
(fungicides, insecticides, birds’ and wilddog repellents) and periodic preventive
treatments (herbicides, fungicides, insedies). One-off curative treatments allow
avoiding sudden pest invasions, with a libcdigh chemical spread locally destroying
soil biodiversity. Curative treatments are applied among developed and fragile crops,
and are more constraining and expensivddaners, who tend to limit their usage and

opt for a more preventive management of pests.

All pesticides, whether applied directly, targeted at the aboveground parts of the
plant or the pests, are likely to end up in the soil and in contact with soil organisms.
Their effects are highly variable, depending on the type and amount of pesticide, soil
environment, and biotic group considere@Generally however, the impacts are not
restricted to the target but can have disruptive effects on the entire biological
regulatory capacity of the saibmmunity.

Y4 FERTILISERS

Mineral fertilisers are chemical compoundsually applied through the soil to promote
plant growth by providing plants with the necessary nutrients for their growth. They
can be organic (manure, compost) or inorganic and produced industrially from
chemicals. Nitrogen fertilisers are the m@stmmon form of fertilisers used in Europe.
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4.7.3.

4.7.4.

High levels of some inorganic nitrogendiestilisers provide chemical engineers with
easy to use nitrogen, thereby boosting theactivity. This increases the rate of
decomposition of low quality organic inputs and soil organic matter, resulting in the
continuing decline of soil organic matter r@ent which, ultimately, results in loss of
soil structure and waterholding capacity. Iddition, inorganic nitrogen fertilisers also
result in the presence of high ammonium concentrations, that stimulate nitrification
(Box 7), resulting in excess nitrate leahifrom the soil and contaminating water
tables.

CQROP MANAGEMENT

/2 CHOICE OF THE CROPS SPECIES

The choice of the cultivated crop is important as it defines the kind of habitat available
to soil fauna. For example legumes can aaasiral fertilisers, improving the nitrogen
concentration in soil, thanks to the syiokic relationship they establish witRhizobia
(Box 1).

The growth rate and the yield of the crop also determine how much soil and soil fauna
are impacted by agricultural practices. Rapid growth crops and high-yielding crop
varieties like maize or fast growing energy crops demand an amount of energy and
resource from soil, which then need to have time to recover. Such soil recovery cannot
occur if the following crop is another rapid growth or high-yielding crop, such as maize,
or elephant grass, which is used for biofpebduction. In that way, successive cycles of
fast-growing/high yield crops will result in a depletion of soil organic matter and thus of
the soil fauna which feeds on it with all gegtive consequences for soil structure and
the related ecosystem services.

/4 OROP ROTATIONS

Crop rotations are used to counter the néiga effects of monocultures, which end up
draining nutrients from the soil, as the same crops are grown year after year by varying
the crops in a given field. Crop rotations can also help avoid the build-up of pathogens
and pests, as the alternation of crops modifies the associated communities of biological
regulators. For instance, crop rotation often involves the replenishment of nitrogen
through the use of leguminous crops in sequence with cereals. A common form of
rotation is a three year cycle, where whaatgrown the first year, leguminous plants in
the second year, effectively turning the field into a pasture, and finally the land is left
to rest (fallow) in the third year. Long-term studies have shown that such management
practice generates great variations of the soil carbon level and total soil nitrogen,
depending on the period of the rotation. Soils have higher carbon levels in pasture
lands and pasture lands which were previoustyeal fields than in permanent cereal
fields (Boellstorff 2008). Continuous legummus cropping can increase soil carbon
storage and total soil nitrogen by up to 20% in the 0-15 cm soil depth compared with
rotation including cereals (Bitacharyya, Prakash et al. 2009).

LANDSCAPE MANAGEMENT

%4 HEDGEROWS AND GRASSY FIELD MARGINS

Establishing hedgerows or grassy strips &t ¢llge of arable fields are commonly used
methods in Europe. They offer a stable habifood, and a protective environment for
soil fauna next to the intensively managedldis. For example, six metre wide strips
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4.7.5.

increase the number and variety of specggh as earthworms, beetles, and various
biological regulators, resulting in improvesbil fertility, and possibly improved pest
control. These strips can be placed arouredd$, so-called field margin strips, but they
can also be installed across fields, so-calbedtle banks. This far, such ecological
islands have been considered mainly &moveground purposes, such as the promotion

of natural enemies of aboveground plague insects. Hedgerows are even more
favourable to soil organisms, in particul&iological regulators, than grassy field
margins, however, due to their low mobilitthe soil organisms will have only limited
dispersal into the fields. That also counts for field margins, in which 10% of the soil-
dwelling species present in farmland wereifa to occur exclusively. This makes these
habitats important sources of biodiversity (SmjtRotts et al. 2008), albeit that their
effects on soil biodiversity in the adjoining fields will decline sharply with distance, due
to poor mobility of the soil biota.

TOOLBOX OF MANAGEMENT PRACTICES

Some soil management practices can be used to restore soil functions, through the
action of soil fauna. Some examples gmeesented in Table 4-7 for a series of
characteristic soil problems. A (+) indicatgsractice which can have a positive impact

on remediating to the problem and a (-) a practice with no impact on the problem. For
instance crop-rotation helps pathogen builg, which reduces the need for pesticides;

it may also improve carbon stage and thus soil structure.

Table 4-7: Soil biological problem and remediation role of different management practices. Legend:

4.7.6.

+ = Positive effect; - = No effe +/- = Intermediate effect

Poor Low SOM | High High salinity | High
structure pesticide pollutant
levels levels
Bioremediation | - - + + +
Compost + + +/- + +/-
Manure + + - +/- -
Crop rotation | +/- +/- + + _

CONCLUSIONS

In this section, major threats and the sdégradation processes have been presented.
However, it is important to highlight thatn reality several threats can interact with
each other. For instance, the effects ofchemical pollutant (or a mix of chemical
pollutants) will have even stronger impaais a soil subject to land use change that
triggers one or more soil degradation processes (e.g. organic matter depletion). It is
known that a high soil biodiversityer semay help deal with interactive threats and
increase the resilience of soil. But to date there is a clear need for further studies on
those potential interactions (e.g. how clite change can influence the impacts of
chemical pollution).

Moreover, large amount of work exist othe impact of a specific threat on an
individual species or group of organisms, but studies to better understand the impacts
of threats to specific functions and relatedrgiees are still lacking. This is especially
true for certain threats, such as GMOs. Additional research on this issue will help in
answering the question if it would be better to preserve biodiverpigy seor if it is
possible to preserve specific biodiversity in priority.
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Finally, it would be useful to determine the optimal scale of action (e.g. species, patch
or landscape scale) to protect soil from delebeis impacts. This of course will depend
on the considered threat. Thus, for climateacige the scale of action is global, while
for chemical pollution it can be local. Wheve protect soil biodiversity at a spatio-
temporal scale targeting a specific functiomgbup, we should also consider how the
other functional groups, at lower or highepatio-temporal scales, and their related
services, are affected.

/2 MAIN RESEARCH GAPS

X

Impacts of climate change on so#cosystems, biodiversity and related
functions, including impacts of altered precipitation rate, not limited to
temperature

Interactions between threats, and within the same class of threats, between
similar deleterious factors (e.g. pollutants)

Interactions between pesticides and biotic factors

Research into the effects of pollutants on soils

More research on the impacts of threats on soil functions and the services
delivery

Determination of the optimal scale of action, depending on the threat
Research on the impacts of land-®schanges taking into account the
surrounding landscape

Research on the sensitivity of decomposition rate to humidity
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5. INDICATORS AND MONITORING SCHEMES FOR SOIL

BIODIVERSITY

Establishing the state of soil biodiversity requires the use of reliable indicators and the
setting up of monitoring schemes -ongoimgsearch is contributing to these two
elements. Examples of research networks iwed in soil biodiversity are presented in
Section 7.

Much work has already been done in Europe indicators of soil biodiversity and
quality. A rather large number of papers and books show the usefulness of most soll
organisms as indicators of soil quality aod/describe their responses to different
effects (Paoletti 1999). The BIOASSE®§eqtr (1999-2002) produced a significant
amount of work on the response of isanvertebrate communities (Collembola,
earthworms and macrofauna) and other elenigrof biodiversity (plants, butterflies,
birds and Carabidae) to landuse intersifion. The ENVASSO (2006-2007) project
addressed threats on soil biodiversity and proposed a set of minimal indicators based
on their significance (based on sound science), acceptance of the methodology
(existence of standardised methodsheasurability and costs (Huber 2008). This
section provides a synthesis of this wakd describes the monitoring schemes that
different European countries have developed.

5.1. INDICATORS

5.1.1. USEFULNESS AND SELECTION OF INDICATORS

Y2 USEFULNESS OF INDICATORS
Why indicators

Assessing the actual and predicting the futgerformance of ecosystems that are or
may be influenced by human activities is essential to ensure a sustainable
development. Changes in the environmenitifer natural or human induced) need to

be highlighted as soon as possible, and their impact on the short and long term
assessed, in order to predict the consequences on soil functioning and ecosystem
services delivery. Thus managers and painakers need tools to estimate and class
the risk linked to ecosystem degradation and management practices in a holistic way.

In this context, there is a need for assenent tools that can capture the trends in

biodiversity and ecosystem services. Unfiordtely, direct measurements are often

impossible to perform, due to methodologicptoblems or practical reasons of cost
and time. Simulation models which are widoped as an alternative to direct

measurements are also often highly practical (Bockstaller and Girardin 2003).
Therefore, there is a need for indicatorsdssist us in establishing baseline conditions
and trends. Indicators alsallow to establish threshold effects and to know the
acceptable level of pressure exerted on soil.

Indicators are a way of presenting and managing complex information in a simple and
clear manner. Essentially, ecological indicatomse two main functins: an informative
function, i.e. to decrease the number of asures and parameters that would normally
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be required to represent a complex situation (e.g. an agro system), and a decision-aid
function, to simplify the communication process through which information is
conveyed to final users and to help achigkie initial objectives, (e.g. the sustainability

of a farming system).

The development of indicators at the national, regional or local field level has become
a common approach to meet the ciatneed for assessment tools.

Value of indicators

Two levels of information may be distinguished when using indicatoesidline
indicators that provide an overview of the situation at a high level of aggregation and
detailed indicatorsthat are needed to better understand underlying trends or existing
links between policy measures and their effects. The challenge is to find an appropriate
balance between simplification and completeness.

Indicators can serve different purposes. Mangicators are not aimed at being used

to predict an actual impact, but to supplyfimmation about a rislor a potential effect
(Halberg 1999). Indicators can also inform policy makers about the progress that is
being made towards achieving a policyjattive (Vos 2000), infm about specific
guestions, focus research, provide a basisdiscussion and act as a communication
tool. The role of the indicator may be ta@sal positive movements as well as negative
ones. Others are also aimed at ‘raisitige alarm’, meaningthey should give
information on negative impacts before theyctually occur (Reus, Leenderste et al.
1999). They can be also a useful tool fdoptising which environmental information is
most useful as part of an environmental information system.

Each purpose may be associated to a different target group. Different stakeholders
have different information needs, and different indicators have to be developed to

answer their specific needs. It does not mean that new monitoring needs to be
developed, only that the data may be interpreted differently for different purposes.

Scale issues

Many indicators relating to some aspecttmbdiversity exist but none of them capture
biodiversity in its entirety. Despite the need to agree and implement a method for
measuring biodiversity status, no sciditt consensus measure exists. The main
difficulties in establishing operational imditors are due to the multidimensional
nature of biodiversity which can be defined in terms of composition, structure and
function at multiple scales (Noss 1990)r kustance, while indication methods have
been proposed that combine a number of fargt related to biodiversity status (Jenkins
2003; Scholes and Biggs 2005), these metladidsv for comparisons on large changes
on the global biodiversity between different environments but may be insensitive to
diffuse impacts like for instance the long teeffects of habitat fragmentation, climate
change or pollution.

The main challenge of indicators is topt#re the variety of spatio-temporal scales
over which environmental changes occureTéxtrapolation of process measurements
from one scale to another is extremely diffit and can lead to substantial errors.
These extrapolations are generally based on the development of suitable models:
sufficient information is usually available fone of the scales but extrapolating to the
global level requires the use of modelling. Many of the problems with extrapolation
stem from the presence of nonlinear relationships between processes and scale (King
1991; White and Running 1994). Some processag operate only at certain scales,
becoming redundant at other scales. The recognition and verification of the domains
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within which each process operates represan important research area attached to
environmental monitoring. However, for magement purposes and political decision
making, it is important to consider a numbef spatial scales. Indicators and most of
the management activities should be planned in the context of the landscape level at
least.

/4 SELECTION CRITERIA

To measure soil biodiversity, many diffateaspects need to be assessed, which
requires the use of a set of various indicatofs a result, investigators have tried to
design comprehensive indicators that combia number of indicator parameters such
as individual densities of indicator speca@sphysico/chemical soil parameters. But for
reasons of efficiency, data quality and repeali&y the number of indicators should be
limited. Thus, the aim is to select the minimum set of indicators that adequately
characterise soil biotic properties.

The choice of these indicators varies across a range of temporal and spatial scales and
can be based on the following criteria:

x Meaningful indicators must relate to important ecological functions and use
good surrogates (e.g. recognised high value organisms as indicator groups).
This ensures the indicators will sertteeir purpose accurately, i.e. monitor
trends in soil biodiversity.

x Standardisedthe selected parameters should be readily available and (almost)
standardised. This ensures the comparability of data among sites.

x Measurable and cost-efficientthe selected parameters must be easy to
investigate in the field and to sampleffordable, and must not be restricted
only to experts or scientists, but shoudso be assessable by interested public
(e.g. citizens). This ensures the indicatwill be used in practice, and can be
routinely collected.

Other relevant criteria for the selection aore set of indicators that accommodate
environmental agencies and management practices needs as well as environmental
experts, have been put forward (EEA 2005dnvention on Biological Diversity,
Montreal, 2003}"

x Policy-relevance the selected parameters shouloe sensitive to changes at
policy-relevant spatio-temporal scaleenable to capture progress towards
policy targets, and allow for companiss between a baseline situation and a
policy target.

X Spatio-tempgal coverage the selected parameters should occur in the
different soil types and land uses, e.g. at natural and managed sites. They
should also be amenable to aggregation or disaggregation at different spatial
scales, from ecosystem to national and international levels.

x Understandability the indicators should be simple and easily understood
(avoiding contradictory messages)

x Accuracy the value of the indicators should reflect precisely and robustly the
changes they monitor.

Indicators must be selected depending tre question to answer. Thus, despite the
fact that the majority of criteria usuallyted for the selection of appropriate indicators

O \www.biodiversity-chm.eea.europa.eu/sies/STORY1068016983; last retrieval 16/09/2009
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5.1 2

are suitable for every situation, the prityigiven to one or another aspect largely
depends on the assessment poges and the endpoint users.

MEASURING SOIL BIODIVERSITY

A huge number of methods exist to measure the activity, biomass and biodiversity of
soil organisms. Some methods directly count the number of species and individuals
present in a sample to calculate diversity, while others are based oanranunity
approach, and rather estimate the actyiof soil organisms, or of specificnctional
groups In the past few years, considerable efforts have been made towards the
standardisation of some methods. A working group of the ISO Technical Committee
190 Soil Quality reviewed appropriate catalies and proposed five methods for
inclusion within the working programme, covering the main classes of soil
invertebrates.

%4 ABUNDANCE AND DIVERSITY

The methodology used to estimate species diversity varies depending on the soil

organism considered. The largest organisms are directly observable with the naked eye
or with a microscope, while the presence of the smallest can only be estimated by

complex molecular techniques.

Microorganisms

The diversity of microorganisms (including bacteria, fungi, but alstists) can be
estimated through either of two approachesellular cultures and molecular biology
methods.

x Cellular cultures:

Cellular cultures are used to encourage ttontrolled growth of microorganisms under
laboratory conditions (e.g. in incubatorsr flasks containing appropriate growth
medium). The main drawback of this methodhst it is a selective protocol favouring
the growth of some species compared tbhers. The proportion of cells that can
currently be cultured is estimated to benly between 0.1% and 10% of the total
population in a given soil sample. As a consequence, cellular cultures only reveal a
subset of the original soil microbiatommunity Depending on the considered
microorganism, the cost of these methods can vary, but it is in general lower than for
molecular biology methods. An incubator capable to keep a constant temperature and
CQ pressure cost 1000-2000 Euros andagpropriate growth medium cost 10-100
Euros per litre.

x Molecular biology methods:

More recently, several methods based on molecular biology have been developed to
characterise the genetic information contained in the DNA and RNA of microbes or
other soil organisms. The mainahtages of these methods are:

x They can be applied directly on the nucleic acids extracted from the soail
samples

x They give very precise information regarding the genetic structure and the
diversity of soil communities

x They provide the information even if ¢hgenetic material is present in small
guantities because the genetic material can be amplified (e.g. by PCR -
Polymerase Chain Reaction).
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x It is possible to amplify specific portion of the genetic information (e.g. genes)
thus obtaining selective information

x It is possible to follow the evolutiomf soil communities under different
environmental conditions

The main disadvantages are:

x There are no standardised DNA extrantiprocedures and the efficiency may
vary depending on the nature of soil sample. Indeed, the DNA extraction from
soil samples is currently under standesation at 1ISO level (ISO/CD 11063 ‘Soll
quality — Method to directly extract DNA from soil samples’).

x The efficiency of the amplification of genetic material depends on the genetic
sequence and on the experimental conditions

Other molecular methods are based on fattyeEcianalysis (this process is also in the
process to be standardised at ISO IeM&O/NP TS 29843-1&2). Phospholipids are
signatures of specific groups of microorganésrsuch as the different types of bacteria
involved in nitrogen cycling. Although ishtype of analysis does not allow for
identification at the species levet,provides an overview of theommunityas a whole,
and of specifidunctional groupsof microorganisms. Some of these methods can be
quite labour-intensive and time consuming.

Thus, methods based on molecular biology can be viewed as a useful complement to
culturing methods to measure the microtégical diversity of soil (relative and
absolute diversity). The cost of molecular biology methods can vary depending on the
chosen method, ranging from a few hundred Euros (in the case of simple DNA
extraction) to tens of thousands of Euros (he case of quantitative DNA amplification
with a real time PCR cycler).

Soil invertebrates

The diversity of soil invertebrates can be estimated directly, through direct sampling.
The number of species, their abundance, as welt@smunity composition can be
assessed in that way. These estimates candmebined to calculate diversity in various
ways, depending on the importance given to changesinmmunitystructure. Different
methods can be used to measure the abunda and diversity of soil invertebrates
according totaxonomic and functional groups (biofical regulators and ecosystem
engineers). The measure of invertebrate abundance and diversity is often used for
monitoring purposes. For example, the Mdty Index (Bongers 1990), based on the
composition of nematode communities, meass the abundance and diversity of soil
nematode communities in relation to soil health. However, the results are often not
comparable because sampling methods anadgtdesigns can considerably differ. For
this reason several methods have been standardised under the ISO classification (e.g.
ISO 23611-2: Hand sorting and formaditraction of earthworms).

/2 MEASURES OF BIOMASS AND ACTIVITY
Biomass

The idea behind this indicator is that saoiicrobial biota can be treated as a single
entity. Estimation of total soil microbial dinass or biomass of some specific groups
can be measured with many methods, such as fumigation. The biomass of soail
invertebrates can be estimated based on their abundance and species numbers, and
can be pooled over species.
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5.1.3.

Activity

The importance of the measurements of microbial activity in soil is rather neglected.
One reason for this is that it is often difficult to interpret changes in microbial activity.
For example, the presence of organic pollutants may have many direct and indirect
effects on it. Moreover, resistant microorgams could grow using debris of sensitive
microorganisms and enhance their activityannipieri 2002). Du# the high number

of soil biodiversity functions, variousiethods have been developed to cover soil
functional diversity. Most of these metkls determine microbial activity. The soill
biological activity is determined by measuring the amount of chemical products (e.g.
CQ) generated or disappeared by the overall soibmmunity or by specific
populations. In particular iis possible to measure:

x Soil decomposition rates through measg the rate of organic residue
consumption

x  Soil respiration rate through measuring the gBoduction

x  Soil nitrification rate performed by specialised bacteria

X Soil enzymatic activity

In addition, some integrative methods are used to measure functions performed by the
soil biota as a whole. For instance, thigel-bag method measures the mass loss of
organic matter, while the bait-lamiffa test measures the feeding rate of soil
invertebrates. However, their use is limited by the lack of appropriate negative control
(Gardi, 2009).

INDICATOR POTENTIAL OF THE FUNCTIONAL GROUPS

/2 CHEMICAL ENGINEERS

The highest amount of soil biotic capitaliisthe form of microbial biomass (bacteria
and fungi). The absolute and relative amounts of these organisms give a good
indication of the activity and stability of the ecosystem. Moreover, some of their
measurements are automatised and standasdi, which means they can easily be
performed on large scales.

/4 BIOLOGICAL REGULATORS

Biological regulators are very abundant, and the area covered during their life cycle is
typically representative of the site under examination. Thus, their life histories permit
insights into soil ecological conditionand, several species have already been
recognised as useful biological indicators of soil quality.

Nematodesare present in high numbers, have high species diversity, and their relative
or absolute amount give good informah on the diversity and stability of the
ecosystem. Indeed, since they have a rangieetling habits, they react differently to a
range of soil changes. For instance, productivity of the belowground system may be
indicated by the number of bacteria-feedingematodes However, identification of
nematodes at the species level is still time-consuming, technical and relatively

“IAn 1SO standard is currently urrddevelopment : ISO/DTS 22939 ‘$pislity — Measurement of enzyme
activity patterns in soil samples using flugemic substrates in micro-well plates’)

*2 The bait-lamina test is a practical mean to assssi$ faunal feeding activity. The test consists of
vertically inserting 16-hole-bearing plastic stripled with a plant material preparation into the soil.
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expensive (e.g. depending on the distance to the sampling one should count at least
20-40 Euro per sample).

Springtails can also be considered good candidates, since they have high species
diversity and respond to a variety of ecologl and environmental factors, like changes

in soil chemistry, micro-habitat configurah (e.g. soil moisture, litter quantity and
quality), land-use practices (e.g. forestand agricultural practices) and landscape
composition (Hopkin 1997). Although speciesnification can be time-consuming and
requires expert knowledge, the number of Caoileola experts in Europe is rather large.
Moreover, while taxonomic identification is needed for exhaustive biodiversity
monitoring, surrogatetaxonomic levels (e.g., genus level) can be used for rapid
biodiversity assessments. For the evaluatmnsoil quality, a trait base classification

can be adopted.

Y4 SOIL ECOSYSTEM ENGINEERS

These organisms are broadly accepted predictors of biodiversity in a large proportion
of European soils, with the notable exceptiof large extensions of the Mediterranean
areas and reflect their outstanding influence as soil engineers. They indicate the
diversity and intensity of physical and chemical ecosystem engineering operated by soll
invertebrates, and subsequent microbialtiaities (Lee and Foster 1991; Lavelle 1997;
Pulleman, Six et al. 2005). Their activity conditions the habitat and activity of several
chemical engineers and biologlcregulators, which also typically form their diet, so
their abundance reflects an integration ofrange of biological processes occurring in
soils. Among ecosystem engineers, earthwomams the most frequently used indicator
species.

Earthworms can be very abundant, but aret mery diverse and easy to characterise
and count. However, they can be appealing to a range of stakeholders:

x Farmers, who know that earthwormseimportant for soil structure and who
know that more is better

x Conservationists, since earthworms are the main food source for many
aboveground conspicuous species

x Ecotoxicologists, since earthwos are sensitive to pollutants

Moreover, earthworms are sensitive il type and secondarily to land use.
5.1.4. INVENTORY OF INDICATORS AND SUITABILITY

So far, no comprehensive index has beeopmsed that would combine all the aspects

of soil complexity into a single formula aatfow accurate comparison among sites and
plots. Existing indicators comprise ratieng lists of potentially relevant variables to

be measured, although no general agreement has been reached on their interpretation
(Doran and Zeiss 2000). Some attempts to cim@lgroups of variables into indicators

of soil biotic activity have recently been proposed. The different concepts that have
been developed for soil protection may be basically classed into three main
approaches:

x Shopping list approach, where a set of different soil parameters are assessed

x Benchmark approach, where the degree of deviation between reference
situations and the actuaheasurements are evaluated

x  Numerical approach, where synthetic indices are developed for the assessment
of soil status
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%4 SMPLE INDICATORS

Several indicators, based on individual arigans groups or taking into account the
whole soilcommunity have been used to characterise soil biodiversity (Table 5-1).
These indicators are directly based on tiiferent measures available (see section 5.
1.2).

Concerning chemical engineers, for exampthe characterisation of microbial
communities has been mainly based oretldetermination of fungal or bacterial
biomass (Beare, Neely et al. 1990; ISO 1997rofunctional variables (Table 5-1).
Sometimes, indices are calculated based moitrobial activity, to assess the values
determined with respect to soil quality. 8@ examples are the quotient of microbial
carbon in the biomass to organic carboontent (Cmic / Corg) as an indicator for
carbon dynamics in soil (Kaiser, Miller &t 1992); the metabolic quotient as an
indicator of energetic efficiency (Insam and Haselwandter 1989); or the respiratory
activation quotient as an indicator of theresence of contaminants (ISO 2001). The
pattern of degradable carbon sources (BIOLOG Identification Stamapplied for

the comparison of sites with respect to their microbial communities. Recently, efforts
have been spent on using structural aspects for the characterisation of the microbial
communitydiversity. Different molecular methoqkukow, Dunfield et al. 2000) as well
as the determination of single microorganisms or microbial groups using cell
components have been successfully applig-rostegard, Baath et al. 1993; Waite,
O'Donnell et al. 2003). These methods usuadlye good measurabiit(Table 5-1), and
some have been proposed for use in assrent systems (Mulde€ohen et al. 2005).

The use of biological regulators or ecosystem engineers as indicators of soil quality has
a long tradition (Volz 1962). Many invertebrédteca have been proposed as indicators,
including protists (Louisier and Parkinson 1981; Aeschht and Foissner 1991; Bobrov,
Charman et al. 1999))ematodes(Bongers 1990; Mulder, De Zwart et al. 2003; Yeates
2003; Mulder, Dijkstra et al. 2005), Enchyiidae (Beylich and Graefe, 2002)(see also
Box 9), earthworms (Philipson, Abeladt 1976; Beylich and Graefe 2002), and mites
(Beck, WOAS et al. 1997; Behan-Pelletier 1,98#)ngtails (Van Straalen and Verhoeff
1997; Fromm 1998; Filser, Wittmann et al. 2000; Filser, Mebes et al. 2002). Their
abundance and diversity is typically measyradd these groups usually provide good
indicators of changes in soil types and land uses (Table 5-1).

However, these approaches are all insudfitti by themselves, as no single group can
cover the huge variety of environment®ic soils. Accordingly, none of these group-
specific indicators are routinely used. Th&mmation provided by the whole zoological
communityoffers a better resolution ahformation (van Straalen 1998).

/2 COMPOUND INDICATORS

In the last decades, a considerable numloércompound indicators related to soll
biodiversity or using concepts based @oil communities have been developed.
However, these indicators have usually bedgveloped with the intention to assess

soil health status and to establish ecologisall classifications for the purpose of soail
guality assessment, rather than with soil biodiversity assessment as an aim per se. As a
result, these soil biodiversity indicatorspigally encompass multi-factorial aspects of

* The Biolog Identification System is a bacterial fifieation method that esthlishes an identification
based on the exchange of elect®menerated during respiration, leiag) to a subsequent tetrazolium-
based color change. This system tests the abilitymfa@oorganism to oxidize a panel of different carbon
sources.
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soil, including biotic to abiotic conditions, which makes them more meaningful
indicators of soil biodiversity (Table 5-Bach proposal has its own advantages and
disadvantages. Most indicators are based on benchmarks, where soil biodiversity in the
sampled site is compared to that in a reface, baseline site. The reference sites are
typically defined based on expert assessments, and only the most recent integrated
indicators propose more robust, objeativassessments. Moreover, few indicators
actually propose an integrated measure, thateasy to use and report, most are based
on complex multi-factorial representationg.he main compound indicators for soil
biodiversity are detailed below.

Compound indicators: benchmark approach

In the early 1960s, a first proposition to chaterise soils from a pedozoological point

of view arose in Germany (Volz 1962). Biss of some macro-invertebrate groups
(earthworms, beetle and dipteral larvae, sisaand slugs, isopods, myriapods, etc.) was
used to characterise forestoils and to class them intdifferent groups. The main
problem of this proposal deals with thiact that the measurement of the biomass
requires great effort, the lack of importagroups of soil macro-invertebrates and that
meso-fauna groups are underestimated. The proposal was widely ignored by scientist
and authorities because at that time, nobody saw the need for a biological
classification of the soil system (Breure, Mulder et al. 2005).

Another Dutch proposal was made in 19923iginige et al., 1992. It was based on the
definition of ecotopes and the identifitan of their characteristic “soil fauna
communities”. In fact, only myriapods, ants, collembolans, enchytreids and
earthworms were considered. Each factor d#siog a site or a soil was classified in
three classes. This proposal do not ddes quantitative data like abundance but the
species spectrum and the priorities in soibfaction at the moment of its publication
were not in line with this kind of approach.

Graefe and Schmetz (Graefe and Schmelz 1p8§)osed a classification soil system
using enchytraeids and earthworms as indicators for a “typicainmunity of
saprophagous microorganisms and animals” by using numbers in analogy to plants.
Species are classified according to moistpid, salinity and life strategy (depth in the
humus profile, gradient occurrence and peduction type). The measurement
endpoints are species composition, abundanftequency and characteristic species.
Problems associated with this approach concern:

x the impossibility to associate most aramnspecies with the categories for
plants merely because their occurrence is determined by different factors,

x the difficulty to identify enchytraeids

x the fact that it focuses only on Otighaeta, leading to a low differentiation
between sites.
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Table 5-1: Simple indicators of soil biodiversity. Meas.= measurability

Functional Organisms Indicator Method Standard Sens'|t|V|ty Sensitivity Meas..
group to soil type | to land use
Biomass / SIR, fumigation-extraction Yes Good Good Good
activity ATP concentration, initial ratef mineralisation of glucose | Yes
Activity Respiration rate/quotient/ratio, Yes Good Medium Good
Nitrification, N mineralisation, C mineralisation Yes Medium Medium
Denitrification No Medium Medium
N-fixation No Good Medium
Microbial . ' ' Mycorrhizae(% of'r(')ot colonised) No Good Good .
Decomposers Microorganisms | Enzymatic | Dehydgenase activity Yes Good Good Medium
activity Other enzymatic activity test phosphatase, sulphatase, | No Good Good Good
etc. No Very good Very good
Enzymendex
Diversity Culture-dependent methods: direct courtymmunitylevel | No Poor Poor Good
physiological profiles
Culture independent methodgatty acids analysis, nucleic| No Poor Very good | Good
acid analysis (technical)
Biological Protists Abundance | Culture-dependent methods: direct count (diversity index, Yes Good Very good  Laune,
regulators nematodes and functional or trophic diversity) expertise)
Diversity Culture independent methodgatty acids analysis, nucleic
acid analysis
Microarthropods | Counting Litter-bag technique (colonisation capacity) No Good Good Lowme,
(springtails, Soail coring expertise)
mites) Abundance | Communitycomposition, ecological groupisg Yes Very good Very good  L@hve,
and expertise)
Diversity
Soil ecosystem Earthworms, Abundance | Species richness, diversity, evenness Yes Very good Good Goqiw
engineers isopods Diversity (ongoing) expertise,
simple)
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Soil Invertebrate Prediction and @¢sification Scheme (SOILPACS)

The Soil Invertebrate Prediction and Clasatfon Scheme (SOILPACS, Weeks et al.,
1998) was developed in the U.#. assess ecological soil quality. The scheme is based
on the approach developed for the assessment of fresh water quality (RIVPACS, River
Invertebrate Prediction and Classificatiorstgyn), and is aimed at assessing the biotic
differences among communities in stresssites (e.g. polluted soils) vs. undisturbed
sites. Thus the observed soil biotic communities of selected invertebrate groups (e.g.,
earthworms, spiders, isopods, collembolamsh polluted site are compared against a
benchmark, expectedommunity at a reference site, not submitted to environmental
stress. The main advantage tbis approach is that it uses standardised sampling and
statistical evaluation (TWINSPAN) methods.

However, it also presents several problems:

x There are a small number and low quality of reference data for soil organisms
in the United Kingdom (UK). A great eff@gtnecessary to create a reliable set
of reference data

x Even when a site has never been polluted or degraded by human activities,
‘natural’ stresses may have a tempoyaimpact on the observed fauna and
thus influence the result obtained (lowering of the observed/expected ratio)

x The environmental stress responsible the value of the observed/expected
ratio of soil fauna for a given site cannot be clearly identified

x So far, the system has only beenedsfor the assessment of heavy-metal
contaminated sites in Wales.

Biological Indicator System for Soil Quality (BISQ)

In the Netherlands, a Biologiktindicator System for Soil Quality (BISQ) was developed
to assess soil quality based oretbcological status and ecosystem services provided by
soil (Schouten, Brussaard et al. 1997). Hystem develops a distance-to-target
indicator for soil biotic communities, based on the idea that, in a given area, the threat
to ecosystem processecan be estimated by comparing the number of species in a
functional groupwith its reference (undisturbed) area.

The indicator is based on ecological premes and biotic interactions. Five ecosystem
services are considered:

Decomposition of organic material
Nutrient cycling

Soil fertility

Soil structure

Stability of the biotic communities

X X X X X

A range of soil biotic variables (indicator values) are measured to reflect the functions
responsible for those services. These include the abundance and diversity of
earthworms,nematodes micro-arthropods, as well as measures of microbial activity
and biomass. These biotic characteristics are correlated to the abiotic conditions in the
site of measure. The resulting data cée presented in graphical form, as the
deviations of each indicator value from the benchmark. Alternatively, the indicator
values can be aggregated into a single indigaising the average factorial deviation of
the biological reference valuéBreure, Mulder et al. 2005).

One advantage of the IBQS or BISQ is thatsoil quality concept is related to the
concept of ‘ecological status’ aretosystem serviceand explicitly includes a broad
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range of soitaxaand functions. Moreover, the benclark approach describes real soil
systems and the methods used to assess# bwmlogical parameters constitute an
interesting starting point to build a harmésed framework for sustainable land use.

However the IBQS or BISQ preserdgesme weaknesses. Macro-invertebrate
communities are under-represented. Theyamly represented by earthworms, which
cannot be considered as representative tbe whole soil macro-invertebrate groups
and are too sensitive to changes in sommal parameters. In addition, the use of
benchmarks to determine soil quality referees may be useful but presents some
severe limitations:

x Benchmarks are established on the basis of a set of existing locations. The
presumed good ecological status is derived from these locations and is thus
describing only a relative state yfers, Schouten et al. 2009). Since
benchmarks are used to provide guidanto improve soil quality, the land
management goals are constrained to thiative ecological status and not to
an absolute good status.

x Since the benchmarks are established using a limited set of sites that cannot be
representative of the whole heterogeneity of soils and site deviations, it will be
difficult to adequately define land-use management goals.

Biological Soil Classification Scheme (BBSK)

The Biological Soil Classification SchemeKBB®poses a biological method to assess
the function of soil as a habitat for soil organisms (Ruf, Beck et al. 2003). It also
develops a distance-to-target indicator fgpil biotic communities. This indicator is
based on the principle that similar soils slhave similar soil fauna. This means that

it is possible to define a reference biotimwmmunity for each site. The reference
community can then be used as a baseline against which the actual quality of a
sampled site is weighed.

Thus, to calculate the BBSK indicator, reference sites are first selected based on
qualitative expert assessments to define gpings of sites sharing similar land use, soil
and climatic properties. The reference sbibtic communities are then defined for
each reference site. Finally, the indicator measures the deviation between the
reference and the actual samplesmmunity, in a given site. The main advantage of
this system is that it accounts for multiplaotic factors, by including diversity and
abundance of meso- and macro-fauna. Howetbese data are not integrated, which
makes them difficult to interpret by non experts. For instance, the user has to decide
what it means if the activity in the sample sitee.g. half that of the reference site for

one type of organism but not for another.

Moreover, the sensitivity to detect soil quality differences between sites with this
indicator is limited. This is because, diéspthe fact that this approach includes a
variety of soiltaxa that belong to different size, life-form and trophic groups, the
organisms taken into account do not completely represent the differentlswilitats
and ecological interactions in soil. Thus thember of soil parametes used to classify
sites into similar groups may be too reddc@H, organic matter content, C/N, texture
and soil moisture) to adequately atacterise the entire soil status.

Moreover, this indicator has received limitedlidation. So far, it has only been tested

in a limited number of study sites, with aabied diversity of environments (e.g. for 15
study sites, there were 10 forest sites, 4aggland sites and only a single arable field).
This number might however increase rapidly depending on support given to this
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approach. With a small number of referenesites, the whole system does not work
because of its low ability to detect any \dations between observed and expected
communities. Dividing soils in only ten types means that any stress would have to be
dramatic to be detected because each eca@ypould be very broad (Breure, Mulder et

al. 2005).

Finally, reference values are defined by expert's knowledge and are not based on real
observations from “reference sites”.

Biological Soil Quality (BSQ)

The Biological Soil Quality (BSQ) index (P2@i8l) is an indicator of the activity of
biological regulators. It is based on thee&dthat high soil quality is associated to the
number of microarthropod groups well-adapted to the soil habitat. Thus the BSQ is
applied to soil microarthropods, and based on the life-form approach. The life forms
include groups of microarthropods characterised by the same convergent
morphological features, which enable tassess the degree of specialisation of
microarthropodswithout requiring complexaxonomicidentification (Parisi, Menta et

al. 2005). Indeedmicroarthropodsshow morphological characters that reveal their
adaptation to the soil environment, such asduction or loss of sight, pigmentation,
jumping or running adaptations. Thus, tipeesence of these characters enables the
characterisation of organisms at the morgbgical level, rather than at the species
level. This means non-specialists can also use the BSQ.

The main steps for obtaining the BSQ are:

x Sampling and extraction: soil cores and funnel extraction

x Determination of the biological formslassification of the different types
according to homogeneous morphological characters.

x Calculation of the BSQ index (Parisi 20@EHch morpho-type receives an eco-
morphological index (EMI) proportioratto its soil adaptation level. The
scoring ranges from 1 (surface-livingrfs) to 20 (deep soil living forms). The
most highly adaptedmnicroarthropods belonging to a group determine the
overall EMI score for that group. The BSQ of a sample is the sum of the EMIs of
that sample.

Two different BSQ are proposed, one basedwaoroarthropods and the other based
only on springtail species.

Some of the strengths of this indicator are thiais sensitive to land-use change (Parisi,
Menta et al. 2005) and to short-term vatigns in management practices (Gardi,
Tomaselli et al. 2002), but it is less sensitvéarge variations in some soil parameters,
such as SOM (Gardi, Tomaselli et al. 2008)vdtsatility and relative ease of use (no
need for determining species or estimating their abundance) mean that it could be
used in large scale sampling and monitoring schemes. Qualitative ranking of BSQ could
also be used for soil quality cartography.

Compound indicators: numerical approach

Another approach consist to develop indicantended to synthesise the information
collected from a range of soil physical,eatical and biological parameters into a
“quality score”. The main advantage of thismd of approach is to allow comparisons
between different soils using a numericgpaoach which simplifies interpretations.
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General Indicator of Soil Quality (GISQ)

The General Indicator of Soil Quality (Velasquexielle et al. 2007% an indicator of
the differentecosystem servicegrovided by soils, one of them being the conservation
of soil biodiversity. It is a synthetic indicattombining five sub-indicators representing
five ecosystem serviceeach quantified by a range of variables:

x Physical quality or the ability of soils fwrovide infiltration and storage of
water. It includes measures of porosity and moisture

x  Chemical fertility or the ability of soit® provide the nutrients necessary for
plant production. It can be estimadievia nutrient concentrations and pH.

x Morphology that measures soil macrggregation, soil ecosystem engineers,
and describes characteristics of the litter system.

x Qrganic matter and the ability of soils torgiaipate in climate regulation. It can
be estimated through C and N concentrations.

x Macro-invertebratecommunity composition, as an indicator of soil biological
activities. It can be estimated by the structure and abundance of
macroinvertebrate communities. Soinacro-invertebrates include all the
invertebrates that belong to a group where more than 90% of the individuals
can be seen with a naked eye.

The GISQ is calculated statistically, usindtirgariate analysis. First, for each of the

five sub-indicators, all the different mea®s taken are simplified into a smaller
number of variables that best summariseethvariability. Second, the sub-indicators

are calculated based on these summary variables, and can range from 0.1 to 1. The
GISQ is a weighed sum of the five sub-indicators.

The soil macro-fauna sub-indicator is the onlye to be correlated to the other four
sub-indicators, suggesting that the abundarand diversity of soil macro-fauna might
be a valuable indicator of soil quality (Velasquez, Lavelle et al. 2007).

Some of the strengths of this indicator atteat it integrates a range of soil physical,
chemical and biological measurements toacdcterise soil properties. The GISQ also
offers an interesting possibility in soil assessinsince it allows knowing the status of
each compartment separately (by the scordaibed with each sub-indicator) and thus
gives the possibility to modify management practices in order to improve the
compartment getting a low score. Moreover, the approach followed for developing this
index could be extended to other comparemts of the ecosystem depending on the
guestion to answer. Thus, pollution or socio-economic sub indicators for example could
be added to the general formula. Howevaa, limitation is that this indicator is
regionally specific (Velasquez, Lavelleale007) and the evaluation of soils different
from those used to its development implies the collection of new data sets. The
validation of this kind of indicator is necessary.

Biotic Indicator of Soil Quality (IBQS)

The Biotic Indicator of Soil Quality (RuCamacho 2004) uses macro-invertebrate
indicatortaxato assess soil status. A set of soil gibg-chemical measurements is first
used to identify groups of soils sharingngar properties. In each type of soil, the
indicatortaxaare then selected from the wholemmunity of soil macro-invertebrates
based on two criteria of ecological inteste the specificity and the fidelity of each
organism for that environment (Dufrerend Legendre 1997). The procedure used for
the identification of indicatortaxa allows excluding rare species that could not be
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found with a reasonable sampling effort. The abundance and indicator value of each
indicatortaxare further combined to obtain a ‘quality score’.

Thus, the IBQS allows comparing different soden a biological point of view and uses
a realistic soil system classification (basad a set of physico-chemical parameters
routinely used to describe soil status). Mover, it considers the whole communities
of macro-invertebrates which offer a bettergelution of information than using single

groups. Its development is based in robust statistical evaluations.

However, the robustness of this index stikeds to be improved by increasing the
number of observations so as to get a wider representation of different soil types and
land management practices. It has nottyeeen validated, and this step will be
necessary to establish the extent of its &épation and to identify threshold levels for
different parameters related to management practices and ecosystem functioning.
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Table 5-2: Main compound indicators of soil biodiversity

Indicator | Functional groups | Soil biotic indicators | Soil abiotic indicators | Integrated | Robustness | Measurability |  Sensitivity
Benchmark indicators
BISQ -Chemical engineers - Microbial activity and biomass No, but can be Poor Good Limited to
(Biological -Biological regulators - Diversity and abundance of reference sites
Indicator - Soil ecosystem engineers nematodes mites, earthworms
System for
Soil Quality)
BBSK -Biological regulators - Abundance and diversity of mesq- No Poor Good Limited to
(Biological -Soil ecosystem engineers fauna and macro-fauna . . . reference sites
Soil pH_, CIN ratio, soil moisture,
Classification soil texture
Scheme)
BSQ -Biological regulators - Diversity of micro-arthropods Yes Good Very good Large scale only
(Biological morphotypes No
Soil Quality)
SOILPACS -Invertebrates Yes Good Good — but
(Sail difficult to
Invertebrate separate natural
Prediction -Stress of soil communities No from human
and induced stresses
Classification
Scheme)
Numerical indicators

IBQS (Biotic | - Soil ecosystem engineers Physical classification of soil, Yes Yes Good Good —to be
Indicator of - Structure and abundance of based on routinely measured validated
Soil Quality) macro-fauna parameters (e.g. pH, cation

concentration)
GISQ - Soil ecosystem engineers - Diversity of macro-fauna - Physical (porosity, Yes Good Good Good —to be
(General moisture) validated
Indicator of - Chemical (nutrient
Soil Quality) concentrations)

- Morphological

(aggregation)

- Organic matter (C and N

concentrations)
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5.1.5. RECOMMENDATIONS

Sustainable use of soil should be indicated by an ecological indicator, based on a
holistic approach that integrates dataon physical, chemical and biological
characteristics of the soil. Such approaches recognise the complexity of ecological
interactions and the importance of ecosystemic processes as a reflection of underlying
functions, including soil characteristicdhe combination of biotic and abiotic
measurements leads to the possibility déducing response models for individual
indicators. With such models, predictions can be made concerning the effects of
environmental and human impact scenarios. The relation between abiotic conditions,
management practices and the compositiand functioning of soil organisms offers
opportunities to adapt political and nmagement practices towards an optimal
(sustainable) use of the soil biodiversity ahé ecological processes that are governed

by soil organisms. To establish the scale ictviindicators fluctuate, it is necessary to
make reference to descriptions and detdma the effects of severe disturbance.

In general a useful indicator should be:

Meaningful

Standardised

Measurable and cost-efficient
Relevant for policy makers

Cover a wide spatio-temporal scale
Understandable

Accurate

X X X X X X X

Detailed and headline indicators should be used in combination, depending on the
targeted public (e.g. scientists, policy makestc.). For policy makers, the use of risk
indicators could be important to orient désions concerning the application of the
precautionary principle.

5.2. MONITORING SCHEMES

At an international scale, the need for soibtiiversity monitoring schemes is identified

in the Soil Biodiversity Initiative, set up by the Food and Agriculture Organisation (FAQO).
It was established following a decision at tH2 eeting of the Conference of Parties

to the Convention on Biological Diveysiin order to promote the conservation and
sustainable use of soil biodiversity. In tluigntext, monitoring of soil biodiversity is
encouraged as a method of assessing soil health, in order to better inform
management and policies related to the use of%oil

Currently, there is no consensus on bioladjigoil monitoring initiatives worldwide. The
reason is that soil monitoring activities yawidely in their scope, goal, duration,
efforts and in the parts of the dcsystem that they represent.

However, any efficient monitoring shisl follow some basic principles. Most
importantly, monitoring ought to result imobust parameters. Thus, it must be very
clear how and when monitoring should take place, how the sampling should be
standardised, and which indicators shoultk used. For instance, soil biological
parameters change over time, and standardised guidelines must clarify at which time

4 www.fao.org/ag/agl/agll/soilbiod/iniative.stm:; last retrieval 2/9/2009
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of year samples are to be taken. However chemical and physical parameters of soil are
more constant in time than biological meass, and thus may not need to be sampled
as frequently.

5.2.1. SOIL BIODIVERSITY MONITORINBJROPE

At an EU level, the soils section of the European Commission’s Joint Research Centre
set up a Biodiversity Working Group which has been charged with evaluating existing
monitoring schemes and standardising methods between them

The current situation in Europe is that despite there being a well-established system of
soil monitoring networks, very few of theseetworks consider soil biodiversity as a
parameter that should be measured (SaBgllamy et al. 2008). For instance, only 5 of
29 European countries have monitoring sites for earthworms (Saby, Bellamy et al.
2008). The networks that have been speclficaet up to measure soil biodiversity or
which include the monitoring of biologicphrameters are outlined in Table 5-3.

/2 SOIL BIODIVERSITY MONITORING INITIATIVES
Some of the most characteristic examplare presented in more detail below.
France

In order to integrate biological parartexs in soil quality monitoring, a French
programme RMQS-biodiv (Soil Quality Maasnent Network) has been recently
(2009) developed at the regional scalBrittany)(Cluzeau 2009). This programme,
which assessed biological parameters, wamsnected to a larger soil monitoring
network developed at the national scal8oil Quality Measurement Network- RMQS)
which assessed agro-pedological paraméfer¥he connexion of both programmes
allowed the monitoring of soil biodiversity (sgies and function) in relation to land use
(mainly agricultural practices) and pedoclimatic parameters.

The final objectives of this RMQS-BiodProgramme was more particularly to
contribute to a better definition of soil biota sampling procedures for their necessary
standardisation at national or Europearvé and to define the relevance of some
criteria in term of performances/cost iorder to propose them to field actor.

Thus, this programme measured a large range of biological parameters, requiring an
important research network: macro-faungearthworms, total macro-fauna), meso-
fauna (lematodes acarina and springtails), microorganisms (microbial biomass,
bacterial and fungal diversity), and alsoinctional biological parameters (soll
respiration, humus index). The pilot area covetemore than 27 000 km? and the
sampling was realised by a systematic approach based on a grid 16 X 16 km. 115 sites
were sampled in 2006 and 2007. The samplinghods, adapted to the study context,

were more or less close 1SO standards.

Based on the same French monitoring network a project called ECOMIC-RMQS aims to
characterise telluric bacterial communitiesn about 2 200 soil samples based on
molecular tools such as quantitative PCRIA microarray and DNA fingerprint directly
on DNA extracted from soil. This project wambd build up and maintain a national soil
DNA library (in the platform GenoSBljhat could be available to the whole scientific

5 www.eusoils.jrc.ec.europa.eu/library/themesliversity/wg.html; last retrieval 2/9/2009
4 www.gissol.fr/programme/rmqgs/rmqgs.php; last retrieval 16/09/2009
4 www.dijon.inra.fr/plateforme_gnosol; last retrieval 12/11/2009
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community in order to assess microbial diversit the future withmore powerful tools
and/or other molecular analysis (Gardi 2009).

Another French monitoring network calllRENECOFOR (National network for the long
term tracking of forest ecosystems) was created by the ONF (National Forest Office) in
1992 in order to complete the French neivk for health forest monitoring. This
network represents the French part for éhmonitoring of forest ecosystems of a
European network composed by 34 countffesThe main objective of RENECOFOR
network is to detect any change on the long term on the wide range of ecosystems
monitored and to identify the reasons ofdbe changes. The network is composed by
102 permanent observation sites representatiof the region where they are found
and that will be studied during 30 years ahase. While the measureents are mostly of
abiotic parameters (e.g. pedological deptinns, meteorological, 0zone, and ammonia
measurements), numerous research projects have been and are currently being
developed in order to complete the extent of the monitoring and to increase the
variety of biological measurements. Thigg example, soil macro-invertebrates have
been studied to be monitored in a routine waSince 2008, the issue of biodiversity has
been included in the programme.

Germany

Soil monitoring activities areot centrally coordinated in the country, but in total 800
BDFs (permanent soil monitoring sites), are hy each of the 16 Landers, at which a
wide range of abiotic (plus some biotic) parameters are measured. Each Lander may
thus use a different approach. Soil bioglisity monitoring in particular is only
performed on a case by case basis. This results in gapsvamtbmicsampling biases
(Gardi 2009). However, according to wieagreements, the information on soll
biodiversity available on the level of the individual L&nder, is currently compiled on the
federal level. Based on this informatiofurther activities are planned in order to
improve soil protection. The legal basis i% 8f the German Soil Protection Act (1998)
which requires to protect the function afoil as a habitat for organisms. The 2nd
paragraph presents a definition on soil functions.

Since 1998, after the Federal Soil Protecttant became effective, the German Federal
Environmental Agency (UBA) supported the development of soil biological site
classification concepts (BBSK), as a prioigpitool for the assessment of the habitat
function of soils.

The BBSK relies on a classification whereby each region can be characterised by a
limited number of sites with characteristic soil communities, which can be
characterised by its abiotic parameters.de soil properties, climatic factors). The
assessment relies on the differeation between the sampled saibmmunity, and the

one expected under the reference state forathsite. The sampling of sites should be
performed with standardised measures, use easy measurements and a reference
(undisturbed) site should exist. So fabout 50 sites have been sampled (mainly
forests) for a wide range of soil organisms. Two case studies have been performed (one
in 11 forest sites, the other in 15 sites1O forest, 4 grasslands, 1 arable field) The
sampling included ecosystem engineers (e.g. earthworms, isopods) and biological
regulators (e.g. mites). These studies showed that a habitat function of soil by the BBSK
concept was possible, although better definition of the assessment criteria (reference

8 \www.onf.frirenecofor; last retrieval 16/09/2009
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state, inclusion of chemical engineers)wa still need to be improved (Rémbke 1997;
Rombke, Breure et al. 2005).

Netherlands

The Dutch Soil Quality Network (DSQN), a national monitoring network, offers a usable
infrastructure and the advantage of avdilae, comprehensive abiotic measurements.
The objective of the network is to increase the knowledge of the effects of soil type
and management on diversity and functinog of soil organisms and mineralisation
processes. Moreover, the development and apgtion of new biological indicators for

soil quality is expected.

The monitoring network is composed of 2@ites in a stratified grid design that
represents 70% of the total surface areatbé Netherlands, with respect to soil type
and land use. The programme started in 1993 with an inventory of the free living
nematodes on the 200 locations, within a period of 5 years. The 200 locations
represent 10 categories of land-use / soipbéycombinations. The major part of these
locations was cattle- or arable farms.

In 1999 the 5 year sampling programme smapeated and extended to a foodweb
approach, in which nematodes still play axtal role. Moreover, organic farming and
new soil categories were added, enleng the monitoring network to circa 300
locations.

In addition to the original framework, 5@ 100 sites from outside this network are
regularly sampled, for instance biological farms or polluted areas which are supposed
to be good and bad references, respectivétiach year two categories are sampled (40
sites plus reference sites). That is the @asvhy it takes five years to complete one
round of monitoring. The obtained results omicro-organisms are combined with data

on soil fauna and soil chemistry from related projects.

Since 1997, the Biological indicator-system $mil Quality (BiSQ) is designed to make
the link between soil biological diversity and ecosystem function in DSQN. The
dominant soil organisms groups and ecabad process parameters are therefore
brought together in a practical indicator tse be used in a nation-wide monitoring
programme for soil quality. Each locatimnsampled and analysed every 6 years.

The outcome from this monitoringcheme should help identify:

x Key environmental processes on soil biodiversity and ecosystem functioning
x Taxaandhabitatsthat are most vulnerable to the loss of soil biodiversity
x Soilhabitatsthat are most amenable to soil restoration

With the dataset available, the main question remains whether the health of the soil
biodiversity can be assessed. Strictly speaking, no guidance comes from just
determining values for parameters on a given location. These values should be
benchmarked against a certain reference valnegrder to assess soil biological health
(e.g. judge it to be bad, normal bealthy) and to guide policy measures.

Portugal

The National Forestry Service (MinistryAgriculture) has established 16 monitoring
plots (using ICP Forest Level Il plots) fared$ob biodiversity representing the major
forest types in the country. This activity is funded under the Forest Focus programme,
that deals with the implementation of an operational methodology for biodiversity
monitoring (soil indicators include sailacrofauna, collembola and carabids).
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EU

No EU-wide monitoring system of soil biodsigy currently exists, but the setting-up of

one is in the pipelines. As a preliminary step, the EU FP&r@mework programme)
project ENVASSO was launched with the ambitious aim to provide the basis for a
comprehensive, harmonised soil inform@at system in Europe, by designing and
testing an integrated and operational set of indicators. Regarding soil biodiversity, a set
of EU-wide indicators were selected based on their significance, the existence of
standard measurement methodology fdhem, and their measurability and co$ts
(Bispo 2007; Bispo 2009; Gardi 2009) .

The minimum set of surrogate measures sedelcto assess the overall changes in soil
biodiversity cover the three functional groups:

x  Soil ecosystem engineers: earthworm biomass and diversity
x Biological regulators: springtails biomass and diversity
x Chemical engineers: microbial activity (respiration)

This minimum set of indicators could betexded in some regions, according to the
availability of resources, to include e.g. all macro-faunasonatodes

To ensure the monitoring results in rolysarameters, the procedures and protocols
used for the different indicators are dflased on ISO standards, which have been
adapted for assessment at the EU scale. Résts in sites distributed in four countries
(France, Ireland, Poland, Italy) have bemmducted and proved the effectiveness of
each indicator, and its sensitivity to deteftange across a range of land-use categories
at EU level (Gardi 2009).

It is recognised that soil biodiversitynonitoring should be accompanied by
measurements of soil abiotic ahacteristics, so as to be interpretable. These include:

X Habitat characteristics: detailed geographical classification, land-use type,
climate data, groundwater level

x Soil properties: pH, SOC content, Nitrogsantent, C:N ratio, texture, Cation
exchange capacity, usable capacity of the root layer

x Contamination and human-induced stress: concentration of heavy metals,
other soil degradation processes

One issue for this monitoring scheme remains the lack of an established methodology
to derive baseline indicator values for given soil types (depending e.g. on land use,
texture, climate) that are not baskeon subjective expert opinion.

9 See Envasso report : www.eusgitsec.europa.eu/projects/envasso/
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Table 5-3: Monitoring schemes in the EU that measure biological parameters of soll
(Bloem, Schouten et al.

2003; Breu2®04; Jones 2005; Paridienta et al. 2005; Romite, Breure et al. 20053

MS Name of Aim of scheme Initiating Date of Scale Indicator used Sampling scheme| Frequency of Organisms monitored
monitoring organisation initiation sampling
scheme
Austria Environmental Provincial Regional Initial Regular Microbes (biomass),
soil survey governments Environmental intervals earthworms, pot
Soil Survey ( 6000 worms and springtails.|
sites across the
country) —
regularly
monitored
Czech Basal Soil Ministries of 1992 National 217 plots across | Annual for Microbes (biomass, C,
Republic Monitoring Agriculture and the country, microbiological | N biomass; basal
Scheme the Environment divided by land parameters respiration; anaerobic
use and soil type ammonification;
Four samples nitrification)
taken from each
monitored plot.
France RMQS (Sail Biological Environmental 2006 Regional 115 sites of 16km| Annual Microbes (biomass,
Quality monitoring of soil | ministry, French (27000 km2) X 16 km, bacterial and fungal
Measurement quality — improve | environmental diversity, soil
Network)-biodiv soil biota agency (ADEME), respiration), biological
sampling and French regulators, macro-
procedures agronomic fauna (earthworms,
research institute total macro-fauna),
(INRA GIS SOL) humusindex
France ECOMIC-RMQS Biological INRA, 2006 National 2,200 sites of Not yet decided| Microbes (bacterial
monitoring of soil | ANR,, ADEME, Gl 16km x 16 km, and fungal diversity,)
quality — improve | Sol
sampling
procedures
Germany Soil Biological Site Soil biological Umweltbundesam| 2000 Regional Sdiological Site | Approx. 50 sites
Classification classification to t (Federal Classification (mainly forests,
assess the habitatt Environmental but also
function of soil Agency) grasslands and
crops)
Italy To assess soil ISPRA Regional Qualita Biologich Microarthropods
quality Suolo (QBS)
Latvia Agricultural Land To alldhe 1992 National 12 researpiots, | Annually Meso-fauna and

0 Document available at : www.rubicode.etbicode/RUBICODE_Report_on_Indicators Digturbance.pdf ; last retrieval 16/09/2009
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MS Name of Aim of scheme Initiating Date of Scale Indicator used Sampling scheme| Frequency of Organisms monitored
monitoring organisation initiation sampling
scheme
Monitoring assessment of the which represent epigeicfauna
Programme anthropogenic the 20 soil
impact on variations, the
agricultural land types of farming
and the climatic
conditions
Netherlands Biological Role of Dutch Ministry of | 1997 National Biological 200 locations Two soil/land- | Microbes
indicator system | biodiversity in the | Environment (nematodes Indicator for Soil | sampled, divided | use types (nitrification,
for Soil Quality maintenance of (National Soil 1993) Quality into ten sampled microbial biomass,
ecological Quality Network) categories of soil | annually, so activity, functional and
functions in soll type and land-use| one cycle to genetic diversity, C:N
type cover whole mineralisation),
network takes 6| biological regulators
years (protists, nematodes
springtails, mites),
ecosystem engineers
(earthworms, fungal
hyphag, community
structure
Romania To monitor soil 1992 National 16 km by 16 km | Every four Bacteria and fungi
quality grid set up to years, unless (number of)
cover whole site is
country. At each | particularly
intersection degraded in
samples are taken| which case
from a 400 m by | monitoring is
400 m square annual
(942 sites)
UK Countryside The Soil section of Centre for Ecology Countryside National Invertebrate 629 1km squares | Since biological| Invertebrates
Survey, Work the survey has and Hydrology Survey diversity to represent all measurements
Package Soils several aims. (research started in major habitat were added,
Aim in relation to | institution), 1978, types surveys have
soil biodiversity is| funded by biological 4 samples taken | been done in
to determine if Department for measurement from each square | 1998 and 2007
there is evidence | Environment, s on soil
of a decline in soil| Food and Rural started 1998
biodiversity Affairs
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%4 BARRIERS AND LIMITATIONS TO THE DEVIENDEM SOIL BIODIVERSITY MONITORING
NETWORKS

Absence of awareness of soil biodiversity conservation

In the majority of cases (with the possibleception of Germany, Italy and the UK), the
measuring of soil biodiversity did not violve the establishment of a separate
monitoring scheme. Instead, soil biodiversity measurements, such as microbial biomass
or the diversity of other soil fauna, are typically included within the set of parameters
which are measured in existing soil monitoring schemes. For instance, in 52 soil
monitoring programmes across the world, 18 of them include soil biological attributes
(review by the Alberta Ministry of Agriculture and Rural Development, 2003). The
advantage of inserting soil biodiversity monitoring within existing soil monitoring
networks is that a combined picture of sabiotic and biotic conditions can be gained,
which is necessary to adequately interpret soil biological data.

However, sail biodiversity monitoring per sen® usually an explicit aim, even when it

is monitored. Instead, where the purposd the scheme can be determined (Table
5-3), all but one scheme used soil biotasameans to assess the quality of the soil,
usually in combination with other chemicahd physical parameters. Only the UK’s
Countryside Survey appeared to include the monitoring of soil biodiversity as an
explicit aim. However, the Dutch monitoring scheme was initiated as part of the
country’s efforts to meet the requirements d@he Convention orBiological Diversity
(Rombke, Breure et al. 2005). Therefore, #ssessment of biodiversity is likely to be a
final aim of this scheme as well.

Other limitations to widespread biodiversity monitoring include a lack of awareness of
the importance of biological parametersf soil quality, which is most commonly
thought of as a physical or chemical resource.

Absence of reference system and indicators

In many cases, the monitoring of soil biodiversity is still in its early stages, and
therefore practices have not yet become standardised. For example, the Austrian
scheme is implemented at a regional level, and while some regions have included
biological parameters (e.g. microbial biomas&Jpper Austria), others are yet to do so.
However, it is expected that as new methods are developed, such parameters will be a
requirement of soil monitoring programmes (Jones 2005).

Several sampling systems have been utilisdtich generally follow those used in the
existing soil monitoring networks. The lacklofg-term data makes the definition of
optimum values of soil biodiversity difficult. Thus, the assessment of changes in
biodiversity over time is likely to be more useful than assessing the current state of
biodiversity (Bloem, Schouten et al. 2003).

Some of the existing monitoring schemes, including those of Germany, Italy and the
Netherlands, involved the use of speciallgveloped indicators of soil biodiversity.
However, in other cases (e.g. Latvia and Romania), the biomass or number of microbes
was the only biological parameter measured. The complexities and difficulties in
developing a set of indicators that ameot too sensitive to site differences or
contamination is likely to be hinderingghmore thorough monitoring of biodiversity

than just of biological parameters (Breu2804). Difficulties in the identification of soil
organisms can also limit the extentwehich they can be fully assessed.

Costs
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The complexity of biodiversity implies that time and money are major impediments for
thorough monitoring. Intensive monitoring lsemes are relatively expensive and time-
consuming. The main cost in soil monitorisdield sampling. For example, taking and
analysing samples for one site in the Dugcheme cost 5500 Euros in 2002, with the
entire programme costing 330 000 Euros each year for only 60 sites (Bloem, Schouten
et al. 2003). Moreover this programme doest include some of th most relevant soil
organisms such as protozoa. Another example is the RMQS programme for Brittany
(France) which cost Euros 580 000 per ykar120 sites. Even if these costs may
appear extremely high, in reality, when they are considered per hectare, they are
relatively low. For instance, a good coveragfethe French territory could be carried

out with around 2000 sites. With an average cost of 5000 Euros per site this would
amount to a cost of 11 000 000 Euros pearyavhich could be atsidered expensive.
Indeed, if the cost per hectare is considered, France covering a surface of 29 000 000 of
hectares, this would amount to a cost 0f37 Euros per hectare, which is not a high
cost for the preservation of soil ecgstem functioning and related servicés

The main factors influencing the costs of monitoring programmes are the salary of the
personnel performing the sampling and the analyses, which may vary significantly, if
academic or private personnel are employed. Added to this, in order to have a
complete picture of soil biodiversity, at ldasne technician is needed for each group

of soil organisms within the same reseatelam. Thus, currently, the training of such
personnel is one of the blocking points.

Another barrier is the lack of knowledge regarding the DNA sequences useful for
species monitoring of micro and macro-faufidis knowledge is much stronger for soil
microorganisms and allows, for this class of organisms, an automatic screening (e.g.
DNA microarrays). Even if the investmeamst for such molecular screening can be
elevated, it is generally paid off in the long term. An identification of the informative
DNA sequences and the development of DNA extraction protocols adapted for these
groups of organisms will thus help in tdevelopment of molecular techniques which
could contribute to the cost redtiion of monitoring schemes.

5.2.2. SOIL BIODIVERSITY MONITORING OUERIDE

Following are examples of biodiversity mimring schemes located outside the EU,
which employ different approachds those identified in Europe.

Monitoring in Australia occurs as part oftimamal or regional biodiversity monitoring
programmes, as opposed to soil monitoripgopgrammes. For example, in Australia
terrestrial biodiversity has been assessed as part of the National Land and Water
Resources Audit in 2002 and again in 2008. The soil biodiversity assessment which is
included in this programme focuses on earthworms, termites and ants. These groups
are included due to their functional roles @tosystem procesand their influence on

soil properties, and the fact that they aveell known and constitute a large proportion

of the biomass of soil invertebrate (Woodman 2008).

In Canada, the diversity of earthworms ismitored as an indicator of soil biodiversity
and health by the Worm Watch programme, which is coordinated by the Ecological
Monitoring and Assessment Network (EMAN) of Environment Canada, the Canadian
Nature Federation and the University Guelph. The programme is an example of a
communitybased monitoring scheme, which still ®mes that the data collected is

*1 Antonio Bispo, pemal communication.
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scientifically sound. To achieve this, pdpénts, which include researchers, education
institutes and the general public, are required to follow standard sampling methods
and submit their data using a standardisiedm. The data collected is used by EMAN
(Ecological Monitoring and Assessment Netiyoto contribute to their national
monitoring programmes which aim to assess long-term changes over time and
compare them spatially. Using@mmunitybased approach allows a greater spatial
coverage of data across the country to dletained, while at the same time collecting
local-scale information which is useful facal decision makers. The scheme also has
an educational function and can raise awarss®f both soil biodiversity and ecological
monitoring™.

CONCLUSIONENOWLEDGE GAPS AND RECOMMENDATIONS

Given the complexity of soil biota, indicatoese useful to translate trends in soll
biodiversity and related services in a simple and clear manner. This is a key factor to
communicate the value of soil ecological capitab decision-makers. Suitable
indicators must bemeaningful or clearly relate to an important ecological function,
standardised so as to allow comparisons among different sites, @asly to use so as

to ensure they can be routinely used.

To date however no reference set of indimes or synthetic indicators are available,
despite the fact that a multitude of indicate estimating some sp#ic aspects of soil
activity or diversity, many of which 1SO-certified, exist. But recently, much progress has
been made in the development of compouirdlicators that account for both factors
affecting soil biodiversity and soil biodiversity per se. The most promising avenue may
lie in the development ohumerical indicatorswhich are objectively defined, such as
GISQ and IBQS, since these do not rely on expert opinion or the definition of reference
sites.

A Europe-wide monitoring system must be developed to answer the questions of
decision-makers on status and trends inl dmodiversity and their implications. But
widely accepted reference sets of indicegpreference ecosystems and standardised
sampling protocols are still missing. Thus, while several regional monitoring
programmes have been developed, they remain of limited use, since no consensus
exists on their scope, duration, or on therfgof the soil system that they represent.
The ENVASSO programmis the first attempt to a comprehensive, harmonised soil
information system in Europe. It offersminimum set of reference indicators of soil
biodiversity that can constitute a standard against which future monitoring schemes
should be developed. The future EU-wide monitoring programmes could be integrated
into existing biodiversity or soil monitowy networks, and participative schemes could
be encouraged.

There is still a need for good quality data swil organism abundance and distribution
over a wide range of situations, in order ¢stablish baselines and thresholds allowing
the definition of ‘good’ or ‘bad’ soil status. ihkind of database is also essential to
develop models and predict the impact nfanagement practices and politics on soll
biodiversity and protection accurately. Moreover there is a need for methods
permitting an easier extrapolation of dafeom one spatio-temporal scale to another,
and permitting long term forecasting of impacts.

2 www.eman-rese.ca/eman/program/aboitml ; last retrieval 3/9/2009
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The choice of appropriate bio-indicators is dependent on the assessment goals and on
the availability of standard methods, laboraies that can perform the analysis, and an
appropriate budget. Any system for the assessment and monitoring of soil status based
on soil organisms needs simple practical keysdaa identification, regardless of the
taxonomicresolution considered.

In Europe, the monitoring of soil-dwelling species can be integrated into existing
national biodiversity monitoring networks. If methods are found to ensure the
scientific reliability of datacommunity monitoring schemes could be encouraged,
particularly in those countries where aoti volunteer programmes already exist. A
regulatory obligation to monitor soil biodiversity could be, of course, a strong incentive
for such training, as has occurredtie past for water quality monitoring.

An effective monitoring strategy could lte perform a comprehensive monitoring in
each EU country covering the whole terrigo following by a partial monitoring each
year covering only a portion of the siteEhe ideal frequency of monitoring for soil
biodiversity could be 3-5 years for each site.

This would have the added benefit of raising awareness of the existence and
importance of soil biodiversity. The complgxof biodiversity implies that time and
money are major impediments for thoroughonitoring. Intensive monitoring schemes
are expensive and time-consuming. The maost in soil monitoring is field sampling.
Indeed, since the value of the provided dees is not valuated in a homogenous way,

it is not possible to say which is a tela high cost for the preservation of soil
ecosystem functioning.

/4 MAIN RESEARCH GAPS

x Development of accepted synthetic indicators

x Indicators for long term impacts

X More precise models for extrapolation of process measurement from one
scale to another

X An identification of the informativeDNA sequences and the development of
DNA extraction protocols adapted for soil organisms would help in the
development of molecular techniques which could contribute to the cost
reduction of monitoring schemes. This already exists for microorganisms, but
is not developed enough for other soil organisms such as earthworms or
insects.
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6. EXISTING POLICIES RHDATESOIL BIODIVERSITY

6.1. EU AND INTERNATIONAL POLICIES

6.1. 1. POLICIES HAVING A DIRECT LINK WITH SOIL BIODIVERSITY

%4 PROTECTING SOIL BIODIVERSITY
The FAO Soil Biodiversity Initiative

The Conference of Parties (COP) to thew@ation on Biological Diversity (CBD)
decided, at its 8 meeting in Nairobi April 2002, “to &dblish an International Initiative

for the Conservation and Sustainable Use of Bioiliversity as a cross-cutting initiative
within the programme of work on agricultair biodiversity, and invites the Food and
Agriculture Organisation of the United Nations, and other relevant organisations, to
facilitate and coordinate this initiative”.

The International Technical Workshop orolBgical Management of Soil Ecosystems

for Sustainable Agriculture, which was organised by EMBRAPA-SOYBEAN and FAO, and
held in Londrina, Brazil during 24-27 JWR®@02, was organised in this context as a
contribution to the joint programme of th&€BD (Convention on Biological Diversity)

and FAO in accordance with FAO’'s mandate on sustainable agriculture and food
security and with Decision V/5 of the COP to the CBD.

There are two main objectives for the Soil Biodiversity Initidtivehe first one is the
promotion of awareness raising, knowledge and understandingf key roles,
functional groupsand impacts of diverse management practices in different farming
systems and agro-ecological and socio-esoic context. The second, even more
important, is the promotion obwnership and adaptatiorby farmers of integrated soil
biological management practices as antegral part of their agricultural and
sustainable livelihood strategies. Finallyetlinitiative also aims at strengthening
collaboration among actors and institahs and mainstreaming soil health and
biological management into agriculaly land management and rehabilitation
programmes.

Thisrecommendationoriginated from theSubsidiary Body on Scientific, Technical and
Technological Advice (SBSTT&)the CBD, which resulted in the document 7/INF/11
on Soil Biodiversity and Sustainable AgricultdPewhich was submitted by FAO.The
initiative for conservation and sustainabluse of soil biodiversity was formally
established by decision VIII/23, section Btlod Conference of the Parties, in March
2006. The mandate for establishingetmitiative was provided bgtecision VI/5

3 At the 1992 Earth Summit in Rio de Janeiro, wéekters agreed on a comprehensive strategy for
‘sustainable development’. One of the key agreements adopted at Rio was the Convention on Biological
Diversity. The Convention establishes three main gotiie conservation of biological diversity, the
sustainable use of its components, and the fair awplitable sharing of the benefits from the use of
genetic resources.

> Available at: www.fao.org/ag/agl/agll/sibiod/fao.htm ; last retrieval 02/09/2009

> Available at: www.cbd.int/doc/meetings/sbstta/sta-07/information/sbstta07-inf-11-en.pdf ; last
retrieval 02/09/2009
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To date, work on soil biodiversity has been conducted in the areas of assessment,
monitoring and mainstreaming under ggrammes and projects conducted by
institutions, e.g. Tropical Soil Biologyda Fertility of the International Centre of
Tropical agriculture (TSBF-CIAT)the Institut pour la Reherche et le Développement
(IRDY’, CAB Internationdl, etc. In general, some groups of soil biota have been
studied more than others, especially eantforms, termites, ants and nitrogen-fixing
bacteria.

Regarding the first objective of the initiativeharing of knowledge and information
and awareness-raisingvhile some case studies existnew case studies would allow

for the needed updated information. To date, limited work has been undertaken to
compile, synthesise, and evaluate case studies for practical advice and active
dissemination. There is still limited coordindteffort to gather data and information
specific to soil biodiversity. Databaseadainformation systems exist that contain
relevant information, but these are intrirsito project work being carried out. In
general there is considerable potentialrfthe development of information systems
and augmentation of networking regardirgharing of knowledge and information.
Moreover, much more work is required inisharea and efforts are needed to enhance
public awareness and make relevant infaton widely available. Regarding the
second objectivegapacity-building for the development and transfer of knowledge of
soil biodiversity and ecosystem management into land use and soil management
practices,the promotion of adaptive managemerdpproaches, as well as capacity
building efforts and some targeted participayoresearch is ongoing, e.g. in Brazil, the
AMAZ-BD (IRD) is conducting particgggt farmer-oriented learning-by-doing
processes on soil life and function. Some very relevant work has been undertaken on
indicators, which has the potential to coriitite to broader efforts to develop tools,
build information and identify and develop @a&ets on soil biodiversity at national
level that are important for agriculture. PAhas provided support for the development

of extension field guides on soil macro-fawsrad soil health in collaboration with IRD.
Taxonomic expertise lacks in many cowsgrifor most of the soil biota groups;
therefore collaboration with the Global Taxonomy Initiative could be strengthened, to
fill specific gaps. Technical expertise and cayabuilding is provided at the technical
level and only for some groups of soil organisms. Nonetheless, there is a need for
training on soil biodiversity and functions tite farmer level with advocacy material
and training manuals. Regarding the third objectiwttengthening collaboration
among actors and institutions and mainstreaming soil biodiversity and biological
management into agricultural and land management and rehabilitation programmes,
activities have so far been limited. Theizalso a need to strengthen collaborative
mechanisms between sectors in order to ensure mainstreaming of soil biodiversity and
biological management. In conclusion, the work carried out to date has highlighted the
very real need and considerable potential for work under this Initiative to develop
further partnerships and in particular tmake available relevant research findings for

*\Website of the Centro Internacional de Agricultura  Tropical, available at
www.ciat.cgiar.org/tsbf institute/index.htm laste retrieval 15/12/2009

*"IRD is a French public research institute waykfar the development of Southern countries. The
website is available awww.en.ird.fr/the-ird ; laste retrieval 15/12/2009

% CABI is a not-for-profit inteational organization. The website @&vailable at www.cabi.org/; laste
retrieval 15/12/2009

*Some  case studies are available on the FAO soil biodiversity  portal:
www.fao.org/landandwater/agll/soilbiod/default.stm and through the CBD Secretariat website
www.biodiv.org/programmes/agas/agro/case-studies.asdaste retrieval 15/12/2009
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application for promoting sustainable and efficient agricultural development
(UNEP/CBD 2007).

UN Convention to Combabesertification (UNCCD)

Soil protection falls directly within the aims of thegN Convention to Combat
Desertification in Countries Experiencinerious Drought and/or Desertification
(UNCCD)adopted in 1994 and entered intorfe in December 1996. The UNCCD aims
to prevent and reduce land degradation, rdfilitate partly degraded land, and reclaim
partly desertified land. In 2002, a review of the UN&Clade a series of
recommendations regarding the need for more coherent policy and legislative
instruments and strategies to deal with sustainable land management.

Affected Member States are required to assess and evaluate the main drivers of
desertification in their country in a repb This will provide a basis to combat
desertification, through activities aimed at the prevention and/or reduction of soll
degradation, rehabilitation of degraded ifoand reclamation of desert soils. All
developed countries from the European region, regardless of whether they are
affected by desertification or not, are requested by the UN to support the activities of
UNCCD worldwide and to report on their financial assistance.

Although desertification is widely recognisédl lead to a decline in soil biodiversity,
only three of the 12 EU-27 Member Statedfected by desertification reported any
information on soil biodiversity (Greecéjungary and Latvia). Each of these three
Member States detected a decline in soddiversity, which was clearly identified as a
soil degradation process in Hungary, whiteeece and Latvia did not provide any
information on the spatial extent or intensity of biodiversity decline (Hannam and Boer
2004).

EU Soil Thematic Strategy

Until recently, soil had not been subject to a specific protection policy at the
Community level, although several Communglicies contribute to soil protection.
For these reasons, in the context of the Sixth Environment Action Programm®&)(EAP
the Commission adopted a Thematic Strategy on Soil Protection, with the aim to halt
and reverse soil degradation. This compreheasstrategy aims to account for all the
different functions that soils can perform, their variability and complexity, and the
range of different degradation processés which soils can be subject (European
Commission 2006). The strategy is basmwund four pillars: (i) a framework
legislation, (ii) the integration of soil protection in other national and Community
policies, (iii) increased research on soilsaaundation for policies, and (iv) raising
public awareness of the need to protect soils.

In September 2006, the Community madepmposal for a framework Directive to
protect EU soils. The Directive, which is still being evaluated at the EU?level
establishes common objectives and principles, leaives it to each MS to decide on its

% See UNCCD Secretariat, Repafitthe Committee for the Reviewof the Implementation of the
Convention (2002)

%1 Decision No 1600/2002/EC of the European Parlianagct of the Council of 22 July laying down the
Sixth Environmental Action Prognme (OJ L 242, 10.9.2002, p. 1-15).

%2 For more information seewww.ec.europa.eu/environmet/soil/process_en.htm last retrieval
02/09/2009
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level of intervention, allowing for an effemt use of the national and administrative
capabilities (European Commission 2006). Therallsobjective of the Directive is the
protection and sustainable use of soils based on (1) the prevention of further soil
degradation and the preservation of its funct®n2) the restoration of soils to a level

of functionality consistent with current and intended use. In addition, the Directive
calls for an evaluation of the impacts ofhet sectoral policies on soil functions, and
also requires the identification of areas wheesoils are at risk of degradation and the
establishment of national programmes of amires, as well as measures to identify
and avoid contamination of soils.

Nevertheless, such proposals within the Biree do not include provisions specially
aiming at the protection of soil biodiversito fight the decline of soil biodiversity),but
rather address it indirectly by limiting salegradation processes such as soil sealing,
contamination, compaction, organic mattdecline, salinisatioand landslides..

EU Biodiversity policies

As a party to the 1992 CBD, the Europgaommunity acceptedan international
obligation to achieve a sigréfint reduction of the loss ibiodiversity rates by 2010,
and went further by deciding to halt biodiversity loss by the same year (European
Commission 2001). This is a recognition & ElJ level of the ‘no net loss principle’,
requiring quantitative and qualitative aspects bfodiversity to be maintained at a
status quo. This aim is also enshrined in the legally binding Decision off tRA.

Yet, managing soil biodiversity is largehgleeted, and is a completely different issue
to that of managing aboveground biodiversity.

MS need to adopt measures to consetvelogical diversity, especially through situ
conservation. Given the importance of saildasoil activity for the maintenance of all
biodiversity, the protection of nature should not neglect soil biodiversity. In order to
attain the 2010 target to ‘halt biodivetsi loss’, the core of European nature
conservation and biodiversity policy lies in the Natura 2000 EU wide network of
protected areas (de Sadeleer 2006). Natl2000 now forms the largest coherent
network of protected areas in the world, zering more than 20% of the EU territory,
with over 26 000 protected ares Innovatively, Natura 2000 combines conservation
and development aims, such that most of the land in the network continues to be
privately owned. The network of protected areas was established under the 1992
Habitats Directiv® and aims to ensure the long term survival of Europe’s most
valuable threatened species arithbitats thereby fulfilling a Community obligation
under the UN Convention on Biological Diversity for restoring endangereiats and
species of Community interest.

Natura 2000 relies mainly on a designated ar@gproach within each Member State,
which remains the core legal technique oéture conservation in Europe. Member
States design Special Areas of ConsamafSACSs) established under the Habitats
Directive, to maintain habitats of community interest that are in danger of
disappearing within their natural range, that occur mainly in the EU, or represent an

% Decision No 1600/2002/ EC of the European Parliwraad of the Council of 22 July laying down the
Sixth Environmental Action Prognane, (OJ L 242, 10.9.2002, p. 1-15)..

® Natura 2000www.ec.europa.eu/environment/ature/natura2000/index_en.htm last retrieval
09/09/2009

% Council Directive 92/43/EEC on the conservation of natahitats of wild fauna and flora (the Habitats
Directive)
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outstanding example of one or more ofdgmine European eco-regions. The network
also encompasses Special Protection AréaPAs) established under the older Birds
Directivé®. SPAs are the most suitable sitescnserve particularly vulnerable bird
species (as listed in Annex 1 of the Dirne=t and regularly occurring migratory birds,
but also contribute to maintain healthy populations of all bird species.

In general terms, the Habitats and the Birds Directives address to a very limited extent
soil threats or soil biodiversity. Indeed, Anrizrf the Habitats Directive includes a few
soil families, mainly peaty soils and raisbdgs and mires, and only a very few
exceptions of the soil species included in the Annex 1 of the same Directive are
considered in the premt study (e.g. the beetle O. Eremite). The creation of SACs or
SPAs does, however, have indirect beneficrgdacts on soil biodiversity. In particular,
some of the concerned SAG@bitats are based on specific soil types, thus protecting
these habitats will indirectly protect soil biodiveity. Furthermore, protecting certain
areas from agricultural intensification aleforestation through the Habitats Directive
can have an important effect on soil biodiversity. Indeed, soil biodiversity tends to be
greater in undisturbed natural lands comamed to cultivated fields (SoCo 2009).

In this context, LIFE is the main fumglimechanism at an EU level from which
environmental and nature conservation pesfs can benefit. Projects funded under
the LIFE+ Nature and Biodiversity category are required to support the implementation
of the Birds and Habitats Directives, througingeting priority species and habitats, as
well as Natura 2000 sites. In 2002 and 2008, 5 projects were funded which contained
‘soil biodiversity’ as a key word.

Y4 ADDRESSING THE IMPACTS OF CHEROCRAUTION AND NEGATIVE MANAGEMENT
PRACTICES ON SOIL BIODIVERSITY

The Plant Protection Products Directive

The Plant Protection Products Direcfieadopted in 1991, concerns the authorisation,
placing on the market, use, and control oapl protection products in commercial use
within the EU. It was repealed in November 2009 by a Regulation concerning the
placing of plant protection products on the markeét

This Regulation will be complemented by a Thematic Strategy on the Sustainable Use
of Pesticides (COM(2006) 372)(Eurape&ommission 2006) and the Directive
establishing a framework for Communitytian to achieve the sustainable use of
pesticides, adopted in October 2089 which address risks resulting from the actual
use of pesticides (mainly plant protection products).

In this context, the newest development is the increasing attention for the structural
aspects of ecosystems, i.e. biodiversityisTis further presented and discussed in a
new opinion paper published by the European Food Safety Authority (EFSA) working
group (EFSA 2009). In particular, in tliginion paper it is proposed that the
unacceptability of the effects of the pesticide application should be assessed under

® Council Directive 79/409/EEC on the conservatibwild birds (the Birds Directive)

87 Council Directive 91/414/EEC of 15 July 1991 concetinénglacing of plant protection products on the
market

68Regulation (EC) No 1107/2009 of the EuropearidPaent and of the Council of 21 October 2009
concerning the placing oplant protection products on the mket and repealing Council Directives
79/117/EEC and 91/414/EEC

*Directive 2009/128/EC of the European Parliamemd af the Council of 21 @ber 2009 establishing a

framework for Community action to achieve the sustainable use of pesticides
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field conditions, the exposure scenarios shodkkcribe the exposure in that soil layer
that is the habitat of the species and pesses of interest: # Ecotoxicologically
Relevant Concentration (ERC). The ERC is hence a function of space and time, and the
exposure scenarios should dede the exposure in the soil layer that is the habitat of
the species and processes of interest, ilee ERC. The ERC varies in space and time,
and the dimensions are governed by thergounities that are present in the various

soil profiles in the different regions in Europe. Aiming at modelling ERC soil values for
model species, the development of relevant exposure scenarios should be done using
an ecoregion approach. The underlying concept relies on the fact that different
ecoregions support different soil communities and different guilds that may play a
different role in supporting relevant soil meces (EFSA 2009). Therefore, this paper
concludes that exposure assessments in soil could be refined based on a novel
underlying concept using eco-region maps to define ecologically relevant exposure
scenarios. This approach could indeed \my useful for taking into consideration
regional specificities and how these might urgfhce the effects of pesticide application.
Nevertheless, establishing the ERC for diffiecoregions would require considerable
research efforts, as the current knowledge the effects of pollutants on soils remains
relatively limited, as indicated before. Indeed, most studies simply show the
susceptibility of particular organisms tortan pollutants, and establishing these ERC
would require taking into account a larger variety of species and their interactions at
different spatial scales.

Y4 ADDRESSING THE IMPACTS OF NEGATIVE MANAGEMENT PRACTICES
Agricultural policies

Agriculture preserves many specific genes, specieshahdats both above and below
ground. A Biodiversity Action Plan for Agriculturg(European Commission 2001)
promotes environmentally-friendly and sustainable farming practiceend systems
that benefit biodiversity directly or indirectly, through agri-environmental measures
and compensatory allowances within ehCAP (Common Agricultural Policy). In
particular, agro-environmental measuresffer opportunities for the enhancement of
soil biodiversity and the build-up of soilgamic matter, through the support to organic
farming, low or no tillage, the protech and maintenance of terraces, limited
pesticide use, integrated crop managemelaty intensity pasture systems, the use of
certified compost, etc. Indeed, agriculturind use (e.g. arable and grasslands) can
have significant positive (liming in grasslands or low levels of disturbance) and negative
(ploughing, overuse of agrochemicals or organic wastes) impacts on different
components of soil biodiversity. Thereforpplicies promoting certain practices will
have an important effect on the biodiversity of soils.

Cross compliance, a horizontal tool for baiiflars, which is compulsory since 2005 (as
established in the 2003 Regulation edtshing common rules for direct support
schemes under the common agricultural poify plays an important role in soil
protection, conservation and/or improveemt. Under cross compliance rules, the
receipt of the Single Farm Payment and payments for eight rural development
measures under Axis 2 is conditional on a farmer's compliance with a set of standards.
First, thestatutory management requirement{SMRs; listed in Annex Il of the 2003
Regulation establishing common rules foredi support schemes) create synergies
between the Direct Payments Scheme ath@& need to ensure compliance with a

0 Council Regulation (EC) No 1782/2003 establistongmon rules for direct support schemes under the
common agricultural policy and establisgicertain support schemes for farmers.
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number of relevant EU environmental Directives, including the Nitrates Directive.
Second, the requirement to keep agricultutahd (whether in productive use or not) in
good agricultural and environmental condition€GAEC; listed in Annex IV of the 2003
Regulation establishing common rules for direapport schemes) aims to prevent land
abandonment and ensure minimum maintenance of agricultural land (SoCo 2009). The
elements of GAEC specifically target pagion against soil erosion, maintenance or
improvement of soil organic matter, and mainince of a good soil structure. The fact
that GAEC requirements are defined attiomal level enables Member States to
address soil degradation processes flexibtgarding to national priorities and local
needs.

Nevertheless, the impacts of cross-compli@amn soil conservation were limited by the
fact that the measure does not cover allrggpean agricultural land: the majority of
measures are applied only to a portion ofriggltural land (e.g. set-aside land, parts of
arable land), and certain land-use types (dayestry or land used to cultivate some
fruits and vegetables) are currently not included in the scheme. Moreover, the extent
to which soil is protected by the identified measures depends on the level of
implementation for these different measures, which can be highly variable.

For example, the GAEC standards dependetboal conditions, including soil and land
use. Thus each Member States has flexjbilitdeciding which standard to implement,

and over what spatial scale (national or i@l level), resulting in great variability in

the measures implemented across EU-27. The Annex IV standards addressed by most
MS are the standard of ‘protection opermanent pasture’ and ‘avoiding the
encroachment of unwanted vegetation on agricultural land’, which belong to the GAEC
issues ‘minimum level of maintenance’. Significant benefits for soil biodiversity can be
achieved through a shift from arable land to permanent pasture, which allows soil
organic matter to be restored and the prention of soil erosion from the permanent
plant cover. A further standard addressed imany Member States is ‘arable stubble
management’. Prohibition of the burning of plant residuals on parcels after the harvest
provides strong benefits for the improvemieand growth of soil organic matter. While
some Member States (Austria, France, Gredgrland, Ireland, Italy, Spain, Cyprus,
Slovenia, Luxembourg, and UK) adopted measup deal with all the soils threats
considered by cross-compliance, improvertgeare still possible and are necessary in
these Member States , such as more dethilequirements for soil erosion measures in
Greece and ltaly, the introduction of crop rotation systems in Spain and UK (England),
more clearly defined measures in Cyprus or the enhancement of standards addressing
minimum level of maintenance in Slovenia. The standard of ‘appropriate machinery
use’ in order to maintain soil structure has only been implemented by 11 Member
States, although soil compaction is a wgeead problem across Europe (Hudec 2007).

In a few new Member States (Estoniahuénia, Slovakia and Latvia), GAEC standards
place a strong emphasis on minimum leweélmaintenance, but additional measures

are poorly designed (EU 2007 evaluationsoil protection in Member States). In
contrast, certain Member States have indiuced cross-compliance measures that are
beyond the scope of Annex IV or have adopted a very detailed range of GAEC measures
(e.g. France, the Netherlands, Spain, UK (Wales) and Germany).

The 2003 Regulation establishing common suller direct support schemes has been
substituted in 2009 by a new Regulationlldaving the Health Check agreement in
2008*. According to Article 4 of the new 20@8gulation, a farmer receiving direct

™ Council Regulation (EC) No 73/2009 of 19 Jan2@d9 establishing common rules for direct support
schemes for farmers under the common agriculturaliggoand establishing certain support schemes for
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payments shall respect the statutory management requirements listed in Annex Il and
the good agricultural and environmental condition referred to in Article 6, which
establish that Member States shall ensuratttall agricultural land, especially land
which is no longer used for production pur@ss is maintained in good agricultural and
environmental condition. Membe&tates shall define, at the national or regional level,
minimum requirements for good agricultural and environmental conditions on the
basis of the framework established in Annex III.

LEGISLATION WITH INDIRECT SOIL BIODIVERSITY LINKS

The European Union has adopted several policies dedicated to water protection,
pollution prevention and waste managementhich contribute to some extent to soil
protection by addressing specific threats meditly (e.g. nitrates, genetically modified
crops, etc.), and which consequently hareindirect effect on soil diversity.

The following table summarises some thfese policies and initiatives that were
considered to be most relevant, theindirect impact on soil biodiversity and
interaction with other policies.

farmers, amending Regulations (EC) No 1290/2QBE&)) No 247/2006, (EC) No 378/2007 and repealing
Regulation (EC) No 1782/2003
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Table 6-1: EU and legislation with an indirect impact on soil biodiversity

Policy / Programme

Description

Land Degradation Processes
Targeted by the Policy /Programme

Impact on soil biodiversity

EU Forest Action PI4n

The Action Plan focuses on four main
objectives: to improve long-term
competitiveness; to improve and protect the
environment; to contribute to the quality of
life; and to foster coordination and
communication. Eighteen key actions are
proposed by the Commission to be
implemented jointly with the Member States
during the period of five years (2007— 2011).

Agricultural land abandonment;
Desertification; Forest fires; Associated ris
to: Soil erosion; Soil compaction; Declinin
soil biodiversity, fertility and organic matte
content.

Soil biodiversity tenslto be greater in
klorests (compared to grasslands) (SoC
) 2009)

r

[=]

Water Framework
Directive®

The implementation of ta WFD is a priority in
order to address mismanagement of water

resources with the objectives of preventing andompaction, declining soil biodiversity,

reducing pollution, promoting sustainable
water use, protecting the aquatic environmen
improving the status of aquatic ecosystems a|
mitigating the effects of floods and droughts

Water and soil contamination;
Associated risks to soil erosion, soil

fertility and organic matter content.
t!
nd

Stimulating various initiatives by MS to
reduce diffuse pollution from
agriculture, includingoil run-off from
arable land

European Climate Changg
Programme (ECCP)-
Programmes | and |l

During the ECCP |, the working group on
agriculture identifiedand discussed about 60
measures having potential for GHG emission
mitigation, some of which relate to soil
management and environmentally friendly
practices in the agricultural sector to promote
carbon sequestration.

Declinig of organic matter content.

Uy

Soil structure (composed of pedality an
porosity) and soil organic matter
(amount and distribution) are also the
main factors influencing soil biodiversit
SOM in a warming climate is a major
concern as soil is the largest terrestrial
pool of carbon. Declines in SOM may
have an important impact on soil
biodiversity, which is closely related to |i
(i.e. soils with an adequate amount of

—

organic carbon have a good structure),

2 communication from the Commission teet€ouncil and the European Parliament orah Forest Action Plan(COM(2006) 302 final)
"8 Directive 2000/60/EC of the European Parliament and of the €loestablishing a framework for the Community action in tiélfof water policy
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Policy / Programme

Description

Land Degradation Processes
Targeted by the Policy /Programme

Impact on soil biodiversity

Nitrates Directivé®

Designed to protect the European Communit
waters against nitrate pollution primarily
arising from the application and storage of
inorganic fertiliser and manure from
agricultural sources.

y'§Vater and soil contamination

Shaping national legislation on manu
storage and management, levels of
inorganic fertiliser use and other aspec
of farm management. This Directive is
expected to have positive effects on
local and diffuse soil pollution by
nitrates (and phosphates).

re

ts

Sewage Sludge DirectiVe

Regulates the use of sewage sludge on
agricultural land, by limiting and restricting
applications in such a way as to prevent
harmful effects on soilegetation, animals and
man. To this end, it prohibits the use of
untreated sludge on agricultural land unless i
injected or incorporated into the soil.

biodiversity, fertilityand organic matter
content.

S

Soil and water contaminain; Declining soil

Sewage sludge can have mixed effects
on soil biodiversity. It can increase the
input of organic matter and nutrients
and also increase the contaminants log
of the soil. Sludge is potentially
contaminated by a whole range of
pollutants. Some of these can be broke
down into harmless molecules by soil
microorganisms, whereas others are
persistent including heavy metals. This

may result in increasing levels in the soi

with subsequent risks for soil
microorganisms, plants, fauna and
human beings.

1d

Waste framework
Directivé® (2006/12/EC)

Requires Member States to take the necessa|
measures to ensure that waste is recovered ¢
disposed of without endangering human heal
and without using processes or methods whig
could harm the environment.

nContamination of land and water
r
th
h

206

"Council Directive

"5 Council Directive 86/278/EEC of 12 June 1986 on the protectidre @nvironment, and in partidar of the soil, when sewaggudge is used in agriculture
"® Directive 2006/12/EC of the European Parliamandi of the Council of 5 April 2006 on waste
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Policy / Programme

Description

Land Degradation Processes
Targeted by the Policy /Programme

Impact on soil biodiversity

Landfill Directiv€’

The Directive’s objective is to prevent or redu
as far as possible negative effects on the
environment from the landfilling of waste, by
introducing stringent technical requirements
for waste and landfills and preventing/reducin
the adverse effects of thlandfill of waste on
the environment, in particular on surface
water, groundwater, soil, air and human healf]

c€ontamination of land and water

h

Regulation on organic
production and labelling o
organic product®

The goal of this new legal framework is to set
new course for the continued development of
organic farming. Sustainable cultivation

systems and a variety of high-quality product$

are the aim. In this process, even greater
emphasis is to be placed in future on
environmental protection, biodiversity and hig

aAssociated risks to: Soil erosion; Soll
compaction; Declining soil biodiversity,
fertility and organic matter content.

b

>

standards of animal protection.

Organic farming andoil tillage both
have a positive effect on soil
biodiversity, through enhancing the
amount of carbon and reducing soil
disturbance, respectively. However, the
trade-off can be diminished yield and
increased weed or disease incidence.

" Council Directive 1999/31/EC of 26 April 1999 on the landfill of waste
"8 Council Regulation (EC) No 834/20070f 28 June 2007 on orgadicpom and labelling of organjroducts and repealing Regtion (EEC) No 2092/91
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6.2. POLICIES IN MEMBER STATES

/4 SOIL BIODIVERSITY PROTECTION

To date, less than a dozen Member States have developed specific legislation on
soil protection, mainly related to pollution and clean-up. Otherwise, soil protection

is mainly addressed in more general Environmental Codes and Acts. In any case,
soil biodiversity is generally not addressadsoil protection related legislation. In
some Member States, however, some pregs has been made in considering soil
biodiversity in relation to sustainable agriculture and nature restoration practices.

/4 MONITORING SOIL BIODIVERSITY

Biological monitoring is in most casest mxplicitly mentioned in soil protection
laws. Nevertheless, a few Member States are progressing in this specific field.

The current approach in the Netherlands for site-specific ecological risk
assessment of soil contamination is based the estimation of effects from the
presence of contaminants in soil amézardous concentration values. However,
legal authorities are qualified to use additional methods when the current
approach does not provide a clear result. Trends in assessment methods are
directed to the application of biologicaésts, like bioassays and biological field
observations. For this framework the-salled TRIAD approach was adopted and
transformed to fit the quantitative dataf different assessment tools. The TRIAD
comprises three elements: an assessment of risks from the presence of
contaminants in the soil and biota (substance directed approach), an assessment
of risks from the results of bioassaysttwsamples from the site, and biological
field observations.

The German government has also takaction within the past years for the
protection of soil organisms by defininggger values for setged chemicals and
the ecological classification and assesstnainsoils (see previous section 5.2 on
monitoring schemes).

In any case, soil biology monitoring istnmandatory or required in existing
legislation in Member States.

6.3. CONCLUSIONS BARRIERS AND RECOMMENDATIONS

6. 3. 1. (CONCLUSIONS

To date, no legislation or regulation exidisat is specifically targeted at soil

biodiversity, whether at international, EU,gienal or national level. This reflects

both the conspicuous lack of attentiothat has generally been paid to soil

protection at the policy level (Giller 1998Jolters 2001) and the lack of awareness
of the value of soil biodiversity.

Soil biodiversity is neglected even amoinggnservationists. Despite representing
almost a fourth of the total biodiversity on earth, soil organisms represent only 1%
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of the IUCN red-listed species, aonly eight soil species have CITESotection
worldwide (Decaens, Jimenez et al. 2006)eéhscorpions, four tarantulas and one
lucanid beetle. This is not because ®pkcies are not endangered, but because
their status is overlooked. A similar trend is noticeable in the identification of
biodiversity hotspots, which focus m® on aboveground diversity than on
belowground biodiversity. Other soil species, such as bacteria, fungi and
protozoans, as well as insects, earthwis;, ants and termites, are completely
overlooked.

The growing body of EU and nationabdiversity and environmental legislation
and regulations could thus offer aontapped potential for the sustainable
(therefore long-term) protection of biodiversity, which could be expanded and
developed to account for the specific needs of soil biodiversity. However managing
aboveground biodiversity may not necessarily do much for the protection of soll
biodiversity. For instance, soil biodiversity will only benefit from plant diversity
when plant diversity promotes the diversity in habitats, water dynamics,
microclimate and resource quantity and quality. Plant diversity effects therefore
are species or trait specific. Similarlytléi is known about the role of ecological
corridors for soil biodiversity. Althougtheir effectiveness could be supposed to
be much lower than for some aboveground species (Rantalainen, Haimi et al.
2008), it is important to highlight agathe current limited knowledge about the
impacts, interactions and dynamics ofetlsoil community at the landscape level,
and therefore the need to focus future remeh at the larger scale and not only at
the plot scale. Indeed, field margins ynalso improve the connectivity of the
landscape for soil organisms.

In contrast, the management of soil mounities could be the basis for the
conservation of endangered plants andimals. Indeed, as we have seen, soil
biodiversity directly affects abovegroundapk diversity, and thus indirectly the
rest of aboveground communities. Moreover, soil communities are essential to the
provision of several regulating servicesuch as climate, water, erosion and
disease regulation, which are main drivers of aboveground diversity. Therefore,
developing policies suitable for soil biodiversity could have a much greater scope
than soil biodiversitper se

Given that soil biodiversity affects seveaher environmental areas, a European
dimension to soil biodiversity protection essential. Indeed, soil biodiversity can
be affected by a number of existing polgjerelated to soil, water, agriculture,
climate change and nature. For instanadifferent initiatives exist in several
Member States promoting environmentally-friendly practices, mainly in the
forestry and agricultural sectors, whichutd have a beneficial indirect impact on
soil biodiversity, often due to the economical constraints they are facing. A
European dimension would serve both asagalyser to raise the awareness on the
benefits of soil biodiversity and therefore it$ protection, as well as an integrator,

to ensure related policies and regulatioase harmonised and do not conflict with
each other. The EU dimension also ensures that soil degradation is prevented,
rather than shifted to other areawith less stringent legislation.

" Convention in Internation Trade of endangered $gof Wild Fauna and Flora, is an international
agreement between governments. Its aim is to enstirat international trade in specimens of wild
animals and plants does not threaten their survival.
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