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The condition of our soils ultimately determines human health by serving as a major medium for food and fibre production and a primary interface with the environment, influencing the quality of the air we breathe and the water we drink. Thus, there is a clear linkage between soil quality and human and environmental health. As such, the health of our soil resources is a primary indicator of the sustainability of our land management practices (Acton and Gregorich, 1995).
Abstract

Soil health has been defined as "the continued capacity of the soil to function as a vital living system, within ecosystem and land-use boundaries, to sustain biological productivity, promote the quality of air and water environments, and maintain plant, animal, and human health" (John Doran). Soil biodiversity indicators can be used by farmers and governments to assess and monitor soil health and ecosystem functioning under different land use systems and management practices. They can help understand impacts of land use change and land degradation processes brought about by various driving forces. More important the assessment and monitoring of soil life and soil health can be used to encourage the development and adaptation by farmers of more sustainable and productive farming systems, especially where backed up by appropriate technical support and incentives. This paper draws from case studies presented and discussions made at the international technical workshop on Biological Management of Soil Ecosystems for Sustainable Agriculture, organised by FAO together with EMBRAPA Brazil. It also suggests considerations for indicator development, potential tools and needs for use at farmer level and at technical and policy levels, with reference to FAOs activities and opportunities for land degradation assessment, agricultural biodiversity and promoting improved soil productivity, sustainable land management and integrated ecosystem approaches.  The paper concludes with some suggested areas for action requiring collaborative actions and partnerships and invites active involvement by resource persons and organisations in a coordinated and targeted process to realise the benefits of improved biological management of soil ecosystems in terms of enhanced productivity and sustainability.
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Introduction 

The current paper builds on discussions and recommendations on Indicators for Assessment and Monitoring of Soil Health that resulted from the International Technical Workshop on Biological Management of Soil Ecosystems for Sustainable Agriculture that was held in Londrina, Brazil from 24 to 27 June 2002 and that may be of relevance to the OECD process. The workshop was organised by FAO, with the support of EMBRAPA Soybean, in the context of FAO’s mandate on sustainable agriculture and food security and the programme of work on the conservation and sustainable use of agricultural biodiversity of the Conference of the Parties (COP) to the Convention on Biological Diversity (CBD). In particular, it responds to COP decision V/5 which established an International Initiative on the Conservation and Sustainable Use of Soil Biodiversity, hereafter known as the Soil Biodiversity Initiative. 

The Londrina workshop allowed sharing of knowledge and experiences among some 45 scientists and practitioners from 18 countries throughout the world on: 
· concepts and practices for assessment and monitoring and improved soil management as part of an integrated approach for the management of land resources and agricultural ecosystems; 
· needs and opportunities for identifying and promoting guiding principles and good practices to enhance soil biodiversity and its functions and to realise the benefits of biological management of soil ecosystems in terms of enhanced productivity and sustainability; and

· developing a strategy and identifying priority actions for implementing the Soil Biodiversity Initiative, as part of an integrated agricultural development process, through improved understanding, capacity building and technical guidance and institutional and policy support.

The focus was placed on food security, environmental quality and economic sustainability goals and the need for a holistic systems’ view to address farming systems, including extensively managed systems such as shifting cultivation, intensive diverse systems and monocultures. 

Case studies provided a range of specific lessons and results in terms of soil health assessment, adaptive management and capacity building on soil biodiversity and its ecological functions. They referred to different cropping systems, climatic conditions and a range of economic situations from low- to high-input agriculture.  The ecosystem approach was highlighted as an important concept for improving understanding and management of biodiversity and ecosystem services. It is an essential basis both for developing an assessment and monitoring framework and for adaptive management. 

In responding to the aim of the current OECD workshop in developing recommendations as to What methodologies and indicators would best monitor the state and trends of agricultural soil erosion and soil biodiversity, this paper addresses three main questions:
· Who needs to understand and assess soil biodiversity and Why? 

· What do we need to measure and How? including new insights on soil biodiversity assessment
· How can the knowledge and information on the status and trends of soil biodiversity and soil health be effectively used by different actors? with reference to several ongoing programmes and case study experiences on indicators and assessment and monitoring.

Finally, in responding to the workshop aims in developing recommendations as to How OECD countries could proceed in developing soil erosion/soil biodiversity indicators for agriculture that would be broadly internationally comparable, a number of suggestions are provided on priority areas for action. 
I. Who is Interested by Soil Biodiversity, Biological Indicators of Soil Health and Why? 

This workshop aims at developing a set of recommendations for OECD policy makers, at both regional and national scales. However, we would like to recall that indicators and technical methods for assessment and monitoring and participatory approaches are needed by farmers and extensionists, by technical advisers as well as by policy makers and planners in order to provide indications and advice on soil health and functions and the impacts of land use and management practices. We would like to encourage attention to communications and feedback between farmers/land users and policy makers, and how to link indicators and assessments at different levels and scales, those useful for the farm-household and those indicating status and trends relevant to land use, farming system, agro-ecological region as well as national policy. 

Improved information and understanding of farmers, foresters and other land users will facilitate their adaptation and adoption of more productive and sustainable land use systems and management practices. It will also allow the development and provision of enabling polices and incentives to encourage the adoption of improved systems and practices. The two need to go hand in hand to bring about a change from unsustainable to sustainable land use.  

Thus, indicators need to be applicable at the level of the field/farm, of the farming system (land use, management practices and socio-economic context), of the agro-ecosystem (resources, potential) and the country (enabling policy environment, institutional support). 

This paper refers not only to soil biodiversity but to the wider concept of soil health which is critical for agricultural productivity and environmental sustainability. Soil health can be defined as the continued capacity of soil to function as a vital living system, within ecosystem and land-use boundaries, to sustain biological productivity and maintain water quality as well as plant, animal and human health. The concept of soil health includes the ecological attributes of the soil, which have implications beyond its quality or capacity to produce a particular crop. These attributes are chiefly those associated with the soil biota: its diversity, food web structure,  activity and the range of functions it performs. Soil biodiversity per se may not be a soil property that is critical for the production of a given crop, but it is a property that may be vital for the continued capacity of the soil to produce that crop (inlcuding pastures and trees).

Indicators of soil health are required to account for multiple dimensions of soil functions, in terms of agricultural productivity, food security and sustainable resources and ecosystem management, and the multiple physical, chemical and biological factors that control long term bio-geochemical process, and their variation over time and space. Of primary importance is the contribution of soil organisms to a wide range of essential services and to ecosystem functioning by acting as the primary driving agents of nutrient cycling, enhancing the amount and efficiency of nutrient acquisition by the vegetation and enhancing plant health, through maintaining the hydrological regime and soil physical structure, through regulating the dynamics of soil organic matter, soil carbon sequestration and greenhouse gas emission, as well as pedogenesis, the continuous building and restoration of the soil. 

Biodiversity or biological diversity, has been defined as ‘the quantity and structure of the biological information contained in hierarchical living ecosystems’ (Wilson and Peter, 1988; Blondel 1995). Living systems can be considered at different levels of organization, from genes to the biosphere, which, in its turn, ranges from populations of species and communities to landscapes (Solbrig 1991b, 1994). Soils shelter the most diverse biological communities on the planet, including a myriad of microflora and microfauna, mesofauna and macrofauna as well as plant roots. The number of animal species living in a soil has been estimated as being between 5 and 80 million, comprising principally arthropods (Giller et al. 1997). For example, one gram of soil in a European beech forest can contain as many as 40,000 bacterial species (Tiedje 1995) and one square metre can hold more than 1,000 species of invertebrates (Schaefer and Schauermann 1990) (see annex at the end of this document). Despite this extraordinary array of life forms, the taxonomic knowledge and also the functions of soil organisms is incomplete, with many genera that are neither identified nor classified at the species level. This lack of knowledge is particularly marked for tropical soils, which are considered at greatest risk from changes resulting from agricultural intensification with its consequent loss of biodiversity (Giller et al. 1997; Decaëns and Jiménez 2002).

II. Why Are Biological Indicators of Soil Health Needed? 

During the last decade, biodiversity has been a widespread political issue, resulting from the realization that man is affecting the terrestrial and aquatic ecosystems at scales ranging from the landscape to the biosphere (Solbrig 1991b; Schulze and Mooney 1994). These changes include the effects of agricultural intensification, modification of global carbon and nitrogen cycles, pollution, greenhouse effect, urbanization, and desertification (Pimm and Sugden 1994; Solbrig 1994; Asner et al. 1997). 

The loss of biodiversity at genetic, species and ecosystem levels inevitably leads to changes in the principal functions of any ecosystem.  A direct relationship exists between species richness; the intensity of some fundamental processes such as respiration, decomposition, nutrient storage, and primary production; and soil moisture and water availability. 
In responding to the question Why do we need biological indicators of soil health? we need to differentiate two dimensions for which we require improved knowledge and understanding: 

· on the roles and importance of diverse soil organisms in providing key goods and services; and 

· on the positive and the negative impacts of existing and new agricultural technologies and management practices.

Conventional agricultural practices, used to provide food and livelihood security and to maintain and increase crop and fibre production to meet increasing demands throughout the world, are placing pressure on the capacity of the soil, and its wider ecosystem, to maintain its functions. 

In recent decades, in many parts of the world, agricultural development, especially in the commercial sector, has been relying on increasingly specialised systems and even monocultures, mechanical cultivation and harvesting, high yielding varieties and exotic breeds and high and sometimes excessive and indiscriminate use of mineral fertilizers and pesticides.  These inputs have largely replaced the functions provided by soil and above ground biodiversity such as biological tillage, nutrient and carbon recycling, biocontrol, pollination and even resilience to natural disasters.  Even in the least developed countries, agricultural trends are leading to loss of biodiversity and reduced ecosystem resilience through increasing reliance on a few crop species and selected livestock breeds and technology packages that are given blanket support through agricultural policies and programmes.  These trends are increasingly driven by private and commercial interests and a breakdown of government support, for example,  for maintaining the local seed sector, indigenous livestock breeds and diversified systems that build on locally-adapted species and sustainably manage resources.  

In many areas, especially in the smallholder subsistence sector and in more fragile areas facing high rates of growth of human and animal populations, but also in developed countries where agriculture is subsidised, continuous nutrient mining and in some cases unsuitable land use systems and management practices are leading to severe soil productivity decline and land degradation.  Land degradation is defined as a natural process or a human activity that results in a loss of sustainability and economic function (ISO 1996; FAO 1998). In other words, the land has a reduced productivity or is no longer biologically and economically productive under its current land use due to loss of ecosystem function. Approximately 50 percent of usable land is showing signs of degradation.

Instead of the focus that was placed over the last decades on assessing the amount and severity of soil erosion, the crisis in the agricultural sector worldwide in terms of economic viability and degradation of resources and ecosystems, highlights the need and the urgency to develop a capacity to assess both the degree of functional degradation of the soil and the rate at which it is occurring, and to develop a holistic ‘biological systems management’ approach to soil health and agricultural production. Moreover an integrated ecosystem approach emphasises the need to understand the immediate and underlying cases of biodiversity loss and land resource degradation in order to identify appropriate policy and management interventions at appropriate levels.

Alternatives to reverse the above trends in agriculture are known and increasing attention is being paid to the importance of diversified agricultural systems, conservation agriculture approaches (based on zero tillage, crop cover and rotations) and organic agriculture approaches for sustained productivity and environmental well-being. Nonetheless, in order to accelerate their widespread adoption there is also a need to overcome inertia and to actively mobilise change through convincing the private and public sectors of the economic, food security and environmental value and benefits that they can derive from a shift from conventional tools and equipment, from subsidised high external input systems and from subsistence systems that are degrading their limited resources, to such management practices and approaches.  

III. What Do We Need To Measure and How?
Soil Biodiversity and Functions

The activities of soil organisms interact in a complex food web with some subsisting on living plants and animals (herbivores and predators), others on dead plant debris (detritivores), on fungi or on bacteria and others living off but not consuming their hosts (parasites). Thus soil biotic systems are extremely complex, and assessment of soil health and ecosystem function by direct measurement of overall biodiversity is impractical. In an attempt to reduce the innate complexity of the soil biota and their functions (see Table 1) to manageable levels, various functional groups of the soil biota have been proposed. 

	Table 1. Essential functions and ecosystem services provided by the soil biota and some indicators.

	· Maintenance of soil structure and regulation of soil hydrological processes
	Bioturbating invertebrates and plant roots, mycorrhizae and some other microorganisms
	Porosity, aggregation, infiltration, biogenic structures

	· Gas exchanges and carbon sequestration
	Mostly microorganisms and plant roots, some C protected in large compact biogenic invertebrate aggregates 
	Soil organic matter, gas and C fluxes

	· Soil detoxification
	Mostly microorganisms
	Pollutants

	· Nutrient cycling
	Mostly microorganisms and plant roots, some soil and litter feeding invertebrates
	Yield, nodules, humus content, Rhizobium

	· Decomposition of organic matter
	Various saprophytic and litter feeding invertebrates (detritivores), fungi, bacteria, actinomycetes and other microorganisms
	Humus content, litter 

	· Suppression of pests, parasites and diseases
	Plants, mycorrhizae and other fungi, nematodes, bacteria and various other microorganisms, collembola, earthworms, various predators
	Disease, damage incidence

	· Sources of food and medicines
	Plant roots, various insects (crickets, beetle larvae, ants, termites), earthworms, vertebrates, microorganisms and their by-products 
	Diverse organisms, macrofauna

	· Symbiotic and asymbiotic relationships with plants and their roots 
	Rhizobia, mycorrhizae, actinomycetes, diazotrophic bacteria and various other rhizosphere microorganisms, ants 
	Nodules, Rhizobium, Arbuscular Mycorrhiza Fungi (AMF)

	· Plant growth control (positive and negative)-direct and indirect effects
	Direct effects: plant roots, rhizobia, mycorrhizae, actinomycetes, pathogens, phytoparasitic nematodes, rhizophagous insects, plant growth promoting rhizosphere microorganisms, biocontrol agents
	Yield, rooting, plant health 


One of the most useful functional group classifications divides the soil biota into different feeding behaviors and sizes. The division of soil biota into roots, ecosystem engineers, litter transformers, phytophages and parasites, micro-predators and microflora is a good example (see Table 2, from Lavelle, 1996), because it also takes into account the potential top-down regulatory controls of larger organisms (e.g., the ecosystem engineers) over smaller ones. 

Various studies have suggested the possible existence of redundant species or ecological equivalents (Lawton and Brown 1994). Should one or another of these species be absent, no detectable changes would occur in the ecosystem’s functioning. However, should a functional group, that is, an entire set of equivalent species that perform a specific function (Blondel 1995), be absent, then the ecosystem’s functioning would be clearly affected. It is suggested that indicators are needed to reflect theses key functions and ecosystem services –for example through selected key indicator species (e.g. earthworms) or measuring soil biological activity for example, respiration, C fluxes or nutrient balances. Obviously there is a need for focusing on practical measurements of interest to land users (effects in production, erosion, etc.) 

	Table 2. Effects of different functional groups on soil function, biodiversity and plant production (expanded from Lavelle, 1996).

	Functional Group
	Effects on soil function
	Effects on biodiversity (selection pressures)
	Effects on plant production

	Roots
	Aggregation, porosity, water and nutrient cycles, plant production, soil organic matter availability, soil biological activity
	On rhizo-sphere microorganisms, associated food webs and root feeders
	Absorption of nutrients and water, production of signals and hormones  regulating plant growth

	Ecosystem engineers (e.g. termites, ants and earthworms)
	Bioturbation producing biogenic structures (regulating soil physical properties and processes), affecting soil organic matter dynamics, nutrient cycling, soil biological activity
	On litter transformers and microbiota, mutualisms with microflora, dissemination of organisms
	Positive or negative direct and indirect effects on root and shoot biomass and seed banks

	Litter transformers (macro- and micro-arthropods, enchytraeids, other detritus feeders)
	Nutrient mineralization, organic matter protection and decomposition (some bioturbation) 
	On microflora
	Mostly indirect effects

	Phytophages and

Plant parasites
	Some bioturbation
	On plant species
	Negative (feed upon or destroy plant parts)

	Micropredator foodweb (e.g. nematodes and protozoa)
	Nutrient mineralization
	On microbial communities
	Mostly indirect effects

	Microflora: 

Symbionts, plant growth promoters, pathogens, nutrient cyclers, biocontrol agents
	Aggregation, decomposition rates, biodegradation of toxic materials, nutrient cycles and availability, biocontrol 
	On plants and other soil biota (exerted mostly by pathogens and mutualists)
	Positive or negative direct and indirect effects on plant biomass


Those organisms described as the “ecological engineers” of the soil produce “biogenic structures” whose functional role is thought to be important. They represent sites where certain pedological processes occur such as the stimulation of microbial activity, the formation of soil structure, the dynamics of soil organic matter, and the exchange of water and gases (Anderson 1995; Lavelle 1996, 1997). The quantity, nature, and function of the biogenic structures produced by the functional group of ‘ecosystem engineers’ have been shown to be highly important (Jones et al 1994, 1997). The structures’ abundance and diversity are also important for maintaining the ecosystem’s soil functions (Lavelle 1997). An example of the complementary effects of some functional groups in the soil, is given by the “compacting” and “decompacting” earthworms (Blanchart et al. 1997). In soils that have been drastically altered, where only one “compacting” species exist, the casts result in soil compaction, reduced rates of water infiltration, and reduced plant growth, a clearly situation of a degraded ecosystem (Chauvel et al. 1999).

Minimum set of soil bioindicators and monitoring methods

It is clear that a range of appropriate indicators of soil health is required to account for the multiple dimensions of soil ecosystem functions, including productivity, environmental well-being or sustainability, and the different physical, chemical and biological factors that control bio-geochemical process, and their variation over time and space. However, there is still no universally accepted list (or minimum data set) of what soil attributes, organisms per se or soil processes mediated by soil organisms could or should be measured in a given situation. Indicators should be selected that show a clear relationship for example between the soil characteristic and primary production, for example a positive indicator of soil quality could be organic matter and a negative one incidence of crop damage by soil nematodes or other soil pathogens. 

Problems in using soil organisms and their diversity as indicators of soil health include the inherent temporal and spatial heterogeneity of soil organism populations and the unpredictable interaction of soil organisms with climatic factors. Human management practices and natural events (e.g. climatic variability and change and extreme events), impact on soil biodiversity and the ecological processes and ecosystem services they provide. The opportunity to develop indirect assessment methods is therefore compelling. 

The challenge is to identify and agree on: 

· What measurements should be made or what can be observed that will help to evaluate the effects of management on soil biodiversity and soil function both now and in the future? 

· How and when to measure it? and, 

· How to interpret changes in terms of soil function?

It is important to agree on and adopt standardised approaches to the use of soil health indicators, to facilitate comparison at many scales. Currently standard methodology is used for many bioindicator measurements (e.g. microbial biomass, soil respiration) but sampling methods (e.g. depth of soil used for sample collection) and strategies may vary and sampling scale and frequency will affect cost and reliability. 

Soil bioindicators need to be robust and meaningful, and easy to measure and interpret. Work is needed to confirm what indicators, which types of organism and/or which soil biodiversity functions have these characteristics, in which environments they are reliable and how they can be monitored and the findings interpreted. Basic requirements for the development of specific bioindicators would be:

· relevance to basic attributes of soil function;

· response to management in acceptable timeframes;

· ease of assessment or measurement;

· robust methodology with standardised sampling techniques;

· cost-effectiveness; and,

· compatibility with physical and chemical indicators of soil health.

· Relevance to human goals, food security, agricultural production and sustainability, economic efficiency

To be practical for use by farmers/land users, extension workers, scientists and policy makers the set of basic soil health indicators should be applicable over a range of ecological and socio-economic situations.  The tools and methodologies to measure soil health should be adapted to end users (Table 3). They should measure properties of soil health that are meaningful to the actor’s understanding of soil and its process, and give results that are reliable, accurate within an acceptable range and easily understood and used.

Soil organism and biotic parameters, such as abundance, diversity, food web structure, or community stability, meet most of the criteria for useful indicators of soil quality. They respond sensitively to land management practices and climate and they correlate well with beneficial soil functions, including water storage, decomposition and nutrient cycling, detoxification of toxicants, and suppression of noxious organisms. 

Visible indicators such as earthworms, insects and moulds as well as the biogenic structures they produce, such as burrows, earthworm casts, termite mounds, Rhizobium nodules are comprehensible and useful to farmers and other land managers, who are the ultimate stewards of soil quality. Several farmer-participatory programmes for managing soil quality have incorporated abiotic and simple biotic indicators.

In applying the ecosystem approach, more comprehensive information on the impacts of different land management practices should be provided through complementing information on soil organisms with other soil biological measures such as plant species and diversity, leaf litter, plant rooting system, and soil organic matter contents throughout the soil profile. In addition relevant socioeconomic information should be collected

Practical assessment and monitoring methods and approaches and indicators requires: 

· site assessment of land quality and impacts of current land use systems and practices (degradation, rehabilitation, sustainable use) 

· consideration of land values and services and off-site impacts;  

· capacity to interpret soil health information and develop guidelines and recommendations, using soil ecosystem parameters, simple visual bioindicators and lab dependent bioindicators; and  

· integrative measures that respond to change in soil management in time scales relevant to land users. 

All of the soil parameters typically need to be measured simultaneously at a field site, although there can be gaps in the data if some analyses are not feasible or the facilities are not available. It is more useful if the soil properties are analysed in conjunction with each other, thus to compile data on all soil properties at a single point, than to have separate databases of generalised properties.

The use of indicators of soil health can help determine the sustainability and health of a given system. Table 3 summarises the characteristics of potential soil health indicators required at different levels, from farmer through extensionist to policy-maker and researcher, as developed by the Londrina workshop. It gives examples that can be selected and used by different end-users to provide a set of indicators of soil health, suited to local monitoring capacities and relevant to the given region and farming system.

Table 3. Practical indicators and tools to measure soil health and their basic characteristics.

	Specific characteristic of soil health indicators for:

	Farmers
	Extension workers
	Policy makers
	Researchers

	For use in the field: Self-assessed, easy, practical. Based on visual indicators with interpretative guidelines relevant to region, farming system, soil type, climate, etc.
	Visual indicators and simple low-cost field- and lab-based test kits that are easy to interpret.
	Minimum data set of soil health indicators, plus those associated with crop productivity and quality, environmental quality, off-site impacts, etc.
	In-depth information on soil health, soil biodiversity, etc., including a range of lab-based indicators.

	Practical examples of monitoring tools and indicators* 

	· Roots (density, form, depth, colour, disease)

· Litter decomposition

· Macrofauna and biogenic structures

· N-fixing organisms (nodules)

· Plant population profiles (+ weeds).

· Local indicators, e.g. smell and taste

· Soil physical indicators such as water-logging, compaction (surface and at depth)
	· Soil respiration

· Pathogens (keys to symptoms)

· Soil pH, conductivity

· Total C/N ratio

· Microbial biomass

· Nutrient levels (cation exchange capacity)

· Porosity, bulk density, aggregate stability, infiltration rate
	· Farm scale: percent of potential yield reached (based on water use efficiency), farmer income, profitability

· Catchment scale: Soil erosion, depth of water table, nutrient flow
	· Enzyme activity (rapid techniques e.g. BIOLOG) 

· Molecular detection of mycorrhiza, biocontrol agents, etc. Molecular biodiversity assessments (e.g. DGGE of microbial populations).

· Nematode identification 

· DNA/RNA methods for detection of functional gene diversity (N-fixation, etc.)

· NIRS (Near Infrared Reflectance Spectroscopy)

· Micro-morphology


* (list is not complete)

Indicators are needed above all to understand effects of current land uses and management practices and identify improved practices, for example using the pressure-state-response framework.  There is a range of available indicators for monitoring and a range of management solutions for addressing the range of soil fertility deficiencies and land degradation problems that are mediated by soil organisms and their functions, see Table 4. Participatory problem identification should help identify the required set of indicators, for example, degraded soil structure and compaction (surface crusting and hardness at depth), poor soil cover (living and litter), low organic matter content, low saprobes, high pesticide levels, salinity and pollutants.

In Figure 1, the suite of soil health assessments is visualised in pyramidal form, the three sides corresponding to biological, chemical and physical indicators. The top of the pyramid represents the group of simple indicators that farmers would use, linked to the more complex measures lower in the pyramid. The more technical indicators occur in the lower part, but may move up as protocols are simplified or surrogate indicators are developed. There is a decrease in spatial resolution (and scale) with increasing complexity of the indicators. Simple indicators higher up the pyramid (e.g. total C) will be more useful for stakeholders who require soil health information at more detailed scales.

Figure 1. Soil Health Indicators Pyramid.
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Table 4. Soil biological solutions for soil fertility and land degradation problems

	Physical problems
	Chemical problems
	Biological problems

	· Compaction

· Low moisture content

· Poor drainage

· Erosion

· Loss of silt or clay
	· Nutrient depletion

· Excessive acidity or alkalinity

· Low phosphate levels

· Heavy metal contamination

· High salinity

· Pesticide contamination
	· Low biodiversity

· Low microbiological activity

· Low humus content

· High pest or pathogen levels

· Lack of natural enemies

· Low organic matter

	Possible soil biological solutions
· aggregation, porosity, regulation of soil hydrological processes – these are improved by bioturbating organisms, plant root, fungal hyphae, microbial secretions

· bioremediation 

· nutrient cycling, decomposition of organic matter, nutrient mineralization, nitrogen fixation

· crop diversity over space and time (intercropping, diverse rooting depths, rotations)

· phosphorus solubilizing bacteria and plant nutrition and plant growth promoters

· Suppression of pests, parasites and diseases


Soil organic matter has been shown to be a critical factor in most soil types and agroecosystems, for sustainable and productive land management as it reflects not only soil carbon but also soil moisture retention, nutrient availability, resilience to erosion and it is the substrate for most soil biological activity. In recent years, increased attention has been paid to methods of monitoring soil organic matter or soil carbon due to the recognition of the importance of carbon sequestration in soils to reduce or mitigate greenhouse gas emissions and in response to the Kyoto Protocol of the Framework Convention on Climate Change (including off-setting GHG emissions in other areas under the carbon trading mechanism). Consideration is also needed of the implications of climate change predictions (a 2 - 4% temperature rise and changes in rainfall) on soil carbon stocks and dynamics.

In general historical or baseline data will not be available thus comparisons can be conducted to compare specific land use management systems more protected or “natural” systems, such as under natural forest and woodlands, ungrazed grasslands and homegardens. A spectrum of land types and land uses can be compared. Local knowledge and experience should be drawn upon in identifying a range of sites and indicators and the range of stakeholders should be involved. 

Development of target values and thresholds for soil health indicators

There is a wide range of proposed soil health (quality) indicators but in terms of productivity maybe the best indicator relates to the yield trends under a given management system, see Figure 2.  The direction and rate of trends can be determined, and those indicators that respond more rapidly than others (e.g. microbial or macrofaunal diversity, soil enzymes) can be identified. 

The existence of redundancy confers a functional stability to the ecosystem against accidental decrease in a community’s specific diversity (Blondel 1995; Lawton and Brown 1994). The loss of any biodiversity from the natural ecosystem levels should be regarded as detrimental, but food security requires some degree of compromise even if sustainable practices are employed. Therefore, the potential for adoption of target and threshold levels of biodiversity needs exploration. 

Figure 2 shows a declining yield trend over a period of time under a consistent and continuous land management system, i.e. crops or pastures, indicating a gradual loss of soil health. If the selected indicator, or suite of indicators, of a particular land management option falls below the threshold value it can be considered as an indication of poor soil health. This threshold value is the lower limit of system performance, at which the land management system will become unsustainable and a high investment will be needed in the recovery of the degraded land (restoration of soil properties and function). The red line is the optimal situation, or target value, reflecting the situation under a healthy pasture (deep rooting, good soil cover, etc.). In reality, the inputs and outputs vary over time (over weeks, seasons and years) but should generally balance each other, so that the system oscillates between both limits, maintaining a relatively constant value. 
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In terms of sustainable land management, the threshold value may be considered as the level of a specific indicator beyond which the particular system of land management is no longer sustainable. However, understanding of likely thresholds is not well developed, except for a limited number of environmental indicators such as soil acidity, nutrient status of P and K for a given soil type, or some biophysical indicators such as bulk density. A single threshold value will not represent the boundary or cut-off between sustainable and unsustainable, thus a range of threshold values and temporal trends for particular indicators is required. Often, a combination of indicators may be needed.

Target values vary for different soils and for different land uses, therefore, measurements of the indicators should be made over suitable time intervals using standard methodologies. Establishing acceptable trends requires appropriate methodologies and a common framework is essential to develop national and international standards for purposes of comparison. A key problem will be sample-to-sample variability, which will necessitate robust sampling and statistical analysis protocols, if significant trends are to be discerned from a very noisy signal. 

Resilience and risk aversion 

In addition to the primary role of biodiversity in ensuring the multiple functions that are performed by soil organisms, a secondary, but important role of genetic variability and functional diversity is to maintain these functions despite perturbations (short- or long-term). Ecosystem resilience and the capacity to reverse degradation is important for land managers. 

Understanding the relationship between biodiversity and more complex functions requires the combined study of taxonomically distant groups of organisms that can perform specific functions, and thus belong to the same functional group. A greater degree of biodiversity between, or within, a given species or functional group will logically increase the inherent variability in tolerance or resistance to stress or disturbance. The replication of the ability to perform a particular function implies a degree of functional redundancy. Though redundancy in a single function may be common among many soil biota, the suite of functions attributable to any one species is unlikely to be redundant. Furthermore, functionally similar organisms have different environmental tolerances, physiological requirements and microhabitat preferences. As such they are likely to play quite different roles in the soil system.

Given the extremely high species diversity in soil, it is estimated that microbial communities contain such high levels of redundancy as to make small changes in soil microbial diversity insignificant (although this hypothesis still needs experimental evidence). Rather, shifts among groups or species within the microbial community are considered to be of much more relevance for the functioning of terrestrial ecosystems. Shifts that might be relevant for sustainable land use include those in the relative abundance of bacteria and fungi and within groups with specific functions such as nitrifying bacteria. These shifts could affect vital functions of the soil ecosystems such as nutrient retention and antagonism against plant diseases.

There has been considerable interest recently in evaluation of risks associated with adoption of GM crop varieties, but apart from these cases rarely any serious attention has been paid to environmental impact. This is the case especially where microbial treatments or manipulations are carried out; for example, little is known of the effect on natural microbial populations of Rhizobium inoculation.  Likewise, the effects of herbicide-resistant plants and the use of herbicides on the soil ecosystem are not well known. Biosafety assessments cannot be made using external measurements such as plant health or productivity without doing the basic research to establish the necessary links.

Risk analysis is complex as it requires consideration of safety in the context of the environment in which the new product or process is to be employed. The following issues must be addressed:

· Environmental impact and genetic drift: Need to assess the effects on non-target organisms, including providers of key ecosystem services as well as prominent species such as birds and butterflies.

· Agronomic merit: Do the new varieties actually perform better than those currently in use? and will agrochemical needs be smaller or greater?

· Socio-economic issues: Will the crops be acceptable for farmers? and Do they have access to the required technology?

IV. Examples of How Knowledge and Information on the Status and Trends of Soil Biodiversity and Soil Health can be Used By Different Actors

Ongoing programmes 

Several ongoing programmes respond to the need in developing indicators, target values and thresholds, thus required complementary work should be identified and supported. The following projects are notable which respond to both the needs of Parties to the Convention of Biodiversity (CBD) and to the Convention to Combat Desertification (CCD): 

· the TSBF-BGBD Network project on the Conservation and Sustainable Management of Below-ground Biodiversity supported by GEF (US$9 million; with co-financing an estimated total of $22 million) for seven countries (Brazil, Mexico, Côte d’Ivoire, Uganda, Kenya, India and Indonesia) to be executed by the Tropical Soil Biology and Fertility Institute of CIAT. (http://www.tsbf.org/index.htm).

· the European BIOASSESS research project (co-funded by the European Union under the Global Change, Climate and Biodiversity Key Action of the Energy, Environment and Sustainable Development Programme) is developing biodiversity indicators or tools that can be used to rapidly assess biodiversity. It is also measuring the impacts on biodiversity, including that in the soil, of major land use change in eight European countries. 

(http://europa.eu.int/comm/research/eesd.html).

· the Land Degradation Assessment in Drylands (LADA) project, a GEF-funded and UNEP-supported project being executed by FAO, for which the methodology development is ongoing under the project development phase with Argentina, China, Tunisia, Senegal and multiple partners (http://www.fao.org/ag/agl/agll/lada). Indicators are being developed for assessment at different levels: community level, by agro-ecological zone and at national level with attention to linkages between these levels. 

Case Studies and Experiences

During the Londrina workshop, three case studies on soil health assessment and monitoring provide examples of the use of practical tools and existing know-how and materials, notably on: 

· soil health assessment and monitoring for industrial sugar cane production; 

· the potential use of soil macrofauna as bioindicators of soil quality; and 

· the measurement of soil respiration as an indicator of soil life. 

These case studies stimulated discussion on several ideas and approaches regarding: sampling and measurement methodologies; interpretation (including definition of minimum threshold values for particular indicators); the frequency with which measurements should be made; and above all, how to engage land users in the process of using soil health indicators. 

Case 1. Bioindicators of soil health used by the sugar cane industry in Australia (Clive Pankhurst, CSIRO). 
Cane yields reached a plateau or have been declining for many years despite the development of new cane varieties and pesticide controls for known pests (e.g. the cane grub). The yield decline was shown to be associated with poor soil health resulting chiefly from the growth of cane as a monoculture and excessive tillage at planting required to overcome soil compaction caused by heavy harvesting machinery. Using soil health indicators (e.g. soil activity and presence of beneficial or detrimental organisms), the extent to which the soils had become physically, chemically and biologically degraded could be demonstrated to cane growers. They were also advised that the only way to reverse this was by changing the way they manage their soils. 

Essential components to facilitate this process were:

· Close collaboration of researchers with groups of cane growers to develop a new farming systems approach, based on the incorporation of green manure rotation breaks (to improve the biological health of the soil), and reduced tillage (to control traffic - away from plants). 

· Demonstration trials together with economic analysis comparing the old and new systems. 

· The approach was based on providing cane growers with information concerning the health of their soils and the principles and benefits of maintaining good soil health. It was not designed to provide recipes because what might work successfully in one region may not in another.  

This is a good practical example on the use of bioindicators to enhance management practices.  It also provides an important message: not to develop and use soil health indicators as tools to condemn land users for their inappropriate use of the soil resource, but to use them as tools to explain what is happening and facilitate a change towards more sustainable agricultural practices.

Case 2. Participatory assessment of macrofaunal functional groups for rehabilitation and improved productivity of pastures, cropland and horticulture (Patrick Lavelle, IBOY-Macrofauna Network). 

It is recognised that each organism in the soil is driving soil processes in specific functional domains (e.g. rhizosphere, termitosphere) and can be grouped into some 30-40 functional groups. In particular, soil macrofauna are important regulators of soil function and easy to measure and identify. The invertebrate communities are sensitive indicators of soil quality. Among the vast diversity of species, adaptive strategies and size range represented, it has been found that the effects on the soil of the physical activities of a specific group, known as the “soil ecosystem engineers”, which also includes large invertebrates, actually determine activities of other, smaller soil organisms.  Human management practices, such as soil tillage, affect soil macrofauna (abundance and diversity) and may create a disequilibrium that can be very difficult to restore. In addition, chemical pollution adversely affects soil fauna. Thus, the composition of faunal communities may be an accurate indicator of diffuse pollution (e.g., by heavy metals and pesticide residues), through indicator species sensu stricto, or through bio-accumulators. 

Through extensive studies, the IBOY-Macrofauna Network has confirmed that macrofauna is relatively easy to collect, using participatory methods to involve farmers groups in the process of sampling, collection and identification of soil macrofauna functional groups.  The standard TSBF method (Tropical Soil Biology and Fertility Programme) was used for collection of invertebrates in more than 1000 sites, with a focus on tropical areas. A data base was produced and more than 42 taxonomic groups of invertebrates and associated site variables (cropping system, management practices, season, climatic region, soil type, depth, etc) were characterised. Results so far have shown that macrofauna functional groups correlated very well with different soil chemical and physical situations as well as management conditions (in particular organic matter inputs and mineral fertilization, e.g. nitrogen). Further analyses promise the identification of groups that are specific indicators for a given type of system, including development of an index, considering a set of variables. Further analysis and validation is needed in order to consider the application limits and the standardisation of such indices and potential macrofauna indicators. FAO has committed support to make available findings in a practical field guide for farmers and technicians showing linkages between specific organisms, management and beneficial or detrimental effects on soil and plant health. This will be integrated into a series of training modules and guides on soil productivity improvement for farmer field schools. 

Case 3. Methods for assessment of soil health or quality focusing on a case in Bhutan (Martin Wood, University of Reading). 

A simple method to be used by farmers to assess the overall biological activity of the soil and soil health has been tested in Bhutan and Kenya. This method is based on soil respiration (O2 uptake or CO2 production). It provides information on soil life activity, and can be used as the basis for management decisions and for raising awareness of farmers about the living nature of soils. A laboratory or field respirometer provides a measure of biological activity, nutrient mineralisation, toxicity of chemicals to soil organisms and management effects. Soil respiration as a biological measure is included in the US soil quality test kit, as well as chemical and physical measures. There is a need to consider temporal and spatial changes and environmental conditions (temperature, moisture) and to measure them at comparable points in the crop cycle. Various soil test kits are available for such measurements, such as the Solvita soil life kit and the USDA Soil Quality Test Kit Guide. However, these are largely focused on chemical analysis.

Four case studies on innovative methods for monitoring soil biological activity build on recent research applications: 

· methods for monitoring of soil biological activity and pest-pathogen interactions; 

· links between soil biological activity, sustainable land use systems and carbon sequestration; and,

· characterisation of degraded soils through molecular marking. 

Case 4 Innovative methods for monitoring of soil biological activity and pest-pathogen interactions (Paul Cannon, CABI). 
The challenges involved in measurement and manipulation of soil biodiversity are considerable, but measurement is essential to manage manipulation. For some groups of organisms, functional characterization –such as determination of trophic groups of nematodes– provides good basic information on their diversity without identification of individual specimens. For microbial taxa, modern molecular tools show considerable promise in measurement and characterization of soil biodiversity. Techniques such as DGGE (differential gradient gel electrophoresis) of DNA profiles extracted from soil, that are well established for bacteria, are starting to be used for fungi and have potential for diversity measurement in other important organism groups as well. Molecular methods can also be used to detect particular species such as pathogens, and are potentially much more reliable than traditional baiting or isolation techniques. Modern and traditional tools can be combined to give a more complete picture of soil biodiversity. These techniques allow to measure differences in soil biodiversity following perturbations or changes in management practices, and to understand the relationship between pest or pathogen levels and saprobic competitors. There is evidence that agricultural practices that promote saprobic fungal diversity and biomass also lead to a reduction in pest and pathogen problems, especially in the seedling establishment stage. There is great potential for the addition of biotic supplements to sown seed to aid establishment, and to use fungal antagonists such as Trichoderma species to protect vulnerable plants. 

Case 5. Soil biological activity and carbon sequestration with a focus on no-tillage systems in Brazil (Rattan Lal, University of Ohio, USA). 

Evidence of the important impact of soil aggregation by earthworms on soil organic carbon and the close relationship between soil biodiversity and C sequestration, confirms the need, in accordance with the Climate change convention and Kyoto Protocol, to enhance soil biological activity through improved management practices. Agriculture manipulates soil C through uptake (CU), fixation (CF), emissions (CE) and transfer (CT), where CU + CF = CE + CT. Organic residues when decomposed provide CO2 (60-80 percent) and complex humic compounds (10-30 percent) which are more stable at depth. (A 0.1% change in soil organic carbon is equivalent to 1 ppm atmospheric carbon). Soil organic carbon can be optimised under a no-till system through return of crop residues to the soil, cover crops and precise use of external inputs and water. There are hidden C costs in conventional tillage through residue removal, erosion from bare fallow or poor crop cover, emissions in fertilizer manufacture (0.86 Kg C/kg N fertilizer), and pesticides. Carbon sequestration requires more sustainable agriculture and land use systems including conservation agriculture approaches, grazing land management and erosion control so that soil degradation trends are reversed, improve soil quality and resilience improved, and biomass production increased and the rate of enrichment of atmospheric concentration of GHGs decreased.

Case 6. Characterisation of degraded soils through molecular marking (Jules Pretty, University of Essex, UK).

Soil microbial communities are responsible for the cycling of the elements necessary for crop growth. However, microbial communities are in turn regulated by the management and use of the soils. We aim to understand the soil microbial communities in tropical and temperate agricultural systems, investigating physical, chemical and biological characteristics of soils, and thus determining relationships with land use management and soil health. A polyphasic approach has been developed for the measurement and definition of soil health and ecosystem function. One of the principal issues is the identification of the biotic and abiotic factors that affect microbial diversity, activities and responses in the complex communities that contribute to the concept of a healthy soil. Modern soil microbiology involves the use of universal biomarkers of soil microorganisms, e.g. ATP, DNA, RNA, fatty acids. Through soil DNA extraction genetic information representative of the entire soil microbial population is accessed. Additionally by isolation of RNA (both ribosomal and messenger) the metabolic potential and gene expression in complex communities can also be assessed. The output from such research enables us to develop new diagnostic techniques, to produce practical advice and solutions fit for agricultural systems; to predict how changes in land usage will influence soil productivity, and to assess the value of methods for sustainable land use and restoration and how different soils should be correctly used. The application of this technology to the study of soil degradation and rehabilitation gradients has shown that rehabilitated soils differ in the bacterial community present from both degraded soils and the parent soil. 

Finally a case is provided of the use of improved understanding of soil biodiversity and soil ecosystem functioning for influencing for environmental policy for grasslands management.

Case 7: The use of a pan-European experiment, BIODEPTH, investigating the impacts of biodiversity on ecosystem function in model grassland systems for influencing policy. 

Small meadow plots were created by exterminating existing plants and seed bank and then sowing wildflower and grass seeds (constant seed rate) in different species mixtures. The highest diversity of sowing was based on local species richness, with five levels of diversity reducing richness down to single species monocultures. This mimicked the gradual extinction of plant species from grasslands. Energy flow was monitored by measuring ecosystem processes such as plant growth (above ground and rooting) and harvest yield (productivity); break down of dead leaves (decomposition); and nutrient amounts in plants and soils (recycling and retention).  After the establishment year, over the first two years of the experiment, a clear relationship was found between reduced ecosystem function and reduced species diversity for a wide range of ecosystem processes (across all eight field sites with different climate, soil and plant types). The experiment yielded powerful data and results supporting the importance of biodiversity for providing ecosystem energy flow with implications for European environmental policy for grasslands management. Table 5 below shows the initial analysis of this research.

Table 5. Initial results of BIODEPTH research on the effects of biodiversity loss on ecosystem function in model grassland systems1 

	Ecosystem process response to declining biodiversity
	Environmental implications and policy relevance

	Plant productivity 

Decrease in above-ground biomass production, plant canopy architecture and below-ground root production
	Agricultural sustainability 

Reduced harvest yields of low-input agriculture

Implications on sustainable nutrient and water use

	Nutrient dynamics

Decrease in Nitrogen retention in plant biomass and soil nutrients

Increase in soil nitrate leaching and varied affect  on soil moisture 
	Ecosystem sustainability

Reduced agricultural productivity and nitrogen sequestering

Reduced groundwater quality and reduced drought resistance and reduction of runoff

	Decomposition processes

Not clear response of Plant litter, cellulose, cotton methods
	Ecosystem sustainability

Longer term studies necessary

	Plant community dynamics

Increase in community invasibility by weeds and in plant parasites and fungal pathogens
	Agricultural sustainability

Reduced resistance to weed/alien invasion and to crop pests

	Soil microbial dynamics

Decrease in soil respiration, soil microbial biomass, bacterial functional diversity/activity and mycorrhizas (root fungi)
	Global change

Reduced carbon sequestering and energy flow, reduced plant-soil interactions and nitrogen sequestering

	Invertebrate communities

No clear response to above- and below-ground invertebrate diversity

Varied response to abundance of different invertebrate groups  and to above-ground herbivore damage
	Biodiversity conservation and resilience

Possible relationship with nutrient cycling and food web dynamics


1 (source http://www.cpb.bio.ic.ac.uk/BIODEPTH/)

Integrated biological management of soils

What is needed is the development and implementation of an integrated approach to agriculture that considers potential impacts on the environment and the soil. This approach should optimize ecological synergies between biological components of the ecosystem, and enhance the biological efficiency of soil processes, in order to maintain soil fertility, productivity and crop protection (Altieri, 1999; Woomer and Swift, 1994; Lavelle, 2000). This may be useful in modern commercial agriculture, but it has special utility in marginal lands prior to degradation, in degraded lands in need of reclamation and in regions where high external input agriculture is not feasible (Anderson, 1994; Sánchez, 1997, Swift, 1999). 

Underlying the principle of integrated biological management of soil is the acknowledgement that: 

· soil organisms and biological processes have a major role in creating and regulating soil fertility;

· a diversity of organisms creates a diversity of functions and processes in soils;

· a diversity of functions and processes is essential for maintaining soil fertility and productivity (i.e., the sustainability of the agroecosystem);

· soil organisms can be manipulated in agroecosystems through both direct and indirect interventions;

· agricultural productivity can be improved by optimizing biological processes, including the manipulation of soil biota;

· biological management of soil fertility can be integrated profitably into the rest of the farming enterprise;

· biological management techniques can serve to conserve biologically important populations and species. 

V. Priority areas for action for further developing internationally comparable soil erosion/ soil biodiversity indicators for agriculture. 

1. First and foremost, there is a need to prioritise soil health assessments for addressing food security and improvement of farmers’ livelihoods, with a view to contributing to positive and measurable effects on agro-ecosystems and on the well-being of the communities that depend upon soil health and productivity.
2. There is an important link between soil erosion and soil biodiversity and particular efforts are needed to enhance knowledge and assessment of these two sets of indicators using integrated systems approaches, agro-ecological approaches and integrated soil biological management practices. The use of integrative indicators relating not only the biophysical but also the socio-economics of the current land use practices must be pursued. Otherwise, instead of promoting integrated ecosystem approaches it will create an artificial distinction between interacting physical, chemical and biological properties and processes. 

3. The continued development of internationally agreed methods of soil quality assessment including soil biodiversity should be a priority by OECD countries and other Parties to the Conventions on biological diversity and desertification as well as climate change. 

4. There is a need to promote awareness, knowledge and understanding of the key roles of functional groups and of the impacts of specific management practices in different agro-ecological and socio-economic contexts. This requires combining the skills and wisdom of farmers with modern scientific knowledge, and focusing on capacity building and information gathering (biophysical and socioeconomic). Networking/sharing experiences of indicators and assessment methods and expertise must be enhanced through:

· case studies for use in awareness raising and capacity building;

· supporting local initiatives on the ground rather than institution building.

5. Collaboration among ongoing projects and countries and targeted support to rapidly make available research findings and tools for promoting sustainable agricultural systems and practices and the restoration of degraded lands.

6. National capacities need strengthening for improved soil health assessment and monitoring, soil biological management, including a) participatory adaptive management approaches to empower actors at local level to assess and overcome identified problems such as erosion, nutrient mining and pest invasions, and b) priority setting for actors involved in agricultural policy and planning. as an integral part of their agricultural and sustainable livelihood strategies.

7. Coordinated action on soil health assessment, reporting and indicator development and relevant economic, social and environmental issues, towards sustainable agricultural development, through South-South and North-South institutional partnerships and fostering mobility and cooperation among scientists and countries. This should help countries better understand their current situation as well as devise effective responses to meet future challenges. 

8. There is a need for developing knowledge and information systems and databases on soil biodiversity and soil biological management according to type of farming system, climatic conditions, socio-economic context, spatial and temporal scales and for targeting information to specific actors/clients (different types of farmers and other land users, technicians and policy makers). These should build on existing information systems should as the TSBF –CIAT work on patterns of land-use change, below-ground biodiversity and its management and the IRD-TSBF macrofauna database.

9. Finally cross-sectoral approaches are essential to address different perspectives (social, economic, political, environmental) and to achieve a range of benefits at different scales (local, national and global).  Inter-disciplinary approaches (soil science, agronomy, biology, ecology, etc.) will guide practical action for conserving and sustaining the functions and value of soil biodiversity in agricultural systems (including forestry). 
10. Development of policy briefs for decision makers on the importance of soil life for a range of ecosystems services: agricultural productivity, carbon sequestration, water quality etc. and implications of different land use systems and management practices.
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Annex: What is soil biodiversity?

Soil biodiversity, or the diversity of life in soil at the genetic, organismal and ecological level is thus comprised of the organisms that spend all or a portion of their life cycles within the soil or on its immediate surface (including surface litter and decaying logs). Some of the available estimates on the number of species presently described of selected soil biota that have been better studied are given in Table 1.  Soil biota can be divided into three main groups according to their size (Swift et al., 1979): 

	Table 1. Total number of described species of various soil organisms (Hawksworth and Mound 1991; Brussaard et al., 1997; Wall and Moore, 1999). 

	Size Class

Organism
	№ Species described

	Microorganisms

Bacteria and archea

Fungi
	3,200

ca. 35,000

	Microfauna

Protozoa

Nematodes
	1,500

5,000

	Mesofauna

Mites (Acari)

Springtails (Collembola)

Diplura

Symphyla

Pauropoda

Enchytraeids
	ca. 30,000

6,500

659

160

500

>600

	Macrofauna

Root herbivorous insects

Millipedes (Diplopoda)

Isopods

Termites (Isoptera)

Ants (Formicidae)

Earthworms (Oligochaeta)
	ca. 40,000

10,000

2,500

2,000

8,800

3,627


1. Macrobiota, or organisms generally >2 mm in diameter and visible to the naked eye. These include vertebrates (snakes, lizards, mice, rabbits, foxes, badgers, moles and others) that primarily dig within the soil for food or shelter, and invertebrates that live in, feed in or upon the soil, the surface litter and their components (ants, termites, millipedes, centipedes, earthworms, pillbugs and other crustaceans, caterpillars, cicadas, ant-lions, beetle larvae and adults, fly and wasp larvae, earwigs, silverfishes, snails, spiders, harvestmen, scorpions, crickets and cockroaches). Roots, although not generally considered soil organisms, grow mostly within the soil and have wide-ranging, long-lasting effects on both plant and animal populations above- and below-ground, and thus should be included among soil biota. 

2. Mesobiota are organisms generally ranging in size from 0.1 to 2 mm in diameter. These include mainly micro-arthropods, such as pseudo-scorpions, protura, diplura, springtails, mites, small myriapods (pauropoda and symphyla) and the worm-like enchytraeids. Mesobiota have limited burrowing ability and generally live within soil pores, feeding on organic materials, microflora, microfauna and other invertebrates. 

3. Microbiota are the smallest organisms (<0.1 mm diam.), extremely abundant, ubiquitous and diverse. The microflora includes algae, bacteria, archaea, cyanobacteria, fungi, yeasts, myxomycetes and actinomycetes that are able to decompose almost any existing natural material. The microfauna includes nematodes, protozoa, turbellarians, tardigrades and rotifers that generally live in the soil water films and feed on microflora, plant roots, other microfauna and sometimes larger organisms (e.g., entomopathogenic nematodes feed on insects and other larger invertebrates). 

Visit the Soil Biodiversity portal at FAO (http://www.fao.org/ag/agl/agll/soilbiod/default.htm)[image: image3.png]
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