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EXECUTIVE SUMMARY 

SoilCritZone, an FP6 Specific Support Action, organised a series of four workshops to 

discuss the future of soil research in Europe.   These workshops included participants from 

the European, African, Chinese and US soil communities.  In these workshops the community 

formulated research questions based on four Working Groups: 1) Soil Degradation,  

2) Weathering, 3) Biodiversity and Cross-cutting Issues, and 4) Modelling the Life Cycle of 

Soils.  The outcomes of the Working Groups from Workshop 1 (Bristol, UK – October 2007) 

and Workshop 2 (Sofia, Bulgaria – April 2008) were presented to and discussed with Early 

Stage Researchers in Workshop 3 (Chania, Crete, Greece – September 2008) and with stake-

holders in Workshop 4 (Vienna, Austria – April 2009).  

In the SoilCritZone project, we have set the soil system within the Critical Zone and by doing 

so have enlarged the research agenda so that the whole life-cycle of soil can be investigated 

and modelled.  The SoilCritZone Project extended its research goals beyond the protection 

and remediation of soils, by including the question about the rate of soil formation through 

weathering and further biological processes (including soil biodiversity), as a natural 

counterbalance to anthropogenic soil degradation.  We also framed soil system parameters for 

modelling the life cycle of soils, thus defining gains and losses of soils on a quantifiable basis.  

The Working Groups formulated a number of research questions that are necessary in order to 

be able to model the life cycle of soils.  The key outcomes of the SoilCritZone project are that 

the European research community should develop soil research questions within the 

framework of the Earth´s Critical Zone and, that soil observatories should be set up where 

measured parameters allow the modelling of the life cycle of soils.  This report suggests 

criteria, based on geology, geography, climate, hydrology, European soil types and land use, 

for the selection of European soil observatories.  We took into account sites suggested by the 

workshop participants and the research that has already taken place within the European and 

the US (www.czen.org) soil community. Our contribution thus sets the scene for a new 

approach in soil research so that the soils of Europe and the world can be protected for future 

generations.  

This final report from the SoilCritZone Specific Support Action can be used to underpin the 

forthcoming EU Soil Framework Directive, which is based on the Thematic Strategy for Soil 

Protection that was adopted by the European Commission in September, 2006.  
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Glossary 

Biodynamic farming – Organic farming methodology developed by Rudolf Steiner (1865-
1925) in Germany at the beginning of the 20th century.  

Critical Zone – Defined as the Earth’s outer layer from top of the vegetation canopy to the 
bottom of the subsurface zone of freely-circulating groundwater that sustains human life. 

CZEN – Critical Zone Exploration Network. 

CZO – Critical Zone Observatory. 

FC – Field Capacity is the amount of soil moisture or water content held in soil after excess 
water has drained away and the rate of downward movement has materially decreased, 
which usually takes place within 2–3 days after a rain or irrigation in previous soils of 
uniform structure and texture. The physical definition of field capacity (expressed 
symbolically as θfc) is the bulk water content retained in soil at -33 J kg-1 (or -0.33 bar) 
of hydraulic head or suction pressure.  

GHG – Greenhouse gases. 

GWP – Global Warming Potential is a measure of how much a given mass of greenhouse gas 
is estimated to contribute to global warming. It is a relative scale which compares the gas 
in question to that of the same mass of carbon dioxide (which GWP, by definition, is  
equal to 1).  A GWP is calculated over a specific time interval and the value of this must 
be stated whenever a GWP is quoted or else the value is meaningless (IPCC, 2001). 

Ombrotrophic ("cloud-fed") – Refers to soil or vegetation which receive all of their water 
and nutrients from precipitation, rather than from streams or springs.  Such environments 
are hydrologically isolated from the surrounding landscape, and since rain is acidic and 
very low in nutrients, they are home to organisms tolerant of acidic, low-nutrient 
environments. The vegetation of ombrotrophic peatlands is often bog, dominated by 
Sphagnum mosses. 

OC – Organic carbon. 

OM – Organic matter. 

Permaculture – A farming and design approach, based on permanent agriculture and 
permanent culture, developed to design agricultural systems and human settlements that 
mimic the structure and interrelationships found in natural ecological systems (Mollison 
and Holmgren, 1978).  

SEKEM – “vitality of the sun” – Biodynamic organic farming community developed in the 
Egytian desert by Dr. Ibrahim Abouleish (www.sekem.com). 

SOC – Soil organic carbon. 

Sodification - The accumulation of sodium in soils is also called sodification.   

SOM - Soil organic matter. 
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1.0 INTRODUCTION 

Soil is a fundamental resource for our civilisation. Without soil, the Earth's surface would be 

barren rock and sand and could not support life. Many of the physical, chemical and 

biological processes that sustain biogeochemical cycles take place in soil. Soil is one of the 

planet's most active zones of energy exchange, particularly through the decomposition of 

organic materials, and plays a key role in the carbon cycle.  It is the medium necessary for 

terrestrial plant life.  Human beings nourish themselves on plants and on animals, which in 

turn feed on plants, and therefore it becomes evident that soil is the fundamental resource for 

terrestrial life and of civilization.  

Healthy soil is the basis of healthy crops, livestock and human beings.  Through its biological 

activity and inherent fertility, soil can support high quality crops and remain productive over 

long periods of time without the need to rely on large inputs from outside the system 

(Lampkin, 1994).  Soil can be regarded as a living entity, an ecosystem containing a large 

variety of different flora and fauna that fulfill myriad different roles.  The main components 

of the soil ecosystem are living organisms, minerals, organic matter, water and air, all of 

which are required for its smooth and efficient functioning. Interaction between the living and 

non-living components of the soil are as important as the presence or absence of any one of 

them.  

Soil is essential in providing food, biomass and raw materials.  It serves as a platform for 

human activities and landscape and as an archive of heritage, and plays a central role as a 

habitat and gene pool (COM(2006) 231).  Soil also performs storage, filtration and 

transformation of many substances, including water, nutrients, pollutants and carbon.  In this 

way, soil plays an integral part in the regulation of natural and socio-economic processes that 

are necessary for human survival, such as the water cycle and the climate system 

(COM(2006) 231). These services performed by soil are referred to as ecosystem services. 

It is now generally accepted that the current management of soil is unsustainable and 

threatens the future of humans and the whole terrestrial biosphere (Brown, 2006; GEO-4, 

2007).  Soil is a finite resource – globally soil losses exceed rates of formation by more than 

an order of magnitude and up to several orders of magnitude in poorly managed agricultural 

areas (Brantley et al., 2007).  In Europe, soil degradation processes hinder sustainable 

development.  Land consumption and soil sealing practices by construction have covered up a 

large proportion of the most productive soils in Europe and elsewhere in the world.  

Intensive agricultural production systems based on high chemical input and physical-technical 

management have led to serious degradation of our soil resource by erosion, decline in 
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organic matter, local and diffuse contamination, compaction, decline in biodiversity, 

salinisation, floods and landslides (COM(2002)179 final).  There is a critical need to develop 

future strategies that will help to sustain the soil systems that are needed to maintain 

economies and international competitiveness, in the face of global change and finite natural 

resources (GEO-4, 2007).   

The main goal of SoilCritZone was to bring together the fragmented international soil 

research community and to mobilise this scientific and engineering group to develop a 

European research and innovation strategy in sustainable soil management.  SoilCritZone also 

aims to identify research strategies that quantify the entire soil life cycle, from soil formation 

rates to soil degradation processes, and develop a predictive framework that can underpin 

European soil conservation and the future European Soil Framework Directive.  Soil 

sustainability was defined in the course of this project as soil protection by increase of 

resilience and restoration, and is used in the following text in this sense.   

Soil systems play a major role in many ecosystem services.  Therefore, their impact on other 

parts of the ecosystem means that outputs from EC funded soil research are important to all 

European environmental policies and projects, not only to those focused on terrestrial 

processes and states. The EC Water Framework Directive (WFD) (Directive 2000/60/EC), the 

Nitrates Directive (91/676/EEC), EU Biodiversity Action Plan and programmes such as the 

European Climate Change Programme (ECCP) all refer to soil. The WFD aims to reduce 

pollution from agricultural practices and puts into place a more holistic River Basin 

Management Plans that incorporate a number of factors, including soil, that influence water 

quality and quantity across Europe.  Projects such as the FP 6 project AquaTerra provided the 

scientific basis for improved river basin management through studying the river-sediment-

soil-groundwater system as a whole, and FP6 project RiskBase integrated natural and socio-

economic aspects in temporal and spatial dimensions at the river basin scale (Brils et al., 

2006a, 2006b, 2008).  Future soil research needs to incorporate aspects of modelling from 

first principles, which in turn could feed into policy.  For example, research that specifically 

deals with reactive transport models at the soil profile scale can feed into policy such as the 

Nitrates Directive.  In addtion, a greater understanding of hydrological processes occurring 

between soil and different types of water bodies is also needed to provide evidence and 

understanding for policy-making related to land use management and water quality. 

In this project, we link the study of soil within the context of the Critical Zone, which refers 

to the zone from top of the vegetation canopy to the bottom of the subsurface zone of freely-

circulating groundwater. The research strategies that are developed here will lead to greater 
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Figure 1: A diagram of the Critical Zone as an integral part of the atmosphere, biosphere, 

pedosphere, hydrosphere and lithosphere (adapted from Wilding and Lin, 2006).   

 

understanding of processes within in the Critical Zone and interdependencies between these 

processes (Figure 1).  In this system, the pedosphere forms a part of the Critical Zone and is 

integral with the hydrosphere, atmosphere, geosphere and biosphere.   

 

1.1 PROJECT OBJECTIVES 

The main objectives of SoilCritZone were to:  

1. Organise a series of four workshops and establish working groups that bring together 

experts on all aspects of soil processes, including soil formation, weathering of rocks, soil 

loss through erosion, forest ecosystems, soil hydrology and environmental economics.  

2. Formalise working groups that develop individual soil themes and strategic priorities. 

3. Create opportunities for soil research collaboration with colleagues in the US and other 

parts of the world.  

4. Develop a European research and innovation strategy on soil science. 
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The SoilCritZone working groups were established at the first workshop in Bristol to analyse 

the processes and functions within soil as well as interaction between weathering processes 

and soil formation, soil degradation and the role of biodiversity in the Critical Zone to 

maintain healthy soil.  These working groups continued their work throughout Workshops 1- 

3, and defined the research questions that are presented in this report. 

Each SoilCritZone activity has sought to have gender equality and to promote the interest of 

Early Stage Researchers in soil science. We have achieved this by making sure that each 

workshop has a high number of women.  This we achieved and in Bristol we had 40% 

women, Sofia 41%, Chania 48% and in Vienna 32%.  Forty Early Stage Researchers (ESRs) 

were invited to Chania, 29 from the European Union, one from China and 10 from the US.  

The gender balance is very important, particularly amongst the Early Stage Researchers, 

because men and women will need to work together to protect soil as one of our fundamental 

resources for the future prospering of European society and economy. 

 

1.2 THE CRITICAL ZONE 

The concept of the Critical Zone (CZ) was first introduced and used in a US National 

Research Council’s BROES report (NRC, 2001).  The Weathering Systems Science 

Consortium (WSSC - now the Critical Zone Exploration Network (CZEN), 

http://www.czen.org/) has further developed the Critical Zone concept.  This was undertaken 

through several National Science Foundation (NSF) funded workshops (e.g. Baltimore, 

Maryland 2005; Arlington, Virginia 2005 and Newark, Delaware, 2005 and various meetings 

affiliated with national and international conferences from 2006 to 2009).  The Critical Zone 

is a heterogeneous, near-surface environment in which complex interactions involving rock, 

soil, water, air and living organisms regulate the natural habitat and determine the availability 

of life-sustaining resources.  This environment can be envisaged as the zone that reaches from 

top of the vegetation canopy to the bottom of the sub-surface zone of freely-circulating 

groundwater (Figure 1). 

The Critical Zone (CZ), the geologic, atmospheric, hydrologic, pedologic and biologic 

interface, provides the ultimate habitat for terrestrial life.  This porous outer shell of the Earth 

between unaltered bedrock/sediments below and the atmosphere above, may be considered a 

feed-through reactor (Anderson et al., 2007).  The CZ is a constantly changing, open system 

and exhibits high spatial and temporal variability across the landscape. Its evolution is driven 

by a massive disequilibrium, resulting from matter and energy fluxes across its boundaries 

with the external environment.  The input from above is initially rather well-mixed by 
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biological and physical processes, but the reactor itself is highly heterogeneous throughout the 

CZ. The principal controls on matter and energy flux into and out of the CZ derive from 

landscape scale variability in climate, substrate age, topographic position, biota and 

anthropogenic disturbances.  These principal driving forces that include gravity, solar energy, 

geogenic energy and anthropogenic energy (mostly based on fossil energy) (Blum, 2008) 

have been referred to for some time as the “state factors” of soil and ecosystem formation.  

Physical, chemical and biological weathering advances the lower weathering front (into the 

regolith) at the bottom of the CZ, adding more material into the soil, while dissolved 

weathering products leak out and denudation and erosion remove material from the soil and 

lower the CZ surface.  

In the SoilCritZone project, we have set the soil system within the CZ and by doing so have 

enlarged the research agenda so that the whole life-cycle of soil can be investigated and 

modelled.   
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2.0  WORKING GROUP OUTCOMES 

The participants at the 1st SoilCritZone Workshop, Bristol, UK, were divided by expertise and 

research interests, into four Working Groups (WG): 

1. Soil degradation (WG1) 

2. Weathering (WG2) 

3. Biodiversity and cross-cutting issues (WG3) 

4. Modelling the life cycle of soils (WG4) 

At the first workshop in Bristol, discussions were set within the context of the Critical Zone 

and the participants were encouraged to think about soils using a ‘systems approach’ to 

stimulate multidisciplinary discussions based on a holistic approach.  Each working group 

formulated research questions that were further developed during the Sofia (Bulgaria) 

workshop (Workshop 2).  

The research questions from the 1st SoilCritZone Workshop were provided to all participants 

prior to the Sofia workshop and were repeated formally by the SoilCritZone Project 

Coordinator at the start of the Group Discussion sessions. Generally, the core research 

questions under each discussion theme were not altered but refined and complemented with 

new ideas sparked by new members of each working group.   

Some of the key questions and issues discussed by all working groups are given in Table 1.  

 

Table 1.  Key themes and related issues discussed by all four working groups. 

Key Themes Issues 

Decline in soil organic matter 

Agriculture 

- Scale 

- Sustainable farming practices – maintaining 
food productivity and improving soil C status 

How can soil be physically, biochemically, 
chemically and hydrologically sustained? 

- Identification of key interactions leading to 
weathering 

- Models and trans-boundary experiments 

- Scale  

The role of soil biodiversity and biological 
processes in soil formation and sustainability 

- Functional capability of soil biota, including 
microbes and fungi 

- Integrated modelling 

Minimise the negative effects of land use whilst 
achieving optimum soil function 

- Economic impact 

- Environmental cost to ecosystem function and 
to human society 

Ecological and economic implications of climate 
change 

- Time-scale 

- Greenhouse gas fluxes 
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At the 3rd SoilCritZone Workshop (Chania, Greece), the outcomes of Workshops 1 and 2 

were presented to scientific experts and 40 Early Stage Researchers (ESRs) from around 

Europe, the US1 and China.  The ESRs all presented scientific posters of their current research 

pertaining to the Critical Zone and had the opportunity to discuss their results amongst 

themselves and with senior scientists.  The ESRs also presented the results of an informal 

survey on public perception on the importance of soil.  A questionnaire, prepared by 

SoilCritZone, had been sent to each ESR prior to the 3rd Workshop, and each ESR was asked 

to survey 10 people. The questionnaire was answered by 184 people in 14 countries.  The key 

outcome was that even though the majority of respondents were university-educated people 

and academics, few were aware of the crucial importance of soil to sustain life and 

civilization on Earth.  Full outcome of the survey is given in Appendix 1. 

During the 4th workshop in Vienna (Austria) the project results obtained from Workshops 1-3 

were presented to and discussed with scientists and other stakeholders from private and 

government organisations accross Europe.  The participants also read a draft of this report and 

the comments received from this group were considered when finalising in the report.   

The following sections introduce the background to the working group discussions and 

outline the research questions that emerged from these groups.  The SoilCritZone discussions 

were built on the themes developed for the European Thematic Strategy for Soil Protection 

that was adopted in Brussels in September 2006 (COM(2006) 231 final).  

 

2.1 SOIL DEGRADATION  

Soil degradation is an important environmental issue in the 21st century because of its adverse 

impact on the environment, food security, and the quality of life. Soil degradation was 

identified as a key EU risk issue in the Soil Thematic Strategy (COM(2002) 179 final).  It has 

a direct impact on biomass productivity, water quality, and greenhouse gas emissions into the 

atmosphere.  Also, as soil forms the basis for many human activities, it has a significant 

economic value by providing goods and services to humankind and the environment. 

Following the reports of the technical working groups established to develop the Thematic 

Strategy for Soil Protection (Van-Camp et al., 2004 a-f), the final document (COM(2006) 231 

final) highlights eight major threats to soils: soil erosion, decline in organic matter, soil 

contamination, soil sealing, soil compaction, decline in soil biodiversity, salinisation, and 

floods and landslides. 
                                                 
1 The National Science Foundation (NSF) in the US provided financial support to 10 US 
ESRs to attend the 3rd SoilCritZone Workshop. 
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Soil degradation also has an impact on climate change by directly increasing greenhouse gas 

emissions. The biogeochemical and physical deterioration of soils severely compromises 

hydrological systems and agricultural productivity and the incomes of some of the poorest 

members of the global society (GEO-4, 2007).  According to the International Food Policy 

Research Institute's calculations, soil degradation affects the productivity of 40% of the 

world's agricultural land on average, with rates up to 75% for some regions.  Soil forms the 

basis of various human activities, therefore, it also has a significant economic value.  

However, this "fundamental" economic value of soil is barely recognised. 

In many areas of Europe, soil is being degraded as a result of pressures coming from nearly 

all economic sectors.  Among the most important influences on the quality of soil are the 

cultivation systems used in conventional agriculture.  Loss of organic matter, soil biodiversity 

and consequently soil fertility are often driven by unsustainable practices.  This includes 

monoculture, deep ploughing on fragile soils and cultivation of erosion-facilitating crops such 

as maize; the continuous use of heavy machinery destroying soil structure through 

compaction (German Advisory Council on Global Change, 1994; EEA, 1999).  In addition, 

overgrazing and the intensification of agriculture, some of which is linked in the European 

Union (EU) to the implementation of the Common Agricultural Policy (http://ec.europa.eu, 

2009), accelerate loss of soil through erosion.  This report does not consider soil 

contamination specifically, because this issue has been addressed by many previous studies 

under FP6 and before, such as INCORE, PURE, WELCOME, FP5 POSEIDON, FP5 

SALTRANS, FP6 CLEANSOIL, as well as by the more recent ERA-net SNOWMAN and 

ongoing FP7 projects SOILCAM and MODELPROBE.  

Consumer behaviour is also contributing to increases of sources of soil pollution.  This 

includes municipal waste production, energy consumption, and transport and emissions of 

exhaust gases (EEA, 2002a).  The major impact of these activities is a reduction in soil 

buffering capacity, which is the capacity of soil to bind contaminants.  The extent of this 

reduction is difficult to measure at large scale, although there are signs that such capacity is 

near to exhaustion in some areas in Europe.  Many of these degradation processes have a 

direct impact on the global carbon cycle, particularly through the decrease in soil organic 

matter and the release of carbon dioxide as well as other greenhouse gases, such as N2O and 

CH4 to the atmosphere.  Human-induced land degradation in Europe is severe (Bot et al., 

2000): 91% of European land is impacted by threats and degraded to some extent (Figure 2).  
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Severity of human induced land degradation 
for Europe

none light moderate severe very severe

 

Figure 2:  Severity of land degradation in Europe (after Bot et al., 2000). 

 

Soil erosion and decline of organic matter have been recognised as the major soil degradation 

threats for European soils (Oldeman et al., 1991; EEA, 1999; Sauerborn et al., 1999; Garcia-

Torres et al., 2001; EEA, 2002b; Boardman and Poesen, 2006). Several maps have been 

produced from EU research (European Soil Portal, 2008) to illustrate the combined risks that 

affect EU soils, e.g. soil degradation and decline of soil organic matter (Figure 3) and 

sensitivity to desertification and drought in the Mediterranean (Figure 4).  Areas within the 

EU that are under risk of multiple soil threats - soil erosion, decline of organic matter, 

salinisation and subsoil compaction - have also been mapped (Figure 5).  The results of data 

analysis indicate that areas with risk of soil erosion exceeding 5 tonnes ha-1 y-1, organic 

carbon content lower than 5 %, saline soils and high or very high susceptibility to compaction 

cover around 40 % of the area of the European continent. 

The challenges for the scientific community with respect to soil degradation were widely 

discussed in the framework of the five Technical Working Groups and the Advisory Forum 

established to develop the Thematic Strategy for Soil Protection (Van-Camp et al., 2004 a-f). 

Blum et al. (2004a) used the research gaps identified by Van-Camp et al. (2004 a-f) in the 

concept of integrated research in soil protection and soil resource management, using the 

DPSIR approach (Driver, Pressure, State, Impact, Response), to identify priority research 

areas for soil protection and the management of Europe's natural resources, grouping the most 

important, urgent and cost-effective soil research issues accordingly in 5 clusters and cross-

cutting issues.  
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Figure 3: Soil degradation risk index for Europe representing the arithmetic average of Pan-

European Soil Erosion Risk Assessment – PESERA and organic carbon content 

(%) in the surface horizon of soils in Europe. This map was produced as a precursor 

to Figure 5, which is available on the European Soil Portal. 
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Figure 4: Sensitivity to desertification and drought in the Mediterranean Basin, derived from 

three datasets: Vegetation Sensitivity Index, Soil Sensitivity Index and Climate 

Sensitivity Index.  Source: EEA (European Environment Agency) (2005). 

 

One of the most important gaps in soil management is the knowledge about the time scale of 

soil formation, under different conditions, counterbalanced by soil losses through the process 

of soil degradation.  This topic raises several key questions: What is reversible? What is non-

reversible in soil degradation? and What can be remediated and mitigated?  These were the 

major questions on which the Working Group on soil degradation of the SoilCritZone project 

concentrated to formulate future research needs, considering the present state of knowledge 

on soil degradation.   

Several research needs, common to all aspects of soil degradation, were identified by WG1:  

• Harmonisation of techniques and terminology concerning soil degradation; 

• Influence of climate change on soil degradation processes; 

• Impact of land-use and land-use changes on soil degradation processes; 

• Development of scaling techniques to assess soil degradation; 

• Evaluation of the effectiveness of traditional knowledge practices related to soil and water 

conservation;  

• Environmental/agricultural risk of land abandonment on steep slopes;  

• Scenarios for desertification affected by climate change;  



SoilCritZone 

 12

 

 

Figure 5: Map of the major soil threats for Europe: risk of soil erosion, decline of organic 

matter, salinisation and subsoil compaction (Panagos and Nikolaidis, European Soil 

Portal, 2008). 
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•  Governance of agricultural, forest and peatland resources.  

These research questions, formulated from group discussions at the project meetings were 

critically assessed by WG1. 

 

Soil Degradation – Key research questions 

Overarching research question 1 

How do we mitigate the decline in soil organic matter?   

Specific research areas within this remit include: 

• There is a need to develop methods for defining optimal soil organic matter (SOM) level at 
regional scale.  

• Are organic or permaculture farming practices better for fertile soil preservation than conventional 
practices? What are the main benefits for soil from organic farming practices? What are the main 
benefits for soil from permaculture practices?   

• Quantification of greenhouse gas (GHG) source strength of drained organic soils and possibilities 
for reducing GWP by different land use strategies are needed. 

• What can be learnt from successful soil generation practices such as at the biodynamic land 
management used in Sekem, Egypt?  

• How can current farming practices be altered to reduce loss of organic matter?  What are the best 
methodologies for drip irrigation? What is the optimum weight of farming machinery relative to 
conventional practices for the preservation of optimum soil structure? 

Related socio-economic questions include: 

• Fossil fuel energy prices will increase as demand exceeds production capability and energy will 
become increasingly more expensive; farming methods that rely in fossil fuels will also become 
less economically feasible. What are the best directions for European farming methodologies? 

• Are we approaching the end of conventional/industrial farming? 

• Will future food production be within or around cities? 

• What is the optimum city/hinterland relation for sustainable food production? 

 

Overarching research question 2 

What methodologies can be developed to manage the soil organic carbon (SOC) and at the same 
time to increase fertility? SOC management can be associated with the following principle goals: 
conservation, enhancement and optimization.  

Specific research areas within this remit include: 

• How to manage SOC to reach optimum level of soil organic matter (SOM) and C:N ratio? What 
are the most effective additives: compost, manure, charcoal/biochar or other?  

• Do we need to involve industry in developing SOM with optimal properties (optimum level of stable 
OM and optimal mineralization when added into soil)? Normally industry is not needed in 
developing stable OM because it is a farmer’s concern, but under specific climatic and physico-
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geographical climate conditions, it can be helpful. 

• What is the most stable man-made organic material that can be added to soil to sequester OC? 

• What is the effect of organic farming on the management of SOM? 

• Does permaculture increase SOM? 

• What is the scientific explanation for the success of organic farming methods such as 
permaculture and biodynamic farming (e.g. Sekem project, Egypt)?  

Related socio-economic questions are: 

• Should organic waste from agriculture be used for biofuel or soil improvement?  

• What is the ecologic and economic efficiency of different options to manage the SOC? 

• In creating the planned sustainable cities around the world, will vegetable and fruit production, and 
perhaps small animal farming (e.g. chickens) move into cities as has already occurred, for 
example, in Cuba? Does pollution in cities affect the quality/safety of food production?    

 

Overarching research question 3 

What are further effective methodologies for increasing soil fertility? 

Specific research areas within this remit include: 

• Can we restore soil fertility by the addition of rock fines (dust) or sediments to soils? 

• What are the kinetics of rock powder weathering and the associated formation of organic-mineral 
complexes and sequestration of CO2? 

Related socio-economic questions are: 

• What is the most economic manner for the addition of sediment to soil?  Can we mine fines from 
crushing rock aggregates or sediments in hydroelectric dams? 

 

Overarching research question 4 

How can we improve assessments of soil degradation by erosion? 

Specific research areas within this remit include: 

• What is the contribution of extreme events to the total annual soil erosion rates in Europe? 

• What is the hydrology connection between erosion risk area and the respective drainage system? 

• What are soil erosion, precipitation and hydrologic properties and fluxes, including extreme 
events, at different time scales? 

• How do erosion and deposition influence the CO2 source and sink functions of soils?  

• How large is the actual economic cost of soil erosion, compared to other EU monetary 
expenditures? 

• What is the rate of the leachable substances transported from soil to surface water and ground 
water (chemical erosion)?  

• Development of tools and methods for a more precise delineation of sensitive areas to soil erosion 
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based on GIS modelling. 

• Integrated analysis of different forms of erosion in arable land (tillage, water and wind). 

• Quantification of soil transport rates in forestland (e.g. tree fall, forest fire) and grassland.  

• Establishing soil material loss tolerance rates depending on soil formation rates at different soil 
types.  

Related socio-economic questions are: 

• Can we define minimum requirements for the human activities, in order to control the 
anthropogenic impacts on soil?  

• Can we recommend region-specific practices to control the major soil degradation processes? 

Other research needs in soil degradation:   

• Development of indicators and methods to identify differences between natural and anthropogenic 
acidification. 

• Analyses of the anthropogenic impact on natural acidification.  

• Development of indicators of diffuse soil contamination from airborne and agricultural sources.  

• Evaluation of potential capacity of soil organic matter to immobilise metals and immobilise and 
transform organic contaminants.  

 

Past research and policy developments have focussed on soil degradation.  In the 

SoilCritZone project we have placed the pedologic system within the Critical Zone and 

therefore need to consider soil formation at the rock/soil interface.  Hence, it is of interest to 

put emphasis on analysis of the rate of soil formation through weathering, which is 

counterbalancing soil losses through degradation. 

 

2.2  WEATHERING 

The Critical Zone, the Earth’s weathering reactor, provides nutrients to nourish ecosystems 

and creates a physical/chemical habitat within the CZ for biota.  The weathering reactor 

sequesters atmospheric CO2 both directly, by chemical reactions, and indirectly, by long-term 

carbon sequestration in soils.  Furthermore, plant and microbial communities, including 

microbial and fungal exudates that aid in dissolving rocks and minerals, affect rock 

weathering through a wide range of processes.  

Although chemical weathering of the regolith is slow compared to nutrient cycling in the 

uppermost part of the CZ, it steadily replenishes micronutrients including phosphorous and 

potassium and base-cations such as calcium and magnesium, which are all critical 

components for soil health.  However, the coupling between physical, hydrological, chemical, 

and biological weathering processes needs to be elucidated and quantified.  In order to 
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quantify the importance of all these processes and the coupling processes among them, both 

trans-disciplinary studies and long-term field studies are needed. Only then can predictive 

process-based/mechanistic models be derived. 

Recent advances in the understanding of mineral and rock dissolution rates, based on coupled 

laboratory and field measurements, as well as advances in geochemical modelling, allow 

weathering and, hence, soil formation rates to be estimated in a more precise manner. 

Published field studies estimate formation rates to be as slow as 0.4 mm 100 y-1 for granite in 

Virginia, USA (Pavich, 1986) to 6 mm 100 y-1 for quartz in Puerto Rico (White et al., 1998). 

The use of 10Be weathering rates in the San Gabriel Mountains in California has shown the 

rock to regolith transformation rate diminished from 10 mm 100 y-1 for bare rocks to  

1.5 mm 100 y-1 under 1 m of soil cover  (Heimsath et al., 1997).  Agronomists consider 

“steady state” conditions to exist if 1 tonne ha-1 yr-1 is eroded (and formed) in forested soils, 

which translates to 7 mm per 100 years for a soil density of 1.4 g cm-3 (Brantley et al., 

2007b).  Overall world soil formation rate based on these calculations can thus be estimated 

to be between 0.5 and 100 mm 100 y-1, but these figures have large error bars.  Within the 

uncertainty range, there can be either net formation or net loss of soil, depending on local 

erosion and other degradation losses.  The critical importance of quantifying stocks and 

lifetime against protected demand in soil function by increasing population pressure has been 

recognised and scientists in the US and Europe are now focusing on undertaking research on 

soil as a part of the Critical Zone (Anderson et al., 2004; Wilding and Lin, 2006;  

Brantley et al., 2007a). 

 

Research priorities and approaches 

The key research questions, developed within the WG2, focused on soil sustainability as 

defined by soil resilience, development and protection, and the identification of measures to 

achieve sustainable soil management (Blum, 2006).  Within this topic, the coupling between 

physical, biogeochemical and hydrological processes in weathering was identified as priority 

research area while anthropogenic effects on soil formation rates were identified as secondary 

priority research areas.  The WG2 also discussed the need to cover all scales from mineral 

surfaces to landscapes, thereby acknowledging a greater need for micro-scale studies.  For 

example, the vertical scale employed in any sampling protocol should be sufficient to resolve 

and define weathering processes; this may require greater detail at the soil horizon scale than 

currently practiced by many soil scientists.  It is crucial to determine the factors that need to 
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be investigated and the requisite experiments to determine the role of weathering for soil 

sustainability within the CZ.  

 

Research Questions arising from WG2 

Overarching Research Question 1 

How can soil formation be investigated and protection be improved?  What is the regolith (precursor/ 
parent material) weathering rate and how can it be quantified?  

Specific scientific observations required to address this remit include: 

• Accurate physical characterization (texture, structure, porosity, permeability, etc.). 

• Cosmogenic isotopes for exposure age dating. 

• Sediment transport/erosion rates to compare with denudation rates determined by cosmogenic 
isotope approaches. 

• Definition of site-specific process dependent physical weathering, considering climate specific 
effects, for example: 

 a) mass wasting; 

 b) creep; 

 c) fragmentation; 

 d) translocation (clay/particulate matter transport); 

 e) bioturbation. 

 

Overarching Research Question 2 

How is mineral/nutrient equilibrium defined and how can it be quantified?  

Specific scientific observations required to address this remit include: 

• Determine why natural weathering is slower than experimentally defined rates; 

• Chemical composition of soil constituents (e.g. clay minerals, amorphous material, OM, etc); 

• Soil pore water composition (including isotopes); 

• Groundwater composition (including isotopes); 

• Gas composition (CO2, CH4, O2, N2O, etc., including isotopes); 

• Composition of the exchanged/sorbed fraction; 

• Plant-mineral nutrient content; 

• New isotopic analyses focused on element recycling. 
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Overarching Research Question 3 

What are the hydrological factors related to soil formation?  

Specific scientific observations required to address this remit include: 

• Basic meteorological data: precipitation, evapotranspiration, etc.; 

• Soil water characteristics (water content/saturation, tension curves); 

• Flux/residence time (soil and groundwater); 

• Heterogeneity of flow at all scales (soil and groundwater); 

• H2O dating - Ce, Tr/He, field capacity (FC); 

• Consideration and comparison of ambient - versus average past conditions; 

• Determine presence (or absence) of surface waters influence. 

 

The scientific community on chemical weathering needs a network of sites that can be used to 

calibrate techniques, measurements and test hypotheses.  In Europe, many groups and 

organizations have set up monitoring sites, where measurements have been undertaken for 

long periods of time and with the appropriate time resolution.  The WG2 suggested a 

compilation of a list of all sites in Europe, including soil research plots or catchment sites that 

have been investigated by different academic institutions and organisations.  Such sites have 

been accumulating data for several decades and the research community needs to evaluate the 

data and judge if it can be used to answer the key questions that are listed here to understand 

processes in the Critical Zone, at all scales. 

 

Overarching Research Question 4 

How can coupling between physical, biochemical and hydrological processes be identified and 
quantified? 

Specific scientific observations required to address this remit include: 

• What is the relationship between thermodynamic saturation of porewaters and H2O flux, 
heterogeneity and permeability? 

• Determination of the role of biota in the soil nutrient cycle, including rhizosphere processes and the 
role of organic matter.   

• Determine the optimum soil depth with respect to weathering processes (e.g. rate of physical 
weathering as a feedback mechanism, etc.). 

• What are the factors that control self-organization, e.g. soil structure? 

• Hydrobiogeochemical quantification for models; 

• Coupled reaction-transport modelling. 
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The second priority of the WG2 was to outline data that can be used to build an integrated 

mechanistic model that will aid prediction of the response of the Critical Zone to the 

anthropogenic forcing that the Earth is experiencing, on microscopic to global scale. An effort 

in modelling will be necessary for bridging the gap between the biological community 

studying soils and the geological/geochemical community studying weathering. 

 

2.3  BIODIVERSITY AND CROSS-CUTTING ISSUES 

Soil is the foundation of the terrestrial biosphere, providing essential ecosystem services 

including supporting food production in crops and livestock, timber, biofuels, freshwater 

storage and filtration, and carbon sequestration from the atmosphere (Kaiser, 2004). 

Organisms are central to the formation of soil, to the provision of ecosystems, agriculture and 

forestry services, as well as the long-term sustainability of this service provision in the face of 

threats from climate change, land use management and erosion losses (Figure 6). Soil is one 

of the most biologically diverse and complex ecosystems.  There are more prokaryotes (1016) 

in a cubic metre of soil than stars in our galaxy (Curtis and Sloan, 2005). Of these 

prokaryotes, less than 1% can currently be cultured in the laboratory, and there may be up to 

106 taxa per gram of pristine soil (Gans et al., 2005).  Understanding the functional 

importance of soil biodiversity thus presents one of the greatest scientific challenges of the 

current era and technological advances are making this increasingly feasible. 

Current management of soil is unsustainable and threatens the future of humans and the 

whole terrestrial biosphere (Yang et al., 2003). Globally, soil losses exceed rates of formation 

by more than an order of magnitude (Pimental, 1993; Brantley et al., 2007). Besides 

increasing land consumption and soil sealing, current European forestry and high stocking 

densities of livestock and agricultural production systems based on intensive high-input 

management have led to serious degradation of our soil resource (Sleutel et al., 2007). This 

includes decrease in soil biodiversity, loss of organic matter (Bellamy et al., 2005; Sleutel et 

al., 2007), reduction of soil microbial biomass (Widmer et al., 2006), decrease in microbial 

biodiversity (Helgason et al., 1998), loss of soil structure, and decrease of infiltration capacity 

– all leading to soil erosion and further loss of soil carbon (Lal, 2005).  In the next 20-50 

years, the pressures on soil and its core service functions are predicted to further increase, due 

to climate change (droughts, extreme precipitation events, increased temperatures), and 

competing demands from production systems to provide food crops, biofuel and timber (Yang 

et al., 2003). Even without these additional pressures, the current soil use in Europe is 

unsustainable and demands a radical change to current soil management.  There is a critical 



SoilCritZone 

 20

need to develop future strategies that will deliver the sustainable soil systems that protect soil 

biodiversity and its beneficial functions for maintaining European economies and 

international competitiveness in the face of global change and finite natural resources. 

  

 

 

 

 

 

 

 

 

 

 

Figure 6: Research framework for understanding biodiversity roles and adaptation in 

response to climate change, land use management and soil erosion, and the 

requirements for long term observations, experiments and modelling to understand 

the biotic drivers of the core soil services. 

 

There is a need for better understanding of the functioning of biota in soils in order to harness 

the activities of organisms to ameliorate and restore damaged soils and to protect soils against 

further degradation. Soils have a pivotal role to play in attempts to minimise European carbon 

footprints: the more food that can be produced locally, the lower the transport carbon 

footprint (Pretty et al., 2005); the more carbon that is sequestered in soils and biomass, the 

lower the net release to the atmosphere (Renwick et al., 2002).  European forest ecosystems 

play a significant role in global biomass and soil carbon sequestration (Liski et al., 2002; 

Janssens et al., 2003). Through the activities of soil microorganisms, soils may act as sinks or 

sources of greenhouse gases such as N2O and CH4. However, soils in agricultural landscapes 

are often major sources of greenhouse gases (CO2, N2O, CH4) and these may offset any 

benefits of biofuel production with respect to net greenhouse warming potential (Crutzen et 

al., 2007).  Effective management of the European soil resource is critical for sustainable 
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economies, with the potential for multiple economic, environmental and human benefits. 

Further soil exploitation in line with current practices is ecologically and economically 

unsustainable with regard to human survival, and is therefore not an option. 

 

Research priorities and approaches 

We need to establish transdisciplinary research networks to address the core problems relating 

to soil sustainability in Europe.  These networks need to conduct long-term studies that 

monitor changes in soil functioning in response to increasing atmospheric CO2 concentrations 

and climate change.  They also need to optimise the economic and environmental benefits of 

new food, fuel or biomass production systems that increase soil sustainability.  A process-

oriented understanding of soil systems is a prerequisite for the development of more 

sophisticated soil models that integrate biotic drivers into soil functioning.  There is an urgent 

need to develop predictive models that can propose appropriate management (especially of 

crops, biota and ecosystems), forewarn specific future threats to soil sustainability from 

climate change, and give recommendations on how to mitigate these.  Long-term field studies 

will be required to test and refine models, provide essential data for monitoring soil health 

and functioning, carbon budgets, greenhouse gas fluxes, and to investigate the effectiveness 

of novel management approaches to increase soil sustainability and its ecosystem services 

(Renwick et al., 2002). 

 

Results of WG3 on Biodiversity and Other Overarching Issues 

European soils are being subjected to unprecedented anthropogenic physical and chemical 

perturbations (e.g. Vitousek et al., 1997), including climatic (e.g. direct and indirect effects of 

greenhouse gases), local (e.g. chemical pollution) and land use changes (e.g. biofuels), and 

yet we know very little about the implications of these changes for the biotic component of 

the soil system.  Anthropogenic activities cause soil compaction and affect hydrology as well 

as a diversity of soil conditions that, in turn, influence microbial and plant interactions, their 

access to nutrients, the gas composition of their soil micro-environment, etc.  

What influence will these perturbations have on soil biodiversity and the functions of soil 

biotic communities?  Investigations based on this research question will assist in determining 

the influence of diverse perturbations and land use practices on European soils and their 

subsequent use for food production, forestry, biofuel production, soil biotechnological 

resources and the sustainable continuation of these types of land uses. 
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Overarching research question 1 

What is the influence of physical and chemical perturbations, short and long-term, on soil biodiversity 
and biological functions? 

Specific research questions within this remit include: 

• How important are the diversity and community composition of soil organisms in creating resilience 
to perturbation, particularly in relation to climate change  (e.g. drought, flood events, frost, heat, 
changing seasons), soil management (e.g. tillage, agro-chemicals, crops), and air pollution (acid 
deposition of SOx and NOx)? 

• What impact does erosion and loss of carbon have on soil biodiversity and function? 

• Is loss of organic matter from soils a major cause of biodiversity decline and does this amplify the 
negative impact of carbon loss on soil functioning? 

• What is the influence of atmospheric CO2 changes on soil biodiversity and function? 

• What are the roles of plants, fungi, bacteria and archaea and their interactions in greenhouse gas 
formation and consumption, rates and in pathways of release from soil? 

• What effects do short-term land use changes have on soil biodiversity and function? 

• What is the influence of pollution on soil biodiversity and function? 

• What is the effect of soil physical and chemical variables on soil biodiversity and how well can the 
soil biota (including microbial communities) adapt to changes in their environment? 

• How does loss of biodiversity affect soil functions, and how can these losses be mitigated?  

• How does the structure and composition of microbial communities affect soil processes and 
process rates, and what are the keystone groups of organisms that perform specific functions? 

• What are the key components needed to model and to reliably predict the impact of certain soil 
management strategies or climatic changes on soil biodiversity and resulting soil functions? 

• What are the major controls on biotic fluxes of greenhouse gasses from soils and how are these 
affected by vegetation and cropping systems? 

• What are the predictions and practical recommendations from this research that can be made for 
sustainable land use? 

 

An understanding of the role of the soil biota, including diversity and functional capabilities, 

in the formation of soils is vital in predicting the effects of anthropogenic changes on soil 

formation processes. Such knowledge is required to assess the sustainability of different soil 

use practices and to develop a soil use policy. While there is clear evidence that soil 

biodiversity plays a key role in sustaining soil function even in soils subjected to human 

impact, the mechanisms and relative importance are still far from being fully understood 

(Brussaard and Tull, 2007).  
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Overarching research question 2 

What are the roles of soil biodiversity and biological processes in soil formation and soil resilience? 

Specific research questions within this remit include: 

• What is the relative influence and role of different biotic components on soil formation (i.e. 
prokaryotes, fungi, plants)? 

• Are there keystone organisms involved in soil formation in natural ecosystems and forests that are 
absent or less active in agricultural soils? 

• Is the carbon/energy flux to soil organisms the main driver of their activities? Can this flux be 
managed to restore functions in degraded soil? 

• What are the pathways, flux rates, fate and impacts of biotic-driven carbon fluxes in the Critical 
Zone? 

• What is the nature and effect of microbe–mineral interactions in the 
mycorrhizosphere/rhizosphere? 

• What is the relative importance of surface versus subsurface interactions between biota and soil 
constituents in the Critical Zone for soil regeneration? 

• What is the mechanistic basis of the effects of biota on the formation and stability of soils and soil 
regeneration, following degradation? 

• What are the key interactions between organisms and minerals that lead to the weathering of 
minerals, release of nutrient elements and building of ion exchange capacity through clays, 
sesquioxides and humus, which together lead to the formation of soil horizons and structure?  

• Can we develop models and trans-disciplinary experiments that enable “knowledge transfer” of 
information on how organisms function in sustainable natural systems to be used to better manage 
soil in production systems? 

• What is the mechanistic basis of the role of organisms in creation of soil aggregates and soil 
structure? How do we apply this knowledge to reduce soil degradation and losses in cropping 
systems? 

• What is the role of organisms in soil C sequestration and how can we apply this knowledge to 
inform land use policies to restore soil organic matter pools and improve soil functioning 
(resistance to erosion, infiltration capacity, nutrient and water-storage capacity, carbon storage)? 

• What are the dynamics of nutrient partitioning and biogeochemistry in the total soil community, and 
how is this affected by biotic composition? 

• Can we restore functions that have been diminished or lost by using selected organisms to 
facilitate rebuilding soils? 

• What are the functional genetic capabilities in the soil system and how do we characterise these? 

• How do we minimise the negative impacts of land use and optimise various soil functions? 

 

Microorganisms within soil systems produce compounds that may have practical benefits in 

bioremediation biotechnology. Investigations of the biotic component of soils will provide 

new insights into the extent of the metabolic diversity encompassed by soil microorganisms 

and its value for the use in industrial and medical applications, for example, development of 
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novel antibiotics that are urgently required in view of growing resistances to commonly used 

ones.  In addition, novel microorganisms are needed to efficiently produce biofuels and 

enable improved crop protection (e.g. biocontrol agents against pathogens) and to promote 

bioremediation of contaminated environments.  These specific research questions are included 

in ‘Overarching research question 3’. 

 

Overarching research question 3 

What are the roles of soil biodiversity and biological processes in soil formation, soil resilience and 
function? 

Specific research questions within this remit include: 

• What functional capabilities do soil microbiota possess? 

• Do these functional capabilities have practical uses? 

• Which soils (from which geographical regions and ecosystem types) can be used to harness 
specific capabilities required (e.g. antibiotic production and degradation of contaminants)? 

• What impacts do anthropogenic perturbations have on these functional capabilities? 

• Can plants and their specific associated microbial consortia be selected and used to restore 
damaged soils and rebuild soil carbon stocks? 

• Are there new cultivation methods, cropping systems, species or genotype selections of organisms 
that can be harnessed to provide profitable crops or biofuel products whilst building soil health, soil 
carbon stocks and soil sustainability together with reduced greenhouse gas emissions? 

• Are there marginal lands that can be safely brought into biofuel or food cultivation without 
compromising soil sustainability? 

• How can accumulation of nitrogen and other nutrients be limited in biofuel crops to reduce pollution 
risks during combustion (of biofuels)? What are the requirements for soil nutrient replenishment? 

• How can greenhouse gas emissions (CH4, N2O, CO2) from agriculture, forestry and biofuel 
cultivation systems be minimised? 

• What are the practical uses (engineering) and soil functions (more direct benefits) of soil 
biodiversity and function? 

• Can we apply our knowledge of biogeochemistry and soil ecosystem functioning to engineer 
biofertilization systems that are less dependent on man-made fertilisers and which generate 
sustained nutrient inputs (N, P, K, etc.) and effective nutrient conservation? 

• Which strategies should be best followed to harness the enormous reservoir of microbial 
biocompounds that are currently unexplored for novel industrial and medical products? 

• How can novel culturing approaches as well as metagenomics be efficiently applied to access the 
metabolic potential of specific soil microorganisms, especially of currently non-culturable 
microrganisms?  

• How can temporal and spatial scale be incorporated in the study of soil biodiversity (e.g. 
microrhizal fungi at the cellular/root scale and at the plot/field scale)? 

• How do we connect soil system attributes to soil functions? 
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Identifying gaps in the current knowledge of C cycling in wetland soils  

Wetlands cover almost one-tenth of the global land surface.  Wetlands store about one-third 

of the global soil carbon pool (ca. 455 Pg of C; 1 Pg = 1015 g) and they are protected by the 

Ramsar Convention (1986). Most wetlands are situated in higher latitude terrestrial 

environments of the Northern hemisphere. Peatlands cover major portions of Scandanavia, 

Finland, Iceland, Scotland, Ireland, the Baltic Republics, Russia, Canada and Alaska. Peat 

deposits are highly organic (often >95 % organic matter on a dry mass basis), especially in 

ombrotrophic bogs, which receive water and inorganic nutrient inputs solely from 

atmospheric deposition. At present, peatlands are believed to be large net sinks for 

atmospheric CO2 and net sources of atmospheric methane. Methane fluxes from peatlands 

into the atmosphere are orders of magnitude lower than the net atmospheric fluxes of CO2 

buried in the accreting substrate, however, the greenhouse gas potential of methane is roughly 

72 times higher than that of CO2 when averaged over 20 years (IPCC, 2002).  

 

Overarching research question 4  

Will higher greenhouse gas emissions from wetlands during global warming further accelerate global 
warming by releasing even more greenhouse gases from these C-rich deposits?  

Specific research questions within this remit include: 

• Along north-south European transects, are C-pool sizes in existing peatlands proportional to mean 
annual temperatures?  Can an inventory of C-pool sizes in peatlands in present-day climatic zones 
provide an insight into potential future responses of wetland carbon balance to global warming? 

• What is the long-term effect of repeated cycles of drought, followed by extreme precipitation 
events, on methane (and CO2) emissions from peatlands? Can long-term field and laboratory 
manipulation studies of the relationship between wetness and methane emission rates be 
designed? Can these manipulation studies be designed to minimise manipulation artefacts?  

• Are environmental parameters the primary control of C-sequestration in peatlands or is it affected 
by the type of carbon present? Is this site-specific? 

• How can uncertainty in peat accretion dating and in the estimation of C accumulation rates be 
reduced? 

• What will be the net effect of changing vegetation in peatlands on peat C balance with respect to 
changing proportion of emission rates of different greenhouse gases? 

 

Related questions are: 

• What is the relative contribution of upland forests to the C-pool in comparison to wetlands? 

• Will upland forest soil change from C-sink to source with increasing temperatures ?  
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2.4  MODELLING THE LIFE CYCLE OF SOILS  

Current management of soils focuses primarily on maximising agricultural production.  This 

has been accomplished through the use of herbicides, pesticides, plant-specific formulations 

of fertilisers and through the use of specially formulated disease-resistant hybrid seeds, to 

produce fast growth and aesthetics.  Knowledge gaps in the specific role of soil organic matter 

and soil organisms has recently been underlined with the depth and rigor appropriate to their 

importance (Shibu et al., 2006; Sollins et al., 2007; Rillig et al., 2007). Gaps are especially 

evident in the hydrogeochemical modelling tools that have been developed to support soil 

management.  These models have been created to assess the impacts of agricultural practices 

on surface and ground water, rather than address soil functions and threats to soils.  

A new modelling platform is needed, which focuses on modelling changes in soil function 

and soil status, as a result of natural and anthropogenic processes. This requires a holistic 

approach to analyzing the past, present and future state of quality of the soils; that is, it 

requires a comprehensive analysis of the soil system throughout its entire life cycle.   

There are several models reported in the current literature that could be used in the 

development of a new modelling platform. A useful conceptual frame is provided by the 

DPSIR (Driver-Pressure-State-Impact-Response) approach (Figure 7), which has been used 

extensively to address deviation from the natural baseline, and conceptualise impacts of 

management scenarios.  This approach was also used by the technical Working Groups, 

formulated to inform the Thematic Strategy for Soil Protection, to identify priority research 

areas for soil protection and the management of Europe's natural resources.  

The Critical Zone is not a closed system, therefore, ‘drivers’ external to the soil Critical Zone 

have to be considered in applying this approach to modelling the life cycle of soils in the 

Critical Zone. In addition, the ‘protection’ of soil should not be considered in isolation. Matter 

and energy flow across air, water and soil, and an understanding of these fluxes requires that 

environmental compartments are considered as a continuum. Mathematical models can be 

used to conduct assessments between the various DPSIR components. 

In general, these models are categorised in three groups: driver-pressure models, state-impact 

models, and response models. Therefore, the DPSIR approach is an integrated modelling 

approach that is expected to provide the means to link soil protection to the EU Water 

Framework Directive, Groundwater Directive, Flood Protection Directive as well as the 

planned Soil Protection Framework Directive. 
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Figure 7: DPSIR analysis of soils (Blum et al. 2004b). 

 

2.4.1 DEVELOPMENT OF SOIL OBSERVATORIES 

The overall outcome of the four SoilCritZone Working Groups was that conventional 

monitoring sites need to be extended to what we term “soil observatories” in order to model 

soil systems within the Critical Zone framework.  These observatories need to have nested 

instruments that collect data necessary for the modelling effort.  Therefore, the modelling 

perspective should be included in the ‘experimental’ design of soil research and the selection 

of soil observatories.  Observatories should be selected if they have or can obtain data to 

satisfy an analysis of the whole soil life cycle.  The SoilCritZone participants from 

Workshops 1 and 2 were asked to suggest observatory sites (Section 3.4.2, Table 2).  The 

information collected from the respondents can be used to determine criteria for ‘good’ 

potential observatories, and can also be used to select site(s) for long-term soil observatories.  

This is discussed further in see Section 3.4.2.  

 

2.4.2 MODELLING APPROACHES  

A particular question of importance to the issue of soil sustainability is the ability of the 

models to delineate risk areas. The following soil functions should be included in the 
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modelling exercise: erosion, soil organic matter (SOM), contamination, compaction, 

salinisation and sealing.  Although floods are inherent in the erosion process, the WG4 

recommended that floods and landslides should have a low priority as there is already other 

specific research addressing the issue within the EU. Biodiversity should be addressed at a 

later stage once new information is available. With regard to sealing, we could establish an 

estimate based on the growth of cities in time and access the impacts based on hydraulics only 

(i.e. change in hydraulic properties).  Salinisation can be accessed through already existing 

maps.  

The analysis of the soil system life-cycle will need to consider how to connect the whole 

system with appropriate models, including:  

• Change in soil properties and processes (e.g. soil volume changes); 

• A 3-D groundwater and vadose zone model; 

• Ecological models accounting for soil fertility; 

• Indicators of key variables controlling soil functions at a scale of concern (field, 

landscape, catchment, regional, continental). 

In addition, it will be necessary to link the output of the process model to economic valuations 

in order to carry out scenario analyses of the ecological and economical sustainability of 

management options.  Several types of modelling tools are already available and can be used 

to develop a new modelling platform.  Available models are discussed below. 

Driver – Pressure models  
Environmental drivers and resulting pressure models should be capable of modelling the 

evolution of soil development to landscape development through time, and evaluate the 

deviation of the present state from the natural baseline, as a result of anthropogenic 

influences. There are many landscape evolution models available in the scientific literature (a 

review of landscape evolution models has been conducted by Coulthard (2001) and updated 

to present time (Appendix 2). Willgoose (2005) compared the dominant processes represented 

in landform evolution in various models and their parameterization. Most of the models (such 

as the LAPSUS modelling framework (Schoorl et al., 2000; Schoorl and Veldkamp, 2001; 

Schoorl et al., 2002; and Claessens et al., 2007) and the GOLEM (Geomorphic/Orogenic 

Landscape Evolution Model), are physically-based models that couple hillslope and channel 

geomorphic evolution in order to develop quantitative predictions of characteristic 

geomorphic responses to different anthropogenic and natural forces or develop climate 

change scenarios. Such models can be used in conjunction with concepts such as CLORPT, to 

simulate the birth – or genesis of soils, the fate of soil function and the fate of material. 
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CLORPT examines the factors that influence soil formation by a mix of four environmental 

factors - climate, organisms, relief, and parent material - that operate over time (Johnson et 

al., 2005).  

State – Impact models 
There are many impact models focusing on the simulation of the fate and transport of water, 

nutrients and pesticides in agricultural areas e.g. CREAMS (Knisel, 1980), ANSWERS 

(Beasley & Huggins, 1981), CREAMS-NT (Deizman & Mostaghimi, 1991; Geng, 1991), 

EPIC (Williams, 1991), NTT (Heng & Nikolaidis, 1998). These models have been used 

extensively to evaluate the impacts of point and non-point sources from urban and 

rural/agricultural areas as well as to quantify the effectiveness of best management-

agricultural practices. Such models have been categorised and recorded in the published 

literature (Jorgensen et al., 1995; Irvine et al., 2002). In addition, EU research projects 

(funded under FP5 and FP6) such as EUROHARP, Harmoni-CA, EU-ROTATE-N, 

EUROCAT, tempQsim, BEWARE and MIRAGE have compared, used, modified and 

developed watershed scale models.  However, there is still a need to develop new models 

linking soil processes to catchment-scale processes to address impacts on ecosystem services 

across a range of scales. 

Response models 
Modelling the response to a scenario that would alleviate an environmental impact requires 

integrated socio-economic valuation methods that take into consideration social and health 

costs/benefits, commercial impacts as well as energy needs. Oglethorpe et al. (2000) have 

identified several valuation methods typically used in environmental analysis such as cost- 

benefit analysis, non-market valuation, contingent valuation method, travel cost method, and 

hedonic pricing method.  In the context of the Critical Zone, these models need to examine 

future scenarios and identify soil management approaches that lead to soil resilience.  

A tool of growing interest is Life Cycle Assessment (LCA). This is a technique used to 

support decisions in public authorities and business to assess the potential environmental 

impacts associated with a product, process, or service, by using a 3-step approach:  

(1) compiling an inventory of energy and material inputs and outputs; (2) evaluating the 

potential environmental impacts associated with the releases; and (3) interpreting the results 

and options in order to make a decision. Available frameworks concerning LCA, are usually 

based on internationally recognised methodologies. Of relevance are the recommendations of 

the International Reference Life Cycle Data System (ILCD) for land use modelling and 

impacts on ecosystems (ILCD, 2009). In LCA, anthropogenic impacts on soil functions can 
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be quantified in terms of impacts on ecosystems. These can be cross-compared among 

different type of stressors, such as from land use change, climate change, acidification, and 

eco-toxicity to quantify the benefits and trade-offs of different management options.  

Examples of models taking seriously into account the ecological impacts are the Eco-

Indicator 99 (Goedkoop et al. 2001) and the Ecoinvent Centre (www.ecoinvent.org). 

 

Research Priorities and Approaches 

SoilCritZone WG4 concluded that the objective of the modelling effort is to assess the 

impacts from anthropogenic activities on soil functions and resilience by focusing on all 

major threats to soils simultaneously.  An analysis of the soil system life-cycle (Figure 8) can 

be conducted using CLORPT as a baseline scenario, where asset management is excluded and 

soil formation under natural conditions is the driver, and as a perturbed scenario where 

anthropogenic influences create the present-day state.  

A critical component in the study of the soil Critical Zone is the ability to assess the velocity 

of formation and erosion of soils through time. Modelling can both hind-cast and forecast the 

status of soil functions. It is expected that a complete analysis of the soil life cycle will help 

identify appropriate measures and interventions to alleviate soil treats, thereby reaching 

sustainable soil management as early as 2020, as well as to establish criteria to assist in the 

delineation of risk areas. Modelling analysis should be conducted in the context of the DPSIR 

frame presented in Figure 7 to address impacts and deviation from the natural baseline, and 

conceptualise management scenarios in the Critical Zone concept by performing simulations 

with an outlook timeframe of 100 yrs. The modelling platform is articulated around the 

following 3 key concepts: nested spatial scales, knowledge-based modelling, and linking of 

existing models.   

Nested spatial scales - Programs that set out to define quantitative measures for soil 

sustainability purposes must concentrate on those parameters that regulate soil function at the 

scale of interest. The control that certain functions exert at microscopic scale is likely to be 

irrelevant at the catchment scale or vice-versa; management actions based on plot-scale 

assessments may prove to be ineffective when applied to regional scale problems. This scale-

dependent sensitivity of controlling variables of soil functions needs to be investigated at 

different scales, depending on where and for what purpose management decisions have to be 

taken. There is thus a need to investigate soil threats and issues from the 

microscopic/laboratory scale, to plot/field scale, to watershed scale, and to continental/global 
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Figure 8:  Soils life-cycle representation. 

 

scale.  This can be best achieved through the development of an integrated modelling 

platform constructed in such a way that knowledge and information can be passed along the 

spatial scales.  Key information and validation data will be obtained from studies conducted at 

soil observatories that cover various nested scales, from plot scale to watershed scale.   

Knowledge-based modelling - The highly multidisciplinary nature of soil processes and the 

complex interplay of spatio-temporal scales dictate that process-oriented modelling of soil 

functioning must rely on adaptive, web-based modelling tools capable of continuously 

incorporating new knowledge gained from soil observatory and laboratory studies. These 

models should also have the flexibility to incorporate into their structure newly available 

knowledge, hence this approach is referred to as Knowledge-based Modelling.  

Linking of existing models - Where possible, existing (and appropriate) models, such as 

those listed below, should be linked rather than creating new ones from 1st principles:  

a. General solute circulation models - processes; 

b. Economic valuation (of soil function) models;  

c. Meta-models for geomorphology;  

d. Meta-models for decision/policy (lumped parameters, spatial aggregation);  
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e. Detailed process models from molecular to catchment scale (discipline specific, 

analysis tools). 

It is expected that this integrated modelling approach will provide the means to link soil 

protection to the EU Water Framework Directive, Groundwater Directive, Flood Protection 

Directive as well as the planned Soil Protection Directive. Finally, the modelling perspective 

should be included in the experimental design of soil research and the selection of soil 

observatories.  Further recommendations about observatories from WG4 are presented in 

Section 3.4.   

A very important activity will be to ground-truth the models that are chosen for modelling the 

soil observatory sites. There is also a need to delineate risk areas and define appropriate soil 

management.  WG 4 identified three overarching research questions. 

 

Overarching Research Question 1 

Can we ground truth the new models? 

Specific research questions include:  

• What type of observatories should we select?  

• What criteria do we need to use for the selection?  

• What research questions would be answered from the work in these observatories?  

• What are the constraints to ground truth the models?  

• Do the number of selected sites account for the existing spatial variability of the processes?  

• How should we deal with the scaling up of the processes within the modelling effort?  

 

The new modelling platform will focus on modelling changes in soil function and soil status, 

as a result of anthropogenic threats. A particular question of importance to the issue of soil 

sustainability is the ability of the models to delineate risk areas.  

 

Overarching Research Question 2  

Can we delineate risk areas? 

Specific research questions include:  

• What criteria need to be established to assist in the delineation of risk areas?  

• How do we deal with the uncertainties that exist in the boundaries of the risk areas (sharp risk 
gradients)?  
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• What indicators should be used for delineating risk areas at different scales?  

 

Overarching Research Question 3  

Can we define appropriate management measures to alleviate the threats and impacts (restoration 
measures) and achieve soil resilience? 

Specific research questions include: 

• What data are necessary to verify the modelling results of the effectiveness of management and 
restoration measures to alleviate the threats to soil functions? 

• How do we define soil resilience in modelling terms? 

• What processes need to be included in the modelling platform to account for management 
measures? 

 

These research questions synthesise the outcome of field and laboratory research that is 

required to answer questions from the other three SCZ working groups. 
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3.0 CONTRIBUTION TO THE EU SOIL THEMATIC STRATEGY – THE CRITICAL ZONE APPROACH 

The SoilCritZone Specific Support Action has generated a new framework for soil research in 

Europe by including the question of soil formation counterbalancing soil losses.  This new 

approach is based on a Critical Zone concept that was developed in the US at the beginning of 

this decade (National Research Council, 2001) and further developed by the US and European 

research community (Anderson et al., 2004; Wilding and Lin, 2006; Brantley et al., 2007b).  

 

3.1  THE EUROPEAN SOIL THEMATIC STRATEGY 

The research activities for developing an operational basis for the European Soil Thematic 

Strategy 2002-2004 (Van Camp et al., 2004 a-f) were focusing mainly on the protection of 

soils against threats and impacts and the remediation of degraded soils under three aspects: 

• What is the state-of-the-art available knowledge? 

• What are the barriers in the implementation of the knowledge? 

• What are the gaps in scientific knowledge? (Section 3.3 below) 

The SoilCritZone Project extended its research goals beyond these aspects, by including the 

question about the pace of soil formation through weathering and further biological processes 

(including soil biodiversity), as a natural counterbalance to anthropogenic soil degradation. 

The project also framed soil system parameters for modelling the life-cycle of soils, thus 

defining gains and losses of soils on a measurable basis. 

 

3.2 THE SOILCRITZONE CONCEPT 

Soil research in this report has been discussed within the context of the Critical Zone, which 

extends from tree-top to the bottom of the freely circulating groundwater (Section 1.1).  In 

order to quantify the processes in the soil life-cycle, we propose that the EU set up soil 

observatories where data is collected to feed into the life-cycle models.  Our contribution thus 

sets the scene for a new approach in soil research so that the soils of Europe and the world can 

be protected for future generations. 

 

3.3 KNOWLEDGE GAPS WITH REGARD TO THE EU SOIL THEMATIC STRATEGY 

Research needs in support of the European Thematic Strategy for Soil Protection focused on 

priority research areas for soil protection and the management of Europe's natural resources, 

by defining five research clusters, following the DPSIR-approach (Blum et al., 2004b): 

• Processes underlying soil functions and quality; 
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• Spatial and temporal changes of soil processes and parameters; 

• Ecological, economic and social drivers of soil threats; 

• Factors influencing soil eco-services; and 

• Strategies and operational procedures for soil protection. 

These research clusters are targeting mainly applied research support of operational activities 

for soil protection (Blum et al., 2004a). 

The question, how soils develop naturally under different soil forming conditions, was not 

addressed in the EU Soil Thematic Strategy since, considering the current state of knowledge, 

this is merely a basic research question (Blum, 2008). However, the knowledge about the rate 

of soil formation is of paramount importance, in order to judge soil losses through 

degradation processes.  In defining gains and losses of soils, it becomes obvious that basic 

knowledge about the life-cycle of soils is needed. This can be achieved by framing soil 

system parameters in such a way that they can be used in a modelling approach. 

In summary, it can be stated that the SoilCritZone approach is adding a very important 

component to the existing knowledge for the sustainable use of soils, developed within the 

European Soil Thematic Strategy. 

 

3.4 PROPOSALS FOR OPERATIONAL PROCEDURES 

All suggested operational ideas from SoilCritZone Working Groups 1-4 (WGs 1-4) are 

discussed in this section. 

 

3.4.1  GENERAL RESEARCH APPROACH BASED ON THE CRITICAL ZONE CONCEPT 

The SoilCritZone project concludes that the key research priorities identified above, in 

Sections 2.1-2.4, would benefit from well-instrumented field soil observatories enabling long-

term studies in Europe.  These long-term soil observatories need to be based on the main soil 

types of Europe; soil types are influenced by the underlying geology, geography, climatology 

and tectonics of the area. This has also been discussed in Section 2.4, Overarching Research 

Questions. Some of the main soil types in Europe are depicted from a critical zone perspective 

in Figure 9 (a-e).  Each figure lists the drivers, pressures, soil functions and facts about the 

five soil types: cambisol, lithosol (Figure 9a), fluvisol (Figure 9b), histosol (Figure 9c), 

cambisol, podsol (Figure 9d) and chernozems (Figure 9e).   
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Figure 9: Depiction of major European soil types within the Critical Zone framework:  

(a) cambisol, lithosol and (b) fluvisol.  



SoilCritZone 

 37

 

  

Figure 9 (cont’d): Depiction of major European soil types within the Critical Zone 

framework: (c) histosol and (d) cambisol, podsol.  
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Figure 9 (cont’d): Depiction of major European soil types within the Critical Zone 

framework: (e) chernozems. 

 

These figures (Figure 9 a-e) show that each soil-type is affected by different drivers and 

pressures and that the soil function and facts of soil exploitation and use vary.  In setting up 

soil observatories in Europe in the future, these soil facts and properties need to be carefully 

considered so that the life-cycle of the soil system can be modelled. 

 

3.4.2  SELECTION OF SOIL OBSERVATORIES 

Well-instrumented field sites that enable long-term studies in the EU are needed. Baseline 

data on soil biogeochemical, physical and biological status will be needed for intra- and inter-

continental comparisons, and for identification of ‘tipping points’ in the planetary carbon 

cycle and biogeochemically critical values in terrestrial and aquatic ecosystems. Monitoring 

of basic geochemical and biological parameters should be launched at a carefully constructed 

network of soil observatories that equipped with nested instruments in Europe in different 

landscapes and various climatic settings.  

A major priority is to identify candidate sites, including locations that already have long-term 

monitoring and base-line data that can be used in model testing.  Observatory locations where 

specific research questions can be best addressed need to be identified.  The CZEN network in 
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the US has a network of observatories (Figure 10) for investigating Critical Zone processes 

such as weathering and soil formation (www.czen.org, 2009). The main criterion for site 

selection was availability of historical data for the proposed site - so that the proposed work 

could be set within a framework of historical data.  Such observatories allow changes to be 

monitored and predicted from the baseline data. For example, the Southern Sierra Nevada 

CZEN site (Figure 10), is situated at the border between rain- and snow-dominated areas and 

during the present global warming period, this borderline is expected to move to higher 

elevations.  Therefore, the area can be viewed as a large-scale natural laboratory, where 

discharge and soil erosion dynamics can be studied more cost-effectively than in artificial 

field manipulation experiments. 

 

 

Figure 10: CZEN field sites.  The Critical Zone Observatories (CZOs – red stars) are designed 

for the study of processes occurring in the Critical Zone, and foster collaboration among 

interdisciplinary scientists and engineers.  The ‘seed sites’ (yellow stars) offer researchers 

opportunities to examine the interconnectedness of Critical Zone processes in different 

lithologies, climates and topographic regimes. 
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The discussion at the Sofia Workshop produced a wealth of suggestions on what should be 

considered in designing a soil observatory for long-term monitoring. One of the key 

considerations was an already existing monitoring record.  The SoilCritZone participants that 

took part in Workshops 1 and 2 were asked to suggest observatories (Soil Observatory 

Outlines, Table 2).  The results of a questionnaire (Appendix 3) sent to all SoilCritZone 

workshop participants are summarised and presented in Table 2.  The information collected 

from these observatory applications can be used to determine what criteria should be used 

when establishing a long-term soil observatory.  

One of the approaches discussed in Sofia was the importance of paired observatories.  In 

paired observatories or sites, all but one environmental parameter is equal to the adjacent site: 

different land use or different degrees of disturbance in the same region but the same climate, 

type of pollution and at the same elevation; or, same land-use but different geological 

formations.  We should learn from the US example and aim to better understand the bigger 

picture as the long-term vision.  The disturbance gradients selected, e.g. for pairing or for 

experiments, need to be determined by the goods and services we want to sustain. On the 

larger scale, we could have climate/diffuse pollution gradients, whereas at the local scale 

(within sites or through satellite sites) we can have land use/management differences.  For 

hydrogeochemical monitoring, there is also added value in paired catchment-level 

observatories.  

 

Observatory selection 

As mentioned above, many of the key research priorities we have identified would benefit 

from well-instrumented field soil-quality observatories enabling long-term studies in Europe. 

Observatories should be selected if they have or can obtain data to satisfy the soil life-cycle 

representation (Figure 8), which is considered essential for soil research within the Critical 

Zone. The information collected from these observatory outlines can be applied to determine 

what criteria can be used to determine what makes a ‘good’ potential observatory and can also 

be used to select site(s) for a long-term soil observatory.  It is critical to have an established 

geological record for the selected observatories.  Moreover, a historical record data set would 

allow deciphering the development of the soils through weathering and biodiversity impacts.  

Decisions will need to be made on which land use type(s) are of greatest priority and 

relevance to the major research needs to justify inclusion in the observatories: natural 

ecosystems (background) sites, managed forests, pastures and arable land. 
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Table 2: Summary of Soil Observatories submitted to the SoilCritZone Project (Y = yes, data available) 
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Fuchsenbigl Austria 5 ha Sandy calcaric 
sediment 
(Loess) 

 Tertiary 
(Pannon) 

Agriculture  Crops (winter 
wheat, sugar beet, 
maize, barley) 

- - Y Y  Y Y Y Y Y Y Y - Y 

Klausenleopoldsdorf Austria 0.49 ha Flysch 
sandstone 

>1.35 m 100 Million 
years 

Forest (100% beech) Temperate Central 
European (borderline 
oceanic - continental) 

Hordelymo 
Fagetum.  

Biweekly Y Y Y* Y Y Y Y Y Y* Y Y* Y Y 

Ruse  Bulgaria 50 ha  > 2 m  Cropland Danubian Plain Field crops – 
maize, wheat, 
soya, sunflower 

N, P, K, org. C in soil and runoff - - - - - Y Y - Y Y Y - - 

U Dvou louček (UDL) Czech 
Republic 

326 ha Mica schists, 
gneiss 

Mean 1.3 m,  
range 1 - 2 m 

Crystalline 
complex of the 
Orlické hory 
Mts 

In the last 15-20 yrs 
affected by air 
pollution disasters 
when extensive 
areas of damaged 
stands of all age 
categories were 
felled  

Picea abies-Fagus 
sylvatica 

Coniferous 88%, 
broadleaves 10%, 
wetland 2% 

Water: pH, alkalinity, SiO2, anions: SO4
2-, Cl-, NO3

- 
F-, major cations: NH4

+, Ca2
+, Mg2

+, Na+, K+, Al, 
Fe, Mn, trace metals: Zn, As, Cd, Pb, Be, Cu, Ni 
and Cr, DOC, DON, Al fractions Alm, Alo, Ali, 
isotopes of O, S, Sr and Ca. 

Soils: pH, exch Ca2
+, Mg2

+, Na+, K+, acidity, Al3
+; 

H+, extractable NO3
-, SO4

2-, Cl-, F-, Al, Fe; LOI, Tot 
C, N, H, S, mineralogical composition. 

Trees (foliage): N, P, K, Ca, Mg, S, Al, Fe, Mn, Zn, 
Ni, biochemical parameters 

Y Y Y Y Y Y Y Y Y Y Y Y - 

Lysina  Czech 
Republic 

273 ha Leucogranite 
(coarse-
grained) 

Mean 0.9 m, 
range 0 - 5 m 

Variscan 
consolidation, 
carboniferous-
permian age, 
380-280 Ma 
ago 

Recent forest is 2nd 
generation Norway 
spruce monoculture. 
Mean age (in 2000) - 
approx 36 years. 
Catchment covered 
by closed-canopy 
forest (82%) with 
clearings of young 
seedlings (18%) 

Climatic: Temperate, 
central mountainous, 
vegetation zone: 
Alpine orobiomes - 
Helvetican subtype 

Trees Water: pH, alkalinity, SiO2, anions: SO4
2-, Cl-, NO3

- 
F-, major cations: NH4

+, Ca2
+, Mg2

+, Na+, K+, Al, 
Fe, Mn, trace metals: Zn, As, Cd, Pb, Be, Cu, Ni 
and Cr, DOC, DON, Al fractions Alm, Alo, Ali, 
isotopes of O, S, Sr and Ca. 

Soils: pH, exch Ca2
+, Mg2

+, Na+, K+, acidity, Al3
+; 

H+, extractable NO3
-, SO4

2-, Cl-, F-, Al, Fe; LOI,  
Tot C, N, H, S, mineralogical composition. 

Trees (foliage, branches, bole bark, bole wood, 
roots): Ca, Mg, Na, K, Al, Fe, Mn, Zn, Ni, C, N, H, 
S; biochemical parameters. 

Y Y Y Y Y Y Y Y Y Y Y Y Y 

 

Y* - not yet started, in progress of being installed;   Y** once;   Y3  dependant on study 
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Table 2 (cont’d): Summary of Soil Observatories submitted to the SoilCritZone Project (Y = yes, data available) 

Site Name Country 
Area 

covered 
(ha) 

Type of parent 
material  
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Plynlimon Catchments: 
5 instrumented sub 
catchments:  

Gwy  

Cyff  

Hafren  

Hore  

Tanllwyth 

UK   
 

 
398 ha  

313 ha  

367 ha  

308 ha 

 89 ha  

Conformable 
boundary between 
Ordovician Ashgill 
grits and shales in 
north catchment. 
Silurian lower, middle 
and upper Llandovery 
mudstones and slates 
in middle and south. 
Locally derived glacial 
drift  

Variable, 
typically 
0.5 m to  
2+ m  

Ordovician 
and Silurian  

Gwy: sheep grazing on semi-
natural mountain pasture;  

Cyff: sheep grazing on improved 
and semi-natural mountain pasture;  

Hafren: land cover – commercially 
managed Sitka spruce (48%) 

Hore: land cover – commercially 
managed Sitka spruce (78%); lead 
mining 1846 – 1920’s;  

Tanllwyth: land cover – 
commercially managed Sitka 
spruce (100%) – all forest planting 
1930s-1960s. Forest currently 
clear-felled and re-planted  

  Gwy: acid grassland, dwarf 
shrub heath, bog 

Cyff: acid grassland, dwarf 
shrub heath, bog and 
agriculturally improved 
grassland (40%)  

Hafren: Wet heath with 
Sitka spruce plantation 
forest (48%)  

Hore: Sitka spruce 
plantation forest (78%) and 
grassland  

Tanllwyth: Sitka spruce 
plantation forest 

  Y Y Y Y Y Y Y   Y Y Y Y - 

West Indies Soil 
Observatory: WISO –  

France -
French 
West 
Indies 

1700 ha Volcanic, pyroclastics 
+ lava flows. 

Y Variable, 
from 0-3 M 
years  

Tropical Primary forest  Wet Tropical Tropical pristine forest Soil and river: 
twice monthly 

- Y Y Y Y Y Y Y Y Y Y - - 

Soil alkalisation and 
sodification (threat to 
soil) - Bodrog 
catchment 

Slovakia 24550 km2 Alluvial sediments 50 cm 
(alluvial 
sediments) 

Holocene 
period 

Agricultural land (arable) by the 
influence of existing strong 
alkalisation and sodification 
processes had been changed on 
extensive grassland 

Plains, 
agricultural 

Extensive grassland  Y - Y - Y Y  Y Y Y Y Y - 

ZALF-Quillow Germany 291 km2 Dominant: (sandy to 
loamy) marly tills; sub-
dominant: sandy to 
gravelly glaciofluvial 
deposits, periglacial 
and alluvial deposits, 
peats 

40-100m 
(tertiary 
sediments) 

Dominant: 
youngest 
Pleistocene 
(W2), sub-
dominant: 
Holocene 

750 y. of agrarian land use; today a 
mosaic of very large farms with 
large fields (often >50 ha), forests, 
glacial lakes and small villages 
(rural area) 

Continental Arable land, grassland, 
forest  

 -  - Y Y Y Y Y Y Y Y Y - - 
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Table 2 (cont’d): Summary of Soil Observatories submitted to the SoilCritZone Project (Y = yes, data available) 

Site Name Country 
Area 

covered 
(ha) 

Type of parent 
material 

Depth to 
bedrock 

Geological age Land use history Bioregion Vegetation Chemical data 

A
ir

 c
h

em
is

tr
y 

P
re

c
ip

it
a

ti
o

n
 c

h
e

m
is

tr
y

 

S
tr

e
a

m
/w

a
te

r 
c

h
e

m
is

tr
y

 

D
ra

in
a

g
e

 w
a

te
r 

c
h

e
m

is
tr

y 

S
o

il
 c

h
e

m
is

tr
y 

S
o

il
 p

h
ys

ic
s 

d
at

a 

M
et

eo
ro

lo
g

ic
al

 d
at

a 

C
li

m
a

te
 d

a
ta

 

H
yd

ro
lo

g
ic

al
 d

at
a 

S
o

il 
ty

p
e 

an
d

 p
ro

fi
le

 

W
a

te
r 

b
a

la
n

c
e 

B
io

lo
g

ic
al

 

M
ic

ro
b

io
lo

g
ic

al
 

Zala Catchment Hungary 74400 ha (with 
long term 
farming data 
from 2845 ha) 

Sand 30%, Clay 
21%, Loess 18%, 
Deluvial deposits 
14%, Others 17% 

20 - 120 cm Pleistocen-holocene Intensive and traditional 
agriculture, data base 
available 

West-Panon 
Bioregion 

Heterogeneous  - - - - Y Y Y  Y Y Y Y Y 

ICP IM sites (4 sites) Sweden  Total size:  
98 ha 

Sandy silty till 
covering granitic 
bedrock. Till 
thickness 0-5 m 

0 – 5 m Quaternary deposit c. 
10.000 yr, bedrock very 
old c. 1 billion years 

Nature reserve and mainly 
without man-management 
for 100 years 

Boreal and 
nemoboreal 

Blueberry spruce forests, 
fresh mosses and some 
sphagnum 

  Y Y Y Y Y Y Y Y Y Y Y Y Y 

Static Fertilization 
Experiment Bad 
Lauchstädt and Global 
Change Experimental 
Facility (GCEF) 

Germany   Weichselian loess 
– main periglacial 
layer 

   Farmland Central European 
Mixed Forests 

Every year           Y Y Y Y Y Y   Y Y 

TERENO-Bode Germany 3.300 km2 10.000 – 250 Mio 
years 

1 - ∞ Grassland, farmland, 
forest, settlement, 
mining 

 Central European 
Mixed Forests 

Yearly Daily to weekly Y Y Y Y Y3 Y Y Y Y Y Y Y - 

TERENO-Rur Germany 2354 km2 Pleistocene – 
Devonian 

2 - ∞ 10.000 – 3.5 Mio years Grassland, farmland, 
forest, settlement, 
industrial areas, mining 

None Yearly Daily to weekly Y Y Y Y Y3 Y Y Y Y Y Y Y - 

TERENO Observatory 
– Scheyern 

Germany 150 ha farm 
land, 2300 ha 
catchment 

Tertiary fluvial 
deposits 

  Agricultural land-use since 
11th century 

 Woodruff, oak, beech 
forests, agricultural crops, 

 Y Y - - Y Y Y Y Y Y Y   

Damma Glacier 
forefield,  

Switzerland 400 Granitic 
(Greenshist grade 
metamorphism) 

0-50 cm  Soil chronosequence of 
approx 150 years in front 
of receding glacier,  
pristine environment, with 
minor sheep grazing 

 Species, biomass, nutrient 
status, mycorrhiza 
association 

In summer: continuous 
discharge-proportional 
sampling biweekly 
resolution, Major and 
trace elements, various 
isotopes (O, H, Ca, Li, Sr, 
Fe).In winter: snow 
sampling 

 Y Y Y Y Y Y  Y Y Y* Y Y 

 

Y* - not yet started, in progress of being installed;   Y** once;   Y3  dependant on study 
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Table 2 (cont’d): Summary of Soil Observatories submitted to the SoilCritZone Project (Y = yes, data available) 

Site Name Country 
Area 

covered 
(ha) 

Type of parent material  
Depth to 
bedrock 

Geological 
age 

Land use history Bioregion Vegetation Chemical data 
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Sunjia Agricultural 
Catchment 

China 46.2 Cretaceous sandstone, 
Quaternary red clay covering 
Cretaceous sandstone and 
their mixture 

2000. under 
different 
slopes, land 
use systems, 
soil parent 
materials 

Mesozoic 
sediment and 
Cenozoic 
Quaternary 
sediment 

Prior to 1950’s, secondary 
forest (slopes) and paddy 
fields (low lands); From 
1950’s to 1970’s, tea 
plantation (slopes) and 
paddy fields (low lands); 
After 1970’s, the tea 
plantation was transferred to 
arable lands  

No data Present: rain-fed 
peanut (crop (47.9%), 
intercropped with 
mandarin orange 
(11.7%) and chestnut 
forest (8.1%), paddy 
fields for 2 rice crops 
per year (29.5%). 

Annual investigation 

  - Y Y - Y Y  Y Y Y Y - Y** 

NL: sedimentary 
soils under 
anthropogenic 
pressure 
Part of Netherlands 
Soil Quality 
Network (LMB) 

Netherlands   Sedimentary (fluviatile, 
eolian, marine) 

  Pleistocene, 
Holocene (+ 
anthropocene) 

Land use in the Netherlands 
is intensive and dynamic. 
The current LMB focuses on 
agricultural land and forests, 
the BiSQ also includes urban 
sites.  

   The LMB consists of 10 soil 
categories, each representing a 
different combination of land use 
and soil type. In each category, 
samples from topsoil, subsoil 
and the upper groundwater are 
taken in 20 locations across the 
country. Sampling - every 6 yrs.  

Chemical analysis is focused on 
heavy metals, PAHs and 
pesticides. 

            Y 

Koiliaris River 
Experimental 
Watershed  

Koilaris is a 
temporary river 

Crete, Greece 13000 Alluvial deposits in northern 
part of watershed;  
Limestone-Karstic system in 
southern part of watershed, 
underlain by impermeable 
deposits of marls and schists 
in the northern part.  

Varied Miocene-
pliocene 

Rangeland (58%), cultivated 
areas (29%) and forests 
(8.5%) 

Mediterranean     Y  Y Y Y Y   Y Y Y   

 

Y* - not yet started, in progress of being installed;   Y** once;   Y3  dependant on study 
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The following 9 types of observatories that span throughout Europe are considered to be 

necessary for soils life-cycle representation:  

1. Land use, climate and atmospheric inputs. Example: Iceland, thermal gradient 

(grassland – grazing and fertilization impacts along natural temperature gradients); 

Related threats - genesis, erosion, biodiversity, loss of organic matter, compaction. 

2. Desertification gradients.  Examples: Morocco, Mediterranean Basin, Alps;  

Related threats - genesis, erosion, biodiversity, loss of organic matter, salinisation. 

3. Soil genesis on glaciated Rocks. Examples: Baltic and Scandinavian countries - Alps; 

Related threats - genesis, erosion, biodiversity, loss of organic matter. 

4. Land use conversion: Examples: agriculture to conservation areas, reversing the 

threats; Related threats - genesis, erosion, biodiversity, loss of organic matter. 

5. Soil creation by intervention.  Examples: land reclamation, unsealing, solid waste 

disposal minimization by composting; Related threats - genesis, erosion, biodiversity, 

loss of organic matter, contamination, sealing, compaction. 

6. Function and restoration of riparian zones. Related threats - genesis, erosion, 

biodiversity, loss of organic matter, floods, contamination. 

7. Land reclamation of function in heavily contaminated or altered areas.  Related 

threats - genesis, erosion, biodiversity, loss of organic matter, contamination, physical 

deterioration. 

8. Carbon and nutrients loss in large EU basins.  Related threats - genesis, erosion, 

biodiversity, loss of organic matter. 

9. Wetlands – boreal and arctic wetlands and melting of tundra.  Related threats – 

loss of permafrost, carbon balance. 

We envision that temporal trends in soil quality status will be visible after one 5-year funding 

cycle.  The research questions relating to these different observatory sites are outlined in 

Section 2.4. 

Sample archiving: The issue of sample preservation is critical to successful long-term 

observations.  Therefore, a budget designated for archiving samples other than just air-dried is 

considered valuable and needs to be included at a project-planning phase. Successful archival 

would probably mean that the samples would need to be stored in more than one way to allow 

all forseeable future analysis needs.  
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The conclusion of our SoilCritZone work can be summarised with the following questions: 

• What type of observatories should we select? 

• What criteria do we need to use for the selection? 

• What research questions would be answered from the work in these observatories? 

 

 

4.0  CONCLUSIONS 

The SoilCritZone partners recommend that in the future, soil observatories be established in 

Europe within the Critical Zone framework, based on information about the different soil 

forming parameters and their respective major soil types (Figure 4).  Soil observatory 

suggestions are compiled in Table 2 and those chosen for study in the future should 

complement the soil observatories already chosen in the USA (Figure 10).  The data collected 

at such observatory sites can be used to model soil formation and functioning that result in the 

modelling of the life-cycle of soils from their formation through their life and degradation so 

that plans can be made on how to create soil system resilience.  These data can be used to 

formulate recommendations for actions needed to protect and remediate soils in Europe, thus 

allowing for the delivery of foods and services for citizens and the environment and, in doing 

so, maintain the valuable ecosystems services.   
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APPENDIX 1 – SOIL SURVEY RESULTS 
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APPENDIX 2.  LIST OF MODELS SUMMARISED BY IRVINE ET AL. (2002). 
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APPENDIX 2 (CONT’D).  LIST OF MODELS SUMMARISED BY IRVINE ET AL. (2002). 
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APPENDIX 3:  SOIL OBSERVATORY APPLICATION FORM 
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