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1 Introduction

1.1 Digital Soil Mapping WG1

"Emerging soil protection policies need timely andakelé soil information”
"Soil information is ageing and still not completalyailable™

Numerous environmental and socio-economic models é8skssment, scenario testing, etc.) require soil
parameters as inputs to estimate and forecast changes fature life conditions. However, the availatyilof
soil data is limited on both national and Europeathesc&oil information (i) is either missing at the appiate
scale, (ii) its meaning is not well explained for able interpretation, or (iii) the quality of the tdais
questionable.

Easy-to-interpret-and-use database is needed fouthe=fto support decision making and modelling on
the EU scale. The Land Management and Natural Hazdmit within the EC JRC is the major soil data
provider to the potential users, like EEA. Howeveg available database often fails to provide theessary
soil parameter for the users. In order to fulfill treurequirements, a new generation of soil informatiigital
soil database has to be initiated that makes use dftéte of the art data collection and spatial pukation
techniques. JRC (with the support of ESBN) and EEAehlaunched a joint work plan on “Digital soll
functional mapping” to define the soil data requiremspecifications and a route map to implement steps
towards a spatial soil database development frameamdkdigital soil functional mapping. In order to popt
this activity, ESBN has decided to setup a workingigro

The WG was founded at the ESBN Plenary meeting helspra, November, 2004, to serve as an
advisory board for inventorying and monitoring spibperties and functions needed to support the pianne
legislative proposal for the protection of s@bfl Framework Directive The major goals of the working group:

1. to advise ESBN/JRCon Digital soil mapping activities

to identify potential data sources database formats for the state of the art of sfuhimation systems
to advise on database harmonizatioand database building for traditional and DSM needs

to communicate the results and techniques of DSkbwards soil science community and data users

o > 0N

to define the needs for digital soil functional maping, its terminology and framework to be setup.

More specific goals were identified later on the W@etings after the communication with JRC and
EEA. The work has been organized into two work nmgsti The first meeting was held in April 7-8, 2005 i
Miskolc Hungary. The objective of this meeting was:

- to launch the working group activities,
- to specify the concrete tasks, actions,

- to define a work plan needed to fulfill the mandateof the WG,

The road map defined on this meeting is:

1. To create sstateof the art report on digital soil mapping: its tools, data needs, quality measures and
data validation techniques. The first draft of theépart was to be ready for the second meeting in
Prague for review by the group. The final versionsvta be presented to EEA and JRC by mid
November.

! Prepared by E. Dobos.
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2. To develop a technical work planwith concrete specifications of the data/model labédity and
needs, estimated output data accuracy, and finamuibbeganizational needs to run the test and the
models. Following the conclusions and specificationghefstate of the art DSM report and the Soil
Information Working Group (SIWG) report. This taskpdads on the inputs from the SIWG and to be
completed in 2006.

The second meeting was held in October 13-14, 20@guer The major goals of the meeting were:
= tofinalize the State of the art DSM book chapters
= to conclude the major tasks identified by the subgraps/chapter authors and review

= to comment and complement the SIWG report with a propsal of DSM procedure able to support
the needs/requirements/specifications identified by theeport for the five soil threats

= to harmonize the terminology of the major terms withthe EEA

1.2 Key concepts (glossary and the framework)

In order to introduce the Digital Soil Mapping (D$Noncepts, we first review (Fig. 1.1) the elements
which are composing Digital Soil Mapping techniquds, input and output data and the relations betvixsivi
and soil functions and threats.

Digital Soil Mapping can be understood as an adwateehnique for:

- Mapping primary soil properties or soil classeg1* possibility). In this step a spatial inference model
is needed to be established, or

- Mapping secondary soil properties(derived from primary properties). In this step, a igpatference
and a property inference are needed, or

- Mapping functions and/or threats of soil For this, the mapper has first to map soil properties
(primary and/or secondary) and must have access tonakiata to soil (like human behavior, land
management, climate...)

In order to help stakeholders to protect the soihesgcenario have to be tested and some risks have to be
assessed. These applications can be done after DigitdV1&uping. DSM techniques can be used throughout
the framework drawn in Fig. 1.1. The major limitatiafithis process is the lack of adequate, harmonizedata
the European scale for the TIER 1 level (referhi® $IWG report for TIER 1 and TIER2) and the coesitt
high spatial resolution, data for comparison and commtarpretation for the TIER 2 level. Field surveys a
very unlikely to happen in the near future and wooé much more expensive. DSM techniques can assist to
develop the missing data on a more cost effectiveshbadiile the state of the art requirements of theityual
assurance, accuracy assessment, GIS support, reporteiiatjuardata development procedure are more easily
fulfilled than in the traditional surveys. These atteges make DSM to be a crucial part of the Eunoysesl
information system.

The expertise of the DSM WG makes the group capabl@roviding user-adjusted primary and
secondary soil information layers in a functionahfeavork to ensure multifunctional use or define apecty
the needs for further research when existing datmethod to extrapolate these information is not lak&s.
However, the WG is missing the expertise to defirertbeds of the potential data users. Specificatiorthen
data for EU or regional level use is needed from éxgmeups, like the Soil Information WG, to definaviesh
list of optimal parameters and soil variables to marhgesoil threats. Similar data specification on duikats
is also needed as major inputs for this work. We recordnsetting up a new WG on soil functions and their
mapping with the mandate to define soil functionsb-functions, and the necessary data inputs and
specifications to characterize them.
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Glossary:

Digital Soil Map — visualization of a georeferenced soil databaséchvshows spatial distribution of sdil
types and/or soil properties; digital soil map can aksa digitized existing soil maps.

Digital Soil Mapping — is the computer-assisted production of digital map®ibtype and soil properties.

—

typically implies use of mathematical and statisticaddels that combine information from soil observatipns

with information contained in correlated environr@variables and remote sensing images.

Soil observations— measured and observed data available from origailaurvey.

Spatially predicted soil properties / classes interpolated soil properties or classes that areavailable at|
each location in the area of interest. This is tipuat from the soil spatial inference system.

Secondary soil properties— properties derived from primary soil properties gsiarious inference models

(pedo-transfer rules and environmental models).

Soil spatial inference— a procedure or a set of procedures implementswldandscape model also known

as the "scorpan" model used to derive soil propertietasses using available soil and auxiliary information

©

Soilscape inference system derivation of secondary soil properties usingowss inference models (ped
transfer rules and environmental models).

Soil functions — various ecologic and socio-economic roles of saits,defined in the COM179(2002
regulation; the most important soil functions aredai) biomass productivity, (b) organic carbon fixatigc)
support for raw material, (d) biodiversity and (e}jural heritage.

P

Soil threats — soil degradation processes coming usually from humetivity, as defined in the
COM179(2002) regulation; the most important soil #tseare (a) soil organic matter decline, (b) erosfon
compaction, (d) salinization/sodification and (ejdalides.

Functional maps — visualisation of soil database (a complex documesdple in its current form to arly

further application, due to its complex descriptiémow it was derived, what accuracy does it have (d#t,
how to interpret, what it can be used for; maps éasyge for practical purposes; multifunctional maps.
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Soil observations
(soil profile descriptions, laboratory
data, soil designations...)

Auxiliary data
(terrain parameters, remote sensing
images, soil and auxiliary maps...)

Soil spatial
inference
system

(spatial prediction of soil

variables)

v

Interpolated soil variables

Spatially predicted
soil properties

(pH, textures, organic carbon,
horizons, N, P, K...)

v

Spatially predicted
soil classes

(soil types, texture classes, soil
colours...)

Technical report

External External

: i observations
enVIrQnmental data _Sonscape (empirical data, recorded yields,
(information on climate, land cover, |nference reactions to soil use, seasonal
land use...) variation...)
system
(pedo-transfer rules,
environmental models)
+ Inferred soil variables +
Soil functions L Soil threats
(biomass production, carbon il »>| (erosion, salinization, compaction,
fixation, raw material supply...) pollution, landslides...)
. N
Scenario
Market/society | [ testing / risk Environment

(investments, market values,

(climate change, loss of
profits, public opinion...)

biodiversity, land degradation...)

assessment

POLICIES/IMANAGEMENT

Fig. 1.1. Digital Soil Mapping steps for decision-makg and policies management

1.3 Targeted clients, potential data users, policy relevance

The concept of “Thematic Strategies” appears in the@issions proposal on the sixth Environmental
Action Programme (6EAP) which the Commission adopte@4njanuary 2001. The final text on tH2 BAP,
adopted by the European Council and the Europediafant on 22 July 2002 dedicates a specific @rtost
Thematic Strategies and lists a total of 7 strategidlse delivered for the following areas: soil, maria#,
pesticides, urban, waste and resources. In the meargeveral other areas of environmental policy are
following the staged and participatory approacthefthematic strategies.
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Soil Framework Directive (SFD)
Five Technical Working Groups were established urttdehematic Strategy for Soil Protection prior to
the preparation of the SFD:
» Erosion
» Organic Matter (incl. Biodiversity)
» Contamination and Land Management
* Monitoring
» Research, Sealing and cross-cutting issues

1.3.1 Directorate-General Environment (DG ENV)

Location: Brussels, Luxemburg

Mission statement:

Protecting, preserving and improving the environmentpi@sent and future generations, and promotjng
sustainable development.

Drivers:

» TheKyoto protocol identifying soil as one of the major sinks for greerdeogases;

» TheWater Policy, particularly for the correct implementation of thigrates Directive (91/676/EEC) and
the forthcomingNater Framework Directive;

» TheWaste management policy through the relevant soil data needed for the revisfdhe existing
Sewage Sludge Directive (86/278/EEC);

* TheEnvironmental | mpact Assessment (EIA) procedure as described in Council Directive 85/880
as amended by Council Directive 87/11/EC;

* The newly establisheuropean Soil Forum.

DG ENV has been given the task of drafting a Scénfework Directive, the objective of which is to
identify and control/reduce the threats to soil @andoreserve soil functions in Europe. The DG ENV B1.
Agriculture and Soil Unit is responsible for compigta first draft Directive by the end September2@tat is
intended for consultation with Member States durihgvember 2005. Initially focussing on five threats
erosion, organic matter decline, compaction, salilimaand landslides - the remaining three threats —
contamination, sealing and biodiversity — will bther dealt with later or in a different manner. this context,
Member States will be asked to delineate areas atofigoil erosion, organic matter decline, salinization
compaction and landslides. Therefore, DG ENV wilvédnghe strongest and most immediate requirement for
Digital Soil Mapping (DSM).

In this content it is important that the followingteria are established:

» the level of detail of soil information maps/data uasdhe basis for the risk identification

» the modelling approach used for risk identificati¢k): models to predict specific parameters, such as
organic matter, and (2) models to predict the ti@fttie different soil threats

Although the Soil Framework Directive will state that this stage no harmonisation of data collection

and monitoring is required, harmonised common critétasoil characterisation — essentially a harmonised
European Soil Database — will be required.
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1.3.2 European Environment Agency (EEA)

Location: Copenhagen, Denmark

Mission statement:

The EEA aims to support sustainable development antletp achieve significant and measurable
improvement in Europe's environment through the provisiéntimely, targeted, relevant and reliabje
information to policy making agents and the public.

Context: The EEA has a mandate to report on the state ofpearo soils, and consequently has an
inherent interest in soil protection. To this endas established a Memorandum of Understanding hétbG
Joint Research Centre for JRC to provide soil infoimmaand scientific assistance. For the Agency, fthen
eight threats to soil, contaminated sites and comtatioin will be of most interest. The methodologiesrisk
assessment have yet to be decided.

EIONET network

EIONET is a collaborative network of the Europearvilmment Agency with members appointed by
individual Member State Governments. National RefegeBentres, who are normally national data holdees, ar
managed by Member State (MS) National Focal Poiritese organisations jointly provide the informatioatth
is used for reporting on the state of the Europeair@mment and making decisions for improving the stdte
environment in Europe and making EU policies mofeatifve. EIONET is both a network of organisations a
an electronic network (e-EIONET).

1.3.3 European Soil Bureau

Location: Institute for Environment and Sustainability, JoinsBa&rch Centre, Ispra, Italy

Mission statement:

The mission of the Institute for Environmental and Swaskdlity is to provide scientific and technicg
support to EU policies for the protecting of the envirentrcontributing to sustainable development in pero

ESBN network (ESBN)

The European Soil Bureau Network (ESBN), with itsretiat located at the Joint Research Centre
(JRC), Ispra (I), was created in 1996 as a networkational soil science institutions. Some of thead h
previously been part of the Computerisation of L&&da Group, from 1982-88, and the Soil and GIS Stppo
Group to the MARS Project, from 1990-96. The maisks of the ESBN continue to be to collect, harmanis
organise and distribute soil information for Europe($able 1).

1.3.4 Additional interested parties inside the Commission:

* DG Agriculture (AGRI)

e TheCommon Agricultural Policy, particularly for the implementation of the existifiRegulation
2078/92, Regulation 2080/92) and the forthcomingregvironmental policy, to be further
strengthened through the CAP reform under AGENDA 2000

e The forthcomingGATT negotiation round and the need for appropriateisditators for
agricultural production.
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» DG Regional Policy (REGIO)
e TheEuropean Spatial Development Perspective.
» DG External Relations

e The forthcomingGATT negotiation round and the need for appropriateisditators for
agricultural production.

e Otherlnternationally binding agreements (DG DEVELOPMENT, DG ENVIRONMENT), like
the UN Conference on Environment and Developmeh®82 in Agenda 21 with Chapter 10
focusing on soils, the European Soil Charter (19n8)Recommendation R (92) 8 (1992) of the
Council of Europe, the recent work on Public Peficior the Protection of Soil Resources by the
OECD (1994), the Convention on the Protection efWorld Cultural and Natural Heritage
(1972), the World Soil Charter (1981), the Worlda@kr for Nature (1982), the Convention on
Biological Diversity (1992), the Alpine Conventionaiits protocol on soil protection (Bled,
20/10/98), and the Convention to Combat Desertificail 994).

DG Development

« EUROSTAT

* MARS crop forecasting

« ENVASSO - environmental assessment of soil for manigor
* INSPIRE - infrastructure for spatial information inrgpe

e GMES - global monitoring for environment and segurit

1.3.5 Additional interested parties outside the Commission:

* FAO
» UNEP
 Member State Institutions

1.3.6 Related activities
ENVASSO - Environmental Assessment of Soil for Moitgr This Framework 6 STREP in currently

in the final stages of contract negotiation. Thare 37 partners to the project which is being coatdd by
Cranfield University, National Soil Resources InsgtutK.
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2 State of the art of DSM

2.1 Soil data and auxiliary information2

2.1.1 Introduction

Soil mapping in general requires (i) a predefinediet@f soil formation, (ii) data on soil propertiesdaom
other environmental variables that have signifidemgact on soil formation and thus on the spatial digtion
of the soil properties. In this sense, traditional s@ipping and digital soil mapping do not differ mudBoth
approaches need input data on soil and covariateaathering the environment where the soil formatekes
place. The major difference is the way how the maldeives the soil information from the input dataheT
traditional models are based on empirical studies aadlitgtively defined correlation that formulates antaé
model in the surveyor's mind used to understand andactaize the soil resources. This approach requires
intensive field work. Decisions are made mainly onfiblel, where all environmental covariates can bedliy
observed and information on the soil can be deduddtk digital soil mapping approach is quite similatis
based on hard soil data as well. Like in the trad#@l approach, profile information is needed tontraur
models, and to understand the soil resources of &g amhe major differences, the strengths and also the
limitations are coming from the way how the envir@mtal covariates are represented in the procedigital
soil mapping requires digital data sources as inpuabias for the quantitative models. Jenny’s well-know
equation (1941) identified 5 major factors in thel $oimation, namely the climate, organism, relief, quar
material and time:

S=f(cl,or,pt)

The prediction of the soil variables and a successfukguneeds good quality, adequate resolution input
data. Jenny’s approach focuses on the predictionrtficesoil chemical, physical or biological chamttics
on a given location and did not consider the soih @®ntinuum, where the soil properties at a giveation
depend on their geographic position and also onstikeproperties at neighbouring locations. This fiact
utilized by geostatisticians, who predict soil pndjgs of a given site from known observations neahiy the
point. From an applied soil survey point of vietwe group of the five soil forming factors needs tebkarged
with the addition of the geographic position.

Some soil properties are difficult or expensive tcaswge, but can be predicted with acceptable acgurac
from other soil parameters of the same location. t Weaalso have to consider, where a full picture teabe
painted about the data needs for soil propertys &hproach was followed and summarized by McBragtey.
(2003), who identified 7 factors for soil spatial dogidn:

Soil properties at the same location
Climate

Organism

Relief

Parent material

Age, time

Z » 0T 8OO0

Geographic position

and formulated the so called SCORPAN equation:

2 prepared by T. Hengl and E. Dobos
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$.=f(SCORPAN) and S=f(SC,0R P, A N)

whereS, is the estimated soil attribute value &ds the estimated soil property class. This approsch i
followed here as well to summarize the data needsidgdabsoil mapping.

2.1.2 Soil profile observations in Europe

Existing soil maps and profile databasesin EU

European countries are great reservoirs of existirgeland medium scale soil maps, many still in paper
form (Jonest al, 2005). The major limitation of such kind of déahe lack of exact geographic positioning.
In addition only generalized polygons are availabith potential inclusions of other soil bodies, whia@noot
be represented using the nominal scale. These datzesaften provide only representative data, givimg t
most dominant soil information for the area covergdtie polygon. In a small scale DSM study, large or
medium scale soil maps can be useful for training théemor can be used indirectly to deduce qualitative
quantitative rules and build an expert knowledge thadassification scheme. At the moment, there is an
ongoing joint project between ISRIC and JRC to abliend digitize all the available soil maps for theefi
continents. The work is ongoing and the European@ibe issued in the near future.

Another big reservoir of soil information are the fimfdatabases. Soil profile observations is the
primary soil information that is collected on theldieand represents the most certain information ors soil
(‘'ground truth’). Collecting profile data is the mbtsie-consuming and costly part of the surveyingcpdure.
Such data is theoretically unaltered, unprocesseatittars can be an unbiased input for all type of apptins
using different processing methods. Soil profilesatvations are typicallfhe most valuable part of sail
survey and they represent the major input into the sdispatial inference system(Fig. 1.1). Note that profile
data is crucial for DSM work, but the results of ip@ation can be often poor when non-representatioéles
are used to characterize areas.

In EU, profile data is often collected by nationastitutions. We estimated that there must be over
500.000 detailed soil profiles described over EUntoes in last 20-30 years (Table 2.1). Unfortunateiany
responsible national institutions are not willingdioe this data out easily; instead only processederalized
products are marketed. Unlike in USA, the most ofirenmental data from governmental agencies in BJ ar
‘clouded’ with licence agreements, which do not affieich more than simple viewing or interpretation e t
data (Rossiter, 2004). Often, it is not easy eveouad out who distributes the data and in which farmThe
fact that soil profile data from the national survays not available to public is one of the majorstains for
pan-European DSM projects. There are also gref@relifces in both the measurement techniques as wet as th
storage techniques of existing soil profile data acfesrope (Joneat al, 2005). This has to be addressed
through metadata definitions as well as by developipgrapriate harmonization techniques. In general,
national datasets are fairly difficult to harmoniz&here are successful initiations as well, like the ERA
project, aimed to harmonize soil databases along tinéeb for the Alpine areas, or the Forest monitoring
project, from which an internationally accepted gliite has been set up and being tested to createnatiaed
EU wide monitoring site coverage. Another examipléhe Danube basin project, which now gathers some
8.000 soil profiles (Fig. 2.1) and which will be dsdor flooding monitoring projects [http://natural-
hazards.jrc.it/].

One of the most urgent tasks for the soil science cortynaating on the European scale is to create
common guideline for sampling and characterizing paifiles incorporating/utilizing the results of theoae
mentioned projects. Special attention has to be qutthe representativity of the profile location
(geomorphologic, geological, land-use, land coventpof views) and to sampling techniques (bulk or poin
samples) to ensure representative values.

page 15 of 68



DIGITAL SOIL MAPPING WG Technical report

Table 2.1. Estimated number of profiles per EU counies.

Country <1:200K 1:200K - 1:25K >1:25K Number of Sampling (Inventory or Monitoring) sites
Albania 100% 28%

Austria 63-98% 10-63% 5.000 (F) + 2,500 (A) + 26.000 analyses ...
Belgium 100% 100% 100% 15.000 soil profiles + analyses

Bosnia & H. 100%
Bulgaria 100% 100% 90% 50.000 main soil profiles

Croatia 100% 2.200 soil profiles
Cyprus 100% 100% nitrate monitoring (1:250.000)

Czech Rep. 100% 100% 100% 30.000 soil profiles + 200 permanent plots + 500rest plots
Denmark 100% 100% in prep 8.000 soil profiles (7 km grid) + 393 hegvmetal samples

Estonia 100% 100% 100% 10.000 soil profiles; various monitoring programme
Finland In prep. 30% 28.000 (texture) + 90.000 samples + 2.000 heavgtal samples

France 30% Incomplete case studies ICP Ft (16 km grid, 540 qiis) + ...
Germany 30% Incomplete case studies over 10.000 profiles pexderal state

Greece case studies 3.000 sites for fertiliser mtoring
Hungary 100% 100% 70% 1.200 points (800 A + 200 F + 200 hot spots)

Iceland 100% 75% soil erosion database
Ireland 100% 44% 295 soil points (22% of country)

Italy 100% case studies
Latvia 100% 100% (A) 2.547 points (5 km grid); various monitang projects

Lithuania 100% farm level 7.000 profiles + various monitoring pojects
Luxembourg 100% 100%
Macedonia
Malta 100% 280 profiles (1km grid) + 350 profiles + 800 sodamples
Netherlands 100% 100% 55% various monitoring projects

Norway 9 km grid (F)

Poland district level 2.000 (F) + 5,700 (A) + 100 mineral soil samples + 216 plots
Portugal 100% 35% case studies 800 described + 100 analyzed + erasisonitoring
Romania 100% 80% 20% 4.200 + 942 profiles (16 km grid) + 1.200 pedo-g&temical

Serbia 100% Case studies some monitoring
Slovakia 100% 100% 18.000 soil profiles + 330 (A) and 280 (F) monitirg points
Slovenia 100% 100% 100% (A) 1.700 soil profiles + pollution (2 and 4m grids)

153 rfles.» 2000 e s 20000 crem 1
Sweden 1% (A) ICP Forest soil monitoring (no. osites not known)
Turkey irrigation

UK 100% 30% case studies 6.000 soil profiles + 9.000 natior{gkm grid) + 2.200 sites...
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Correlation of the existing profile databases

Correlation and cross-bordearmonization of the national profile datasets wouldbe the most cost
effective approach to create an EU wide profile datbase However, there are serious constrains: due to
'uncorrelatable’ variables used in different nati@yatems and also due to varying uncertainty withirdttaset
(see Table 2.1). A thorough statistical study onDhaube profile database collected for the Flashflvodel
within JRC would be an ideal pilot study to test gtential of 'bias-corrected' international pm@fidatabase
compilation (Fig. 2.1). In the meantime, bilateh@rmonization studies could be initiated as weltetst the
correlation on the simplest setup, having only tymes of data, which can be later compared on a mudérwi
scale. In a mid term view it is necessary to builthuy soil profile database for European use that dslable
both for correlation and harmonization studies amdiériving thematic soil property layers to Commissisa.

=\

Fig. 2.1. The Danube basin soil profiles with integrigd national soil survey profiles. Note how striking ee
the differences between the sampling densities, sammidesigns and representativity of the point samples
between the neighbouring countries.

Existing or new surveys?

Although some datasets are already available at J®Gxample SPADE), most of the countries keep
their data confidentially, often without a clearstdbution policy. In addition, many countries hawmet
translated the local classification systems to thenat@nal one (WRB), which might ask for additioeéforts.
The SPADE project is in that sense a real step fatwawever it, at the moment, consists of only 4886iles
sparsely spread around the EU continent. The numbgrofifes needs to be increased by 3-4 or more time,
especially by the data from France, Germany, Spadhlialy. Integration and merging of such a laageount
of subsets might be very time and resource consumindactna serious question is weather the soil data f
different EU countries can be integrated and impraatesll|?

In principle, it would be relatively hard to runliedle interpolations by using point data with lesarnth
2000 profiled and without covering at least 80% of the EU comtineThe Australian team (Hendersenal,
2005) has, for example, used over 150.000 profile rebiens to make the soil atlas of Australia
[http://audit.ea.gov.au/anra/]. US Geological ®yrworks with a Geochemical Survey point database tha
consists of some 60.000 measurements [http://tin.ex.gggeochem/] of heavy metals and similar soil
attributes. Similarly, the DSM WG stresses the regoéent for new data collection. The DG Environmieas
just started the Forest FOCUS BioSoil project whdseu& 8.000 detailed soil profiles will be collected,
regularly spread over all EU countries. Such dégthnot only have multifunctional use, but it witle highly

® This is because each predictor requires at léas0Imeasurements and we also need to diminishcingfautliers
and unrepresentative profiles.
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usable due to a high consistency of methodology ofpbag) description and laboratory analysis. If aiEm
project would be implemented for the agriculturatl amban areas, we would be able to have a consistdnt
profile data set with probably more than 20.000 isfof high quality and ideal consistency. Suchaseits
would revolutionalize the DSM mapping over EU arduce the existing data gap between the EU and USA o
Australia.

2.1.3 Auxiliary sources of soil-related information

Typically, there are four major groups of the aiaxit information: climate, organism, relief, parent
material and time. McBratnest al. (2003) further added to this list the geographiaahtion of the soil profiles
and the available soil properties that show coiiaatith the ones to be estimated. These are therrimputs
of a statistical framework — also known as SCORPADNsed to predict soil variables at each location of the
study of interest. SCORPAN is a conceptual model ibfspatial inference. In practice, we work withdages
or maps that come from different sources, different caoniggaor technologies. A common spatial prediction
technigue that can be used to apply SCORPAN mad#ie regression-kriging (Fig. 2.2.), which we use to
illustrate the general flow of data through the syste estimate the unknown soil parameters. These models
assume that there is a stochastic relationship betwageyus predictors and target soil variables, althdughn
also be used to improve the deterministic models bfsoiesis (Hengtt al, 2006).

SOIL PREDICTIVE
COMPONENTS

DIGITAL ELEVATION
MODEL Derive terrain parameters:

Ly slope, curvatures, CTI,
FT P solar radiation, etc. %

Wy revore sesinc Coponen
INDICES Analysis

Global coverage .
o Prepare a multi-temporal

dataset that can be

FT P filtered fqr s_easonal —
variation

CATEGORICAL
PREDICTORS
ECOHVBH classes to
indicators
PROFILE
OBSERVATIONS Analyze relationship

between the predictors
and soil variables Regression
" "\ modelling

Compare and evaluate

L—— /717777

117777
Y 7777777
Estimation
error

Fig. 2.2. Example of data-flow used to interpolate flovariables from profile observations using auxiliary
information (the regression-kriging model).

Spatial
prediction

Variogram
modelling
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In practice, we deal with about three types of so¥ilary information (in statistical terms 'predics):
(a) remote sensing images; (b) topographic informatiwth @) thematic maps interesting for soil mapping
(Table 2.2). In this case, also (traditional) soiirtEdtions can be considered to be just another tfyearxiliary
information. In further text, the three main grougfsauxiliary information and its applicability foros
predictive mapping and small and medium scales/respiutidgll be described.

Table 2.2. General sources of auxiliary information foDSM applications at EU scales.

. . . . Coarse
Data type data sub-type Detailed resolutions Medium resolutions resolutions
<20 m 20-200 m
( ) ( ) (>200 m)
Multi-spectral imagery IKONOS, SPOT LANDSAT, ASTER MODIS, MERIS
Remote sensing imagery Hyper-spectral imagery AVIRIS
Rad d radi tri Ai EM
adar gn radiometrics irborn ASAR, MWR
imagery LIDAR
L ) National mapping
Topograph Topographic information RTM TOP
pograpny pograp agencies S GTOPO
Climatic variables National meteorological MARS

Auxiliary thematic maps

Vegetation / land cover
maps

Geological and parent

agencies

CLC1990 100 m

Geological surveys

CLC 1990 250 m

FOREGS

material maps

Soil delineations Regional soil surveys National soil surveys ESBN

Climate Data

Climate data are usually punctual and provided wittoarse resolution, from 2 km for national scalk soi
map to 50 km for European data-MARS Data (Genov28@]). These data are derived based on the ground
measurements coming from more than 6000 stations ditdbn 48 countries. Common climatic variables tha
are regularly observed and mapped over whole EUnairimum and maximum temperature, cumulated mean
temperature, mean temperature, precipitation, piateetapotranspiration, climatic water balance, glob
radiation, snow depth and similar. The MARS Data lew also information about annual phenological
calendar in order to put in relation climate atitds with vegetation cycles. Considering soil proes, climate
can explain soil functions and threats of soil liké particles loss, weathering and erosion of soil, feofility.

Remote Sensing images

The literature review (McBratnegt al, 2003) indicates the following major soil propestishowing
relatively high correlation with remote sensing gea: iron-oxide content, soil organic matter contsat
content, parent material differences, soil moistunetent, and some chemical and physical propertiespit,
calcium-carbonate, mineral N, total carbon, totad available phosphorus, clay- silt- and sand conteBtsme
soil properties are directly related to the surfeaeur and thus relatively easy to map when theisdibare and
visible spectra is used to detect the colour. Imeide@ and organic matter content, and partly thé reoisture
contents and soil texture are good examples of ©#her soil features, like many of the chemical proesmof
the deeper horizons, can be detected only indirgtitpugh the type and the condition of the surfaagetation.
These relationships are often indirect and explass lof the total spatial variation than the one ffer goil
surface properties. Many lab-spectrometer simulations haen carried out to identify the spectral refiecta
changes of soils due to certain physical and cheraltadation of the soil. These studies concluded fogmit
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relationships between remote sensing images angregiérties and proved the primary importance otthave
mentioned properties in determining the spectral respof soils (Ben-Dor, 2002).

Although it was originally expected that remote segsvould revolutionize soil mapping, as it had done
for vegetation mapping, the direct derivation ofl ppoperties from remote sensing data is still limitecateas
of low vegetation cover, such as grasslands, semi-deserdgricultural plots in fallow. Apart from some
specific cases, such as using radar images to map sistungocontent, it has not yet proved possible to use
images of visible and infrared part of spectra digect map soils in all parts of the study area. Thidue to the
complex illumination structure caused by terraioud interference and atmospheric attenuation, fteatance
of vegetation. Until the day, many types of sensangelbeen used for soil studies. Majority employed high
spatial resolution sensors, the Landsat TM with 30 miéterSPOT with 20 meter resolutions and IRS LISS I
with 23 meter resolution. There is no overall agredrrethe literature about the selection of Landisatds for
deriving soil information. Some authors mention ahtls as significant information sources, while other
highlight the outstanding performances of the greeth,and especially the thermal infrared bands. tfbamal
band of the Landsat TM has shown to be significambintributing to the separability of soil categoriesotigh
its ability to characterize the clay, organic matsar iron-oxide content of the soil. Active remsénsing, like
radar sensing has been successfully used for surfaceustrmetasurement, and also for measuring direct soil
properties like surface roughness and soil moistureeots

Compound remote sensing indices such as NDVI, whateglly reflects biomass status, have been
shown to correlate well with the distribution of tbeganic matter or epipedon thickness (McKenzie & RRya
1999). Even the coarse (1x1 km) AVHRR data have shovbe useful for mapping the clay content, CEC, EC
or pH (McBratneyet al, 2003). A logical further development was to camebDEM-derived and remote
sensing data to improve prediction models (Dodioal, 2000). The use of combined terrain data and remot
sensing imagery has been especially interesting foiumedcale-surveys (grid resolutions from 20-200 m),
although there have also been an increasing numbéeldfsite (precision agriculture) studies. It isal
important to use the multi-temporal data sources to dinetemporal changes of the environment and increase
the separability between soil types based on thedesh changes occurring in the soil forming enviremm
Although, individual images often show tremendous amamf spatial detail, the use of multi-temporal RS
databases complemented with terrain information is loded to be essential for deriving reliable soil
classification categories (McBratneyal.,2003).

In the last few years a new era of very high spatial spectral resolution remote sensing has become
available. Sensors, like AVIRIS [http://aviris.jplsaagov], are already used for soil characterizatiaafos-
Oruetaet al,1999). In addition, we have now a possibility takemé&mages not only of surface cover, but also of
the sub-surface and even deeper sub-surface. This iblpoaéth the useof gamma radiometrics and
electromagnetic sensors Many successful studies with such sensors have begedoaut world-wide, mostly
in Australia. This data was also used recently indridlfor the 1:250.000 scale soil map of Finland. Adyo
model how should be the new soil/geological surveynedds, for example, the TELLUS project
[http://www.tellus.detini.gov.uk], which is the Geoysical/geochemical survey project for the Northieetand.
TELLUS consists of two parts: (a) ground survey Hemion of soils samples, waters and stream sediménts a
1-4 sites per kfi and (b) airborne survey — an aircraft equippedhwiaignetic field gradiometer, 256 channel
gamma-ray spectrometer and 4 frequency electromagite¥) system. The large amount of images showing
not only surface but also the subsurface featureshailcorrelated with the field measurements to produce
accurate maps of soil texture, parent material, miogyabnd current and paleo-hydrological soil prapsrt
Note that collaboration between the soil mappersgealogist could also be extended to vegetation nmrappe
and similar environmental sciences — the cost of tirgeg can be seriously reduced if joint projects are
conducted (one aircraft — multiple sensors, one Sefrvey — multiple analyses).

One of the most interesting data sources of remotergedata for pan-European mapping is the MODIS
imagery that has relatively coarse spatial detaiO (B), but excellent temporal coverage (images alvkil
every 15 days). In addition, this data is freelytribsted via the NASA's Distributed Active Archiveefitre
[ftp://e0dpsOlu.ecs.nasa.gov]. The original MODI&ad&e prepared in the Sinusoidal projection systétm w
WGS84 ellipsoid. The true advantage of using meltiporal EVI set is that different vegetation typesl land
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farming practices can be incorporated in the modglihsoils. Assuming that vegetation and organism are a
important soil forming factor, such information campplement pure terrain parameters for spatial preaiaf
soil variables.

Digital elevation models and terrain parameters

Relief or topography can be characterized withube of digital elevation models (DEM). DEM is used
to derive quantitative measures of soil forming psses, also called terrain parameterization. Thipi®eess
of quantitative description of terrain by terrairrgraeters. These can be derived using various digwsithat
quantify morphological, hydrological, ecological damther aspects of a terrain. In simple terms, terrain
parameterization is extraction of terrain parametesing input digital elevation models and terrain
parameterization software. Extracted terrain pararaetan then be used, for example, to improve mappitg a
modelling of soils, vegetation, land use, geomorphioland geological features and similar. There are
relatively simple and easy to derive terrain pararsgthe slope gradient, aspect, curvature) and thiersceme
more complex ones which are derived with the combinge of the primary terrain parameters. The primary
features are direct descriptors of the terrain featdilee the slope, curvature or aspect, while seconidatyres
describe more complex characteristics of the lamdfavhich are linked to certain terrain-regulatedgasses,
like stream power index or the compound topograjiex (CTIl). These features can be used to estimate
potential soil loss or sedimentation and also for wdating "terrain-adjusted” climatic variables, like
temperature, solar irradiation, long wave surfackat#n, reflected radiation, which are importaattbrs in the
energy balance of the surface and thus in the swildtion. A thorough summary of these secondary Viasab
and programs that calculates them can be found ibdbk of Wilson and Galant (2000). The terrain fezdy
like slope or aspect, which are recognized as leairegs of the soil formation within a relatively smatka,
show significant relationship with soil attributebut often represent low predictive value when used
individually. However, when these terrain variabdes combined in one model, the predictive valuereése
relatively high. The use of digital terrain paramgt&s soil predictors is certainly not only the waprgfanizing
our soil-landscape knowledge, but one of the mostepfuvways certainly.

The terrain defines the way how the water moves
through the landscape and transport soil materiaslid
or soluted forms. Thus, the variables, which contifods
way of water flow have the greatest significance in
explaining the spatial distribution of numerous soil
properties. The majority of the studies use slope
gradient, curvature and CTI variables among others,

The most common terrain parameters:
Absolute elevation

Relative elevation (surface roughness)
Slope / aspect

Curvatures

Specific catchment area

Length of slope

Distance from the waterway
Height above the closest waterway
Potential drainage density

Generic landform shapes

Wetness index or CTI

Stream Power Index (SPI)
Drainage Proximity Index (DPI)
Accumulated Flow Index (AFI)

which are proved to describe these water-movement—
controlled material transport through the landscape.
Many of the soil landscape elements, variables have bee
translated to DEM-derivable format. There is a gand
commonly accepted toolkit of digital terrain valied

but the need to develop new variables and appreache
improve our capability of soil-landscape modelling and
decrease the unexplained portion of the soil-landscape

Sediment Transport Capacity Index (STCI) relationship is still evident.

Incoming solar radiation One of the most limiting factors of the use of the

DEM is its accuracy and spatial resolution. Différen
DEM resolutions and DEM derivatives were investigate
and evaluated for use in soil studies. McBrateewl. (2003) suggested a way to relate resolutions and the
corresponding cartographic scale and extent of tilndysarea. Predictive relationships developed atswade
might not be useful for prediction at different ssalelhat may limit the use of terrain variables deped for
large scale in small-scale studies. The majority ofstinelies were carried out in the field or small watedsh
scale. Ten out of the nineteen cited “DEM-paperstuse original grid spacing of less than 20 meters, 7 of

Solar radiation hours
Relative wind exposition
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them used 20-50 meter resolution, while only threeducoarser resolution DEM (100-1000 meter spatial
resolution) and carried out regional or continestalle studies. Many of the papers stayed with velsthigh
resolution DEM to keep the study area small enouginsure its lithological and climatic homogeneity and
minimize the noise or error of the prediction modeherated from the non-terrain origin variabilitytbé soil
forming environment. With increasing study size, phediction error for pure digital terrain varialdentaining
model is always increasing.

At JRC, a Digital elevation model (DEM) of the Eldshalready been prepared from the SRTM at 90 m
resolution and topographic survey data (for Scanifamacountries above 60° N latitude). Although STRM
DEM defines a surfaéeather than a terrain model, this is one of the mossistent and most detailed sources
of topographic information. Further improvementshie SRTM data are expected over the next coupjeafs.
There is an ongoing work within JRC to create afdtl and adjusted 100 m resolution DEM for the whda a
of Europe. A coarse spatial resolution DEM withrih grid size is also available. Note that there is &
higher resolution SRTM DEM, i.e. the original, presed Shuttle DEM with a 30 m resolution. Howeveg, th
access to these data is still limited for the EU contin€ertainly the integration of the DEMs derivednfi the
national topographic surveys (contour lines from 125K topo-maps) and RS-based DEMs is the step that
needs to be undertaken before actual extractiverain parameters.

2.1.4 Conclusions

A large amount of both soil and auxiliary data idayp available at pan-European scales. In the dase o
soil data (soil profiles), a serious effort needs talbee to integrate all existing national surveygroduce a
coherent soil profile database for the EU. A retgvquestion is whether the soil data from different EU
countries can be integrated and improved at all? ®fiaitively hope to find some kind of compromiseweén
the data quality, accessibility and coverage. I thdes not prove to be successful, we should also ewnsid
using data from new surveys (see for example BioSwild) well described and harmonized/consistent soil
mapping methodology — from sampling designs to laboyaanalysis and interpretation of results. [If mikir
project would be implemented for the agriculturatiairban areas, we would be able to have a consjsa@nat
European soil profile data set with probably morantl20.000 profiles of high quality and consistenghis
could then be used to produce images of key primailysanondary soil properties at fine resolutions of 12850
or better. The biggest cumbersome to run intetjpmlaon the 250 m gridwould be the computational
complexity. Running, for example, regression-krigom the 1 million pixels can easily last over 12 lsowiot
to mention the 100 million pixel grids. Still, Auatian teams have shown that it is possible to wortk w0
extensive data and produce usable products (Hendetrsdn2005).

There are three main sources of auxiliary informati@i can be used to improve the spatial and themati
detail of existing maps: (a) remote sensing
The most important data sources for pan-European DSM are: images, (b) topographic images and (c)

. National soil profile databases; Forect FOCUS BioSoil profile auxiliary thematic maps. The terrain
database and similar;

parameters are DEM-derived products that
can be used to quantify the (geo)morphology
of the terrain (soilscape or soil-landscape),

*  MODIS multi-temporal 15 days composites (250 m resolution); €. a_ccumUIat_lon and depos.,ltlon_ potential, or
. Soiltype, geological and land cover maps and images to adjust the influence of climatic factors on

produces at similar resolutions the local terrain. The remote sensing images
reflect the overall environmental conditions,

*  (SRTM-based) Digital elevation model of Europe at resolution
of 90 m;

. MARS meteorological database of Europe;

4 SRTM DEM shows the surface of all objects scanmsedthat forest and urban areas are shown as tpiugr
features, which means that such areas need teéitzut.

® The 250 m grid is about 18514x18294 pixels (33-8#); in the case of 1 km grid resolution there 4628x4573
pixel (2-21 MB).
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type and conditions of the vegetation influencedtly soil properties, surface roughness, colour, moisture
content and other surface characteristics of soildik&lthe soil profile data, auxiliary data areealdy available
and ready to use without a need for calibration hatmonization. Many remote sensing images of the
considered scale are today available even at no déspecially SRTM DEMs (Farr and Kobrick, 2000) and
(MODIS) vegetation indices are rich sources of aarjlidata, which can be downloaded at no cost viSNA
Distributed Active Archive Centre.
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2.2 DSM models?®

Digital soil Models are the set of inferences - #melr combination - that aims to predict secondail s
properties from sets of soil data and auxiliary ighariable describing the variations of the sorhfiing factors
over the mapped zone. A lot of research has beea dorthese models since the early 1990’s and exhaustive
reviews of these models are now available (McBraategl, 2003; Scull, 2003; Waltest al, in press). We are
now moving toward the use of these models for the @ffeproduction of digital soil information overgiens,
nations and continent (Henderson and Bui, 2005hémerspective of such an operational productien;'soil
functional mapping”, for Europe and for its state mermalwe shortly describe in this chapter the diffetgpés
of available soil models and their possible intdgratin a future spatial soil inference system thatildo
progressively replace the geo-referenced soil datbaurrently in use in Europe. In view of reachimg
perspective, some preliminary tasks that could bleded in a next research program are finally present

2.2.1 The different types of DSM models

Fig. 2.3 shows the different types of DSM models that wsed in Digital Soil Mapping. A first
distinction between DSM models is made according tongtere of the inference they concern. It is thus
distinguished (1) Spatial inference models or saonpedels that produces soil class maps and maps of soil
properties from soil observations and auxiliary spatariables and (2) soilscape inference models dbatit
models which derives new properties from these preljoproduced outputs. These two types are briefly
examined in the following.

Soil Spatial Inference System Soilscape Inference System

Auxiliary soil
data Soil classes

Secondary soil
i
v properties
Primary w
soil data Soil properties

Fig. 2.3. The different types of DSM models (after Lgacherie & McBratney, in press).

i

A

I

Spatial Inference models

A detailed inventory of these type of models ("scorfanctions") has been recently presented by
McBratneyet al. (2003). They propose a general formulation of teedels through the equati@+ f(Q) + e
where S stands for soil class or soil attribut®, is the scorpan predictor variables included in thgiliary
database (see §3.1), amib the prediction error. The general approaclestablishing these functions is to take
m observations oS in the field at known locationx,[y] and relate them with some kind of function to adfet

® Prepared by P. Lagacherie.
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pedologically meaningful predictor variabl@swhich will generally be a set of variables or dafgers of sizeM

at locations X, Y] from the auxiliary database with thg, y] O [X, Y. Once the model is fitted at thm
observation points, the predictions can be extendeédeM points or cells in the raster layer thereby giving a
digital map. The efficiency of the method reliestba fact that hopefully m< M and becaus8is much more
difficult and expensive to measure than e A number of possible soil models have been propésed
predicting either soil classes (tblass Scorpan Functigror soil propertiegProperty Scorpan FunctiopsThree
great ways of building such models can be roughlyrdjatshed:

. the “data-mining way” — that consists in discovering from a training sedafa the unknown
relationships between the predictor varialilesand the predicted variab& The hypothesis made by
this approach is that all the required knowledgestatdish soil predictions is contained in the data and
can be extracted if a sufficient amount of trainthega can be collected. The most frequently data
mining models used in soil science are multiple regon (e.g. Mooret al, 1993; Odelet al, 1994),
classification trees (Beét al, 1992), and neural network (McBratnetyal, 2000; Zhu, 2000; Behrens,
2005). Because they are fully generic, such modelswell documented, largely implemented in
statistical software and possibly coupled with GIS.

. the “geostatistical way” — initially proposed in soil science for interpatat soil properties from
dense sets of soil observations collected over smadisageostatistical models have been further
extended to larger areas where spatial variations exbits trends. To deal with these more
complex situations, more sophisticated models such assagnekriging (Odelet al, 1994) or Kriging
with external Drift (Bourennannet al, 2000) using layers of predictor variabl@shave been tested.
Their theoretical advantage over the data miningetsoid that their soil predictions integrate not only
the correlations witl@ but also the spatial correlations between the sgiéntations.

. the “soil surveyor way” — consist of building the relatiors= f(Q) + e from the knowledge of
soil surveyors having substantial experience in argregion. Several methodologies for capturing
this knowledge have been experimented (see a revieWadlteret al, in press): narrative models
translated into a set of rules “if conditions on @rttprediction on S” (McKenziet al, 1999, Coleet
al., 2004), Bayesian belief networks (Skidmore, 1991)zFunference systems (Zhat al, 1996),
conditional probabilities derived from existing soil psa(Lagacherieet al, 1995). Some hybrid
approaches have also been tested, which consistbedging soil surveyor knowledge in data mining
models (Lagacherie & Holmes, 1997, Batial, 2003) or geostatistical models (e.g. Voltz & Wehster
1990) through the use of existing soil digitised swéps as input data.

Soilscape inference models

This section only addresses the pedotransfer functiomsthe soilscape inference models that are
currently used in Digital Soil Mapping. The uses arenspecialised environmental models that are included
above in the definition of soilscape inference medgles far beyond the topic of this review and thesnat
described here. The following summary is an exaefrpt previous paper written by Lagacherie and MaBrat
(in press). Pedotransfer functions (Bouma, 1989) aipnedict hard-to measure soil properties, that areired
by the soil data user, from primary soil properti€shey have become a ‘white-hot’ topic in the arésail
science and environmental research. Reviews on thelagenent and the use of pedotransfer functions,
particularly for predicting soil hydraulic propers have been given by Rawés al. (1991), Wdsten (1997),
Pachepskgt al. (1999), Wosteret al. (2001) and McBratnegt al. (2002). Wdstert al. (1997) recognized two
types of PTF based on the amount of available infaamanamely, class and continuous PTFs. Class PTFs
predict certain soil properties based on the clasguftgx horizon, etc.) to which the soil sample bgkn
Continuous PTFs predict certain soil properties asrgiramus function of one or more measured variables.
McBratneyet al. (2002) proposed a more detailed classification thebwants for the crisp/fuzzy nature of the
inputs and outputs.
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Beside pedotransfer functions, other non spatiarérfce models have to be considered too:

The Class-to-Primary Properties FunctiongppF) aim to describe the content of pre-defined soil
classes with respect to the primary soil propertiesthiase determined classically by soil observations.
They can be considered as a makeshift solution foribesg unmapped soil patterns.

The Soil Allocation FunctiongsaF) aim to allocate soil individuals to pre-existinglsdasses using a
set of soil properties that can be provided eithefiddg observation or by a scorpan estimate. This is
useful in situations where the soil map that would gl®\the soil class is lacking and where the soll
class is required to apply class-to-secondary propedyptransfer functions

Soil Spatial Inference System Soilscape Inference System

Function
database

Auxiliary database

- terrain parameters

- remote sensing images
- auxiliary maps

\

Function
organizer

Soil database

- profile description
- laboratory data

- soil-type maps

- soil thematic maps

A

*Activate functions

matching the best

with users’ request
according to the

A organizer criteria

\

Prediction

USER INTERFACE

| —

New maps

New data
type date

[y
>

L —1
User /

Fig. 2.4. Spatial Soil Inference System as output &figital Soil Mapping (after Lagacherie & McBratney,
in press).

2.2.2 Spatial Soil Inference System and Digital Soil Mapper

As seen from Fig. 2.3, many pathways are possiblereédigt secondary soil properties from soil
observations and auxiliary data. Furthermore eathwzey can be performed diversely since each type of
models including itself several alternatives. It seearg unrealistic to select among this diversity a kihbest
DSM models that would run properly whatever the stadya and the data configuration across the whole
European territory. Therefore, our alternativepmsal is to move toward a Spatial Soil Inference Syst
(Lagacherie & McBratney in press) that makes the DSddlels cooperate to produce the best possible soil map
according to the available input data and to théusar request. In this section we set the principfethis
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Spatial soil Inference System, seen as the addingDifital Soil Mapper to the Georeference soil dagses
currently used in Europe and elsewhere in the world.

A Spatial Soil Inference System would incorporate basic entities within a common user interface: A
Spatial Soil Information System and a Digital Soéper (Fig. 2.4).

Spatial Soil information System (SSINFOS)
A Spatial Information System includes two components.

a) A Geo-referenced soil databaswith various types of soil information: soil profitkescription and
laboratory analysis (preferably at georeferenced sitfigjtised soil maps, images of primary soil
properties, e.g. clay content, pH, etc., and imagesegobndary soil properties, e.g. infiltration
parameters, field capacity, lime requirement etc. niinber of such soil databases now exist as
reviewed by Rossiter (2004). The European Soil Regalis an example of these soil databases.

b) An auxiliary database of predictive co-variableq(i.e. soil forming factors) that are available over
the area of interest. McBratney al. (2003, §4) provided a detailed inventory of theagables, -i.e.
“the seven scorpan factors™ and of their sources:rimétion on soil themselves by remote and
proximal sensing (s) and data layers of environmerdghbles, i.e. climate variables (c), vegetation
and land use (0), relief (r), parent material (pg agelapsed time (a) and spatial coordinate alone (n

Digital Soil Mapper (DSMAP)
A Digital Soil Mapper includes a numerical formtbie knowledge required to infer new soil data from
the one already available in the current SSINFOISee components are identified (Fig. 2.4):

» A function databasethat consists in a set of spatial and a spatial fumstior predicting soil types
and soil properties.

» A function organiser that collects arranges and categorizes the functigthsrespect to different
criteria (nature of input, nature of output, validarea, expected uncertainty of prediction....)

» A predictor which consists of an inference engine that succdgssetects and activates the soil
prediction functions according to a user requesttarttie criteria attached to each function. This ca
be an interactive tool in which users play an actisle in selecting themselves ad-hoc prediction
functions from their own knowledge. Different awgdile functions that are able perform the same task
can with this tool be compared on the basis of trwn performance on a per prediction basis.

The association of these three components forms theaD&pil Mapper that provides the possibility of
exploiting any new data which are added to thei8pdvil Information system in a given study areantérest,
i.e. a new scorpan layer, or a set of soil obsematpovided by a user or by the spatial data infuasire. As
these new data are integrated in SSINFO, DSMAP adutgrgssively to SSINFO more precise digitised soil
maps and images of soil properties that will progressivptiate the former ones.

2.2.3 Research Agenda:

The spatial soil inference system described aboaeisrspective that cannot be considered as theofjoal
a three year research program. However, some preliyniesearch tasks can be defined that would help to
move toward this goal. These tasks are defined fterea
1. Building theDSM library — This library will contain the most current and pising DSM models

that have been tested within this past 15 years. TDh&8& models will be accessible through an

appropriate user interface and will be fully docutednso that they can be handled by a large panel

of potential users. A list of metadata that degcdbch models have to be fixed. Items may include

the nature of input and output of the models, tf@ims, indicators of quality of their outputs. The

DSM library will be coupled with GIS to ensure theta input/output
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2. Setting pilot areasacross Europe with harmonised datasets - The pilet @ regions of Europe
in which Digital Soil Mapping will be tested to asseits feasibility. They will have to be
representative of the diversity of situations that &@ encountered in Europe, both in terms of
pedology and in terms of data configuration. Thely mé preferably located in areas where there is
already a sufficient amount of soil data in ordeemsure the application of a large number of DSM
models as well as their validations while limiting taxperimental costs. Furthermore, they will be
preferably located in regions where a functional swapping is needed, and ideally, has been
already undertaken, so that the usability of the DBddiels could be evaluated too.

3. Testing DSM modelsand combination of DSM models - The goal is to idgrgeneric rules for
selecting the more appropriate DSM model combinatwitts respect to the nature of the variations
of the soil cover to be mapped and to the data cor#ign of the study region. This expertise will
be further integrated in the digital soil mapperontination of DSM models able to deal with the
multi-scale nature of the soil variability at regibrscale will be particularly considered. The test
will be performed over the whole set of pilot areasview of modulating the evaluation with
consideration of the pilot areas characteristics.
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2.3 Accuracy assessment1°

Soil mapping, be it conventional or digital, candotwithout a proper accuracy assessment. There is no
use in producing a soil map without providing infotioa to the user about the associated map qualityhe
map accuracy is not specified, then users may betéehtp use a map for purposes for which it was not
developed and may take wrong decisions. In the pasts have come to appreciate the quality of ansaf
from acknowledging the reputation of the instittitat produced the map or from a general descriptomained
in the legend to the map, but at the present time tisea need for more detailed and precise commuoitafi
the accuracy of soil maps. This is particularly tru¢hie case of digital soil mapping, because digitdlreaps
are used for many more purposes than just a visualrpaties of the soils in a region. Digital soil megre
used as input to a variety of models and analysegaoate the status of the environment, such as faligiiieg
erosion and groundwater contamination, or for assessiadiversity. Errors in the soil map will propagate t
the results of these analyses and can potentially d inarm. If soil maps are used in decision making) the
the errors can lead to erroneous political decisibtSRIRE, 2002, p. 17).

Digital soil mapping (DSM) also needs accuracy assessfoerttvo other reasons. First, DSM is a
relatively new approach to soil mapping that is ripittveloping but that yet needs to demonstrateithatrks
in a variety of situations. It needs to show thataih produce maps of the soil that are equally goduktier
than conventional soil maps, at the same or cheapeneg. This can only be done convincingly if theieacy
of the DSM products is assessed and communicated irfialslerand transparent way. Second, as was pointed
out in the previous chapter on DSM models, DSM ingslgelecting for each application the best DSM model
among a large set of possible ones. In order to mgkstiied choice, the accuracy associated with edi¢che
candidate models for a given application must besknoThus, accuracy assessment is a prerequisitedpep
evaluation and comparison of different modellingra@ches and for striking the balance between costs and
accuracy.

The purpose of this chapter is to present a methoddtggccuracy assessment of DSM products. The
methodology will be largely based on the existingtigbaccuracy assessment literature, which has been
developed in GIS research over the last decades Gogdchild and Gopal, 1989; Guptill and Morriso@9%;
Heuvelink, 1998; Heuvelink and Lemmens, 2000; Foady Atkinson, 2002; Heuvelink and Burrough, 2002;
Hunter and Lowell, 2002; Skt al, 2002; Longleyet al, 2005; Heuvelink and Brown, 2005). Also, it draws o
the pioneering work by Marsman and De Gruijter ()9%8&d a recent paper by Finke (2005), which addtess
same issue. In this chapter, we first define the D&duyrts for which an accuracy assessment is to be derive
Next we present accuracy measures for these productdisoubs ways to estimate them. We also discuss
stochastic DSM methods which quantify the accuracgaated with the resulting maps by means of a predlicte
accuracy, and discuss spatial error propagation iggebs that allow analysing how uncertainties in digital
maps propagate to policy-relevant products thatheseoil information as input (i.e., maps of soil fumets and
soil threats). We conclude the chapter with a rebeagenda.

2.3.1 DSM products

The main DSM products and all that we consider is thapter are static, two-dimensional maps of sail
types and soil properties. These maps can be represerted fundamentally different ways, namely eitlsr
maps ofobjectsor asfields (Goodchild, 1992). In the object approach, the isgmpulated by simple objects -
points, lines and areas - that are characterised bygdemetrical and topological properties and byrthen-
spatial attribute values. In the field approactrehare just fields of attribute data, without defgpiabstract
geographical objects. The attributes of the objacts fields can be numerical as well as categoricdle T
distinction between objects and fields is importaeicduse fields can only have attribute uncertainty
(notwithstanding that positional uncertainty carthoe source of attribute uncertainty in fields); wées objects
can have both have positional as well as attributemainty (see next section).

10 prepared by G.B.M. Heuvelink.
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It is important to acknowledge that attributes ofeats and fields always have a so-calkegbport
associated with them. Here, the support refers tosibe, shape and orientation of the entities that are
represented in the map (Webster and Oliver, 1990Q9)p. For example, a raster map of the organic matte
content of the topsoil (0-30 cm) must specify whetther values represented in the map refer to the mrgan
matter content at the centre ‘points’ of the gritl ¢g., a soil sample of 200 gram) or to the avemmgeanic
matter content within the grid cell (or to the age over a smaller or larger area than the grid fllthat
matter). Likewise, a polygon map of soil types musicey whether it represents the dominant soil type pe
polygon or the soil type at each and every poinhiwithe polygon. These are principal differences ttan
affect greatly the accuracy assessment. If, for exangpler 50 per cent of the points in all polygons il
map have the specified soil type then the ‘dominaitttgpe map’ is error-free, while up to 50 per tefithe
locations in the map may have the wrong soil type.

2.3.2 Accuracy measures for DSM products

In this section we present measures that characterigetheacy of DSM products, as seen from a DSM
producer’s perspective (Finke, 2005). These measuresafigl not only because they quantify the accurdcy o
DSM products, but also because they provide necessfanynation to decision makers who wish to analyse
how the uncertainty in DSM products propagateseived products, on which decisions and policy measures
are based.

Positional accuracy

Positional accuracy in a soil map needs to be coridenly then when the map takes an object
representation of the real world. In most practzases these objects are the soil mapping units, losgd
polygons delineating areas of the same soil type. Assuthat these objects indeed exist and can in planci
be identified in the real world, the boundariestaf bbject will have a positional accuracy that canmeasured
and quantified in various ways, notably through festpy distributions of observed errors in the x- and
y-coordinates of the boundary or through confidentervals such as the ‘epsilon-band’ (see &lal. 2002 and
Longley et al. 2005 for introductions). In practice, the freqoeristributions associated with all boundary
points in the map are unknown and need to be estinfrateda sample of independent validation data.

In characterising positional accuracy we have assuhadhe real world is populated by crisp objects.
However, in reality soil units are rarely separatgaisp boundaries but gradually transform from o tinto
another. Such objects may be modelled by a vagaey(fuepresentation (Lagachegeal, 1996; Finke, 2005).
The degree to which a location is part of an objeeh depends on its membership value, which campe a
number between 0 and 1. Fisher (1999) makes a cadesfimguishing between fuzziness and uncertainty. In
case of vague or ‘fuzzy’ objects with gradual bouieta the associated positional uncertainty may be
characterised by associating uncertainty with thetiposbf the isolines of equal membership value facte
object. However, a much simpler solution in situaiarhere there are no clearly distinguishable spatjalct®
(i.e., soil mapping units) might be to put aside thgct representation of the real world and replaby & field
representation.

Attribute accuracy for numerical attributes

When an attribute is measured on a (continuous) nurhedake, the attribute accuracy of a spatial object
such as a soil mapping unit can be expressed by tleatiffe between the true attribute value of thecblajed
that of the mapped representation of it. The sagefmition of attribute accuracy can be used fordsebf
numerical attributes. For example, if the soil dept some location equals 1.20 m while the mappeadkevial
0.95 m, then the difference of 0.25 m is a suitablesomeafor the attribute accuracy of the soil maphat t
particular location. This measure can in principlecomputed for all objects or all locations in thddjevhich
may be summarised by a cumulative frequency distohutif the differences or the parameters of it (elg,
mean and standard deviation). If the geographicdipates of the observed differences is noted as thielh,
their spatial correlation structure may be quanti@sdwell, such as by means of a semivariogram. This is
frequently done in accuracy assessment of Digitavdfien Models by comparison with control points (e.g.,
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Holmeset al, 2000), but it can easily be done for numericédl mmperties as well. Quantification of the spatial
correlation in the error is important for error pagation analyses with spatially distributed models.

Attribute accuracy for categorical attributes

Attribute accuracy for categorical variables forabject or location is done by a simple comparison of
the ‘true’ attribute values of the validation set dahd corresponding values represented in the soil ridis
presumes that the validation data are error-fre&hwieed not be the case in practice. If the coispais done
for all objects or all points in the field or for angale from it then the result of the comparison can b
summarised in a so-called error matrix or contingeatyet (Stehman, 1992). These matrices can be further
summarised by a kappa coefficient and by consumer apduger accuracies (for an overview see Finke
(2005)).

Other accuracy measures

Above we have concentrated on positional and atiilaccuracy measures. However, the spatial data
quality literature identifies three more accuracy messuwhich are completeness, logical consistency, and
lineage (DCDSTF, 1988).

The quality of a soil database is, from the perspeativa user, often determined by d@mpleteness,
which is the degree to which the necessary datgpmsent. Many soil databases suffer from unsatisfactory
completeness, both geographically (data density ivelato the map scale) and thematically (attribute
completeness).

Logical consistency of a soil map refers to the degree to which thé reaip or soil database satisfies
internal logical rules. For example, course texdunea soil mapping unit that is classified as a claymoit to
a logical inconsistency. Logical inconsistency maguliefrom interpretative mistakes or human blunders made
in the mapping process. Logical inconsistencies may aisar when results of several mapping projects are
combined (Finke, 2005). In fact, logical inconsiste primarily conveys that the soil database suffessnfr
positional and/or attribute uncertainties and arfu&b not a separate accuracy measure. However,dlogic
inconsistencies can have immense negative effectsbhaeguent analyses and it is therefore sensible &idsm
it as a separate accuracy measure. Logical incomsisgecan also be fairly easily checked and may tleus b
used to repair attribute and positional errors.

Lineage refers to the degree to which information is regdimbout the history and development of the
soil map. Lineage specifies when the map was consttuat what way and by whom. Lineage provides
important information that can be used to estimateitippal and attribute accuracy (e.g., an old map
representing a fairly dynamic soil property is likedyhave a poor positional and/or attribute accuracy)

2.3.3 Accuracy estimation from DSM models

Accuracy measures for digital soil maps have beenettin the previous section. In this section and the
next we examine how these measures may be computeddticp, either by means of the DSM model (this
section) or using independent validation data (sextion). Many DSM models can provide as a by-prbdu
accuracy estimates associated with the predictedrepk. These DSM models can be classified into twa mai
groups, depending on the theoretical frameworkithased to represent uncertainty.

Stochastic DSM models treat the soil as having both a deternmgnéstd stochastic component. The
stochastic component characterises the unknown spatiability, the magnitude of which is describedhnat
variance. The aim of mapping is to make predictioas dhe as close as possible to the true value, buhdlel
recognises that some of the spatial variation caneoexplained and will yield a non-zero error var@anc
attached to the predictions. Kriging (Webster angléd] 1990) is a typical example of a stochastic DShtlet.
Geographical information science provides generibadistic models both for positional as well asibtire
accuracy (Longlet al, 2005; Heuvelink and Brown, 2005).

Alternatively, one may also u$ezzy logic models to predict the soil and quantify the associated nmappi
accuracy. Fuzzy logic models do not work with vacesor standard deviations but use possibility distobsti
or membership values instead. The fuzzy logic framevsoplarticularly useful if part of DSM model input dat
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is derived from expert knowledge such as odds of oenae of a given soil type (Ztet al, 1996) or intervals
of values of a soil property (Cazemigral, 2001). It is also appropriate if the DSM model tmabe validated
from qualitative soil observation or traditional ditd soil maps (Lagacherie, 2005). It can be usd br
quantifying positional as well as attribute uncertainfuzzy logic literature provides generic toolshandle
uncertainty (Dubois and Prade, 1988).

Since stochastic and fuzzy DSM models quantifyabeuracy of their products, one might be tempted to
conclude that validation is no longer required. Idaer, it is important to realise that the ‘predicéeduracies’
or ‘precisions’ (Finke, 2005) produced by these modedsbased on assumptions that may not hold in reality.
Independent validation is therefore recommendedthEumore, DSM models generally provide too optimistic
accuracy estimates since these estimates are calctriatedhe data that have been used to construcsdite
map. This is why, although they can provide useffdrination to the user about inaccuracies and especial
their spatial variations, they have to be themseledidated from independent data.

2.3.4 Estimation of accuracy measures from independent validation data

Arguably the best method to quantify the accuratcyp8M products is by means of comparison with
independent validation data. Here, a number okissieed attention. These issues should be takeacenant
when working out a generic ‘validation protocol’‘accuracy assessment framework’.

First, it is important to guarantee that the valwlatdata are truly independent from the data used to
construct the soil map. If this would not be the d¢asa the validation would render a too optimisisessment
of the map accuracy.

Second, it will rarely be the case that validatiatadare available for all locations in the map. §Ho
practice one works with a sample. Purposive and coaemee sampling have the disadvantage that the sagnplin
error cannot be determined, but they have practidahntages and sometimes there is no control over how
validation data are obtained. If probabilistic sanglis employed, remaining questions are how latge t
sample should be and what design should be used (englesiandom sampling, stratified sampling, systematic
sampling). These issues are discuses at length in MammdaDe Gruijter (1986).

Third, the validation data themselves are also yaeetor-free. They involve measurement errors or
interpretation errors. This is particularly trueth® validation data are not ‘hard’ measurementsgbatitative
soil interpretations or more detailed conventional swdps. Thus, the discrepancy between the digital soil
product and the validation data must partly belatted to errors in the validation data, but in otdemake the
distinction one must be able to quantify the errahmvalidation data.

Fourth, it should be noted that in many cases #liglation data are not at the same support as the soi
map predictions. This means that either the sodiptiens or the validation data have to be scaledrugown
prior to the comparison (Leopolet al, 2006). Typically, the predictions are at a largapport than the
validation point observations. A solution may leeréplace the point observations by bulk samples or to
aggregate the point observations to a larger supgary block kriging. These are viable approaches bet o
should be aware that kriging introduces an interpiarror in the aggregated validation data.

Fifth, the validation must not only concern the estedavalue of the soil attribute but also the prestict
accuracy provided by the DSM model (see previous@®ctiFor this, a specific protocol has to be defiasd
well.

2.3.5 Error propagation

Accuracy measures of DSM products quantify the acyuoa uncertainty associated with these products.
Such measures are potentially very useful to analysadburacy of analyses and procedures that use thkese so
maps as input. For example, soil functional maps peoestimates of the state of the environment, which are
needed by the decision maker. These soil functiorads are the result of an analysis or operation dougr
inputs, among others soil maps. Clearly, the err¢inénsoil map will propagate to the soil functionalpmérror
propagation techniques such as Monte Carlo simulatieu\elink, 1998; Longlet al, 2005) can be used to
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analyse the propagation of errors. However, in orémplement this one must first know how large ¢ner
in the input to the analysis is. Accuracy assessnfaligital soil maps provides the necessary information.

Error propagation techniques are extremely useftibnly because they make it possible to compute the
accuracy of end-products such as soil functional magsmaps of soil threats, but they also provide a m&an
analyse how much each of the error sources contsbstehe final error. This is potentially very useful
information because it tells where the weakest I;knd where improvements must be sought to improve the
accuracy of the final product (Heuvelink, 1998).

Error propagation techniques are not only usefulnyse how errors in digital soil maps propagate to
the results of analyses that use the DSM produictpag, but they can also be used by DSM models toyaeal
how errors in the inputs to the DSM model propagathe DSM map.

2.3.6 Research agenda

This chapter has briefly reviewed approaches for apatcuracy assessment as these have been
developed and applied in geographic information reme geostatistics and pedometrics. Adaptatiorhef t
general methodology to accuracy assessment of digitamaps raises many questions that deserve attention
They make up a research agenda for accuracy assesd$rdagitab soil maps. The most important of these are
listed below.

* What accuracy measures should be used to assess thenpbsiticuracy of digital soil maps?
* What accuracy measures should be used to assess theeatdburacy of digital soil maps?

* Are completeness, logical consistency and lineage impbeccuracy measures for characterising the
quality of digital soil maps? How to measure and stioeen?

*  What sampling designs can be used to estimate theaagcoreasures? How large should the validation
sample be? How should the sampling locations be chosen?

» How can accuracy assessment with independent valida¢iaione if the validation data are not free of
error or have been collected using convenience saglin

 How can accuracy assessment be done in a situatiore whempredictions are at another spatial scale
(support) than the independent observations?

» Is it sensible and feasible to standardise the accuassgssment of digital soil maps by means of the
introduction of a ‘validation protocol’ or ‘qualitframework’, and if yes, how should such a protocol o
framework be developed and its use enforced?

* How should accuracy measures associated with digdhlmaps be stored? Can we develop a soil
information system that explicitly stores detailed infation about the accuracy of the data?

* How can minimum accuracy requirements of digital s@bs be defined? Can a rating system for digital
soil maps be developed?

* What actions should be undertaken when accuracy assgssidigital soil maps shows that the
accuracy is below the prescribed standard?

* What techniques can be used to analyse how uncertaidigital soil maps propagates to soil functional
maps and other data products used in policy decisiaking. How should these techniques be
implemented?

» How can the accuracy of digital soil maps best be conicated and visualised to end-users?
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2.4 Visualization possibilities1?

Some examples of different visualization techniquepresent soil maps were presented at the first
conference of the on Digital Soil Mapping held imMpellier September 2004. The further discussioludsd
the eternal raster vs. vector debate; the discussias also extended to 3D, animation and other new
technologies. Making user-friendly or popular artiotes needs time, skill, expensive software and money.
further section different visualization technologaesl possibilities will be introduced and discussed.

2.4.1 Scientific Visualization / Virtual Reality / GIS

In principle, there are three main groups of advandsahlization techniques used to visualize the soils
in the landscapes: (a) scientific visualization texdbgies, (b) virtual reality systems and (c) standat§ G
systems. All these typically require digital elevatimodel (skeleton) and some soil thematic information o
soils (content).

Scientific visualization (SciVis) transforms numerical symbolic data into geometric cderpgenerated
images. According to Barraclough and Guymer (1998)one of the most powerful communicators of spgtial
information. Advanced visualization techniques déretommunicate spatial information between peopl¢ of
different backgrounds such as scientists, adminissatducators and the public. Just as maps can viqually
enhance the spatial and temporal understanding of opiesma, 3D representations can enhance |our
understanding of soil patterns. Interactivity enlearhe perception and interpretation of soil-landssap

Virtual reality (VR) has different meanings. Full or immersive virtualitgaequires the participant to be
subject to stimuli affecting many senses, includirgjori, hearing, balance and touch. Such systemsreegui
head-mounted displays, audio speakers, moving piasfoand tactile gloves. Immersive VR systems |are
expensive and access is limited (Grunwald, 2000). d@ptien is to use cave-like screens on which anaglyphic
imagery is projected (this requires special glasses foin3Wession). Another option is to work with 3D
holographic displays, 3D printers and real-time 3De&bsuch as XenoVision Mark lll. Desktop virtuallitya
is the most commonly used form of VR systems, due toabietifiat it can be presented on standard computer
monitors. Here, conventional PC software is useddate and view artificial worlds in the office andeo the
internet. The World Wide Web (www) provides a depkbased virtual environment (VE) where users fan
interactively navigate though VEs, they can inteiacteal time with objects, and have feelings of presep
Desktop VR is useful for representations of environmlesystems, because it provides 3D capabilifjes,
interactivity, and assists making extremely complexesgstransparent and supporting scientific interpreali
and analysis of the natural environments.

Geographic information systems (GlS)are still the most common tools to store, analyze, \dsualize
digital soil and landscape data. Usually soil-landsaapresentations use a 2¥2D design, where soil onusep
data are draped over a digital elevation model (DEMproduce a 3D view. Since this technique dessrjbe
patterns on 2D landscape surfaces rather than thialsgiatribution of subsurface attributes (e.g., sexttire,
soil horizons) it fails to address three-dimensional lspifiscape reality. Numerous 3D sketches of goil-
landscapes can be found in Soil Survey Manuals. Meméhese mental models do not utilize field datadm
they utilize a geostatistical method (Grunwald, 2000

" prepared by H. Lilja.
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2.4.2 3D and human brain

The most important advantage of using 3D displaysesaiy they appeal to our brains and eyes. A 2D
plot of individual elevations on a surface does notlspauch of an image when we look at it; a contoured
surface is a little better, but the viewer is reqaite build the image in his mind. A wireframe pergjyec
display in colour makes the surface come alive. cAllletails, as well as the generated trends, areiiately
visible. 3D displays portray data, which are a saropke real world, in a way they how they actualhpear in
the real world (Raper, 1989).

Hillshading or Reflectance is a method which uses information about the illunimasource. Regions
from there the source are not visible
are in shadow .Perspective displays
are effective methods of portrayin
the shape and texture of surfaces.

a perspective view, the size of a
object varies with distance from th
viewer.  Graphic displays ofter
create perspective views with
"wireframe of reflectance" model of Hill shading Perspective display with elevation colours
a surface. The wire frame is a serit
of profiles parallel to the rows anc
columns of the originagrid (for a
raster case), viewed by a perspecti
transformation. The effect is fol
parallel lines to converge with
increasing distance, an importar
depth of cue for human perceptior
Additional realism can be added b
removing the edges and surface
that would be hidden from the
observer by the solid surface
Triangular meshes, as produced by
Delaunay, Voronoi or simple
triangulation for example, can als
be viewed as wire frames. Stil
further realism can be added b
adding surface colour, reflectivity
and texture, simulating an illumination source, smimgttthe geometrical artefacts of the wire framergety,
and creating further depth cues such as the variatichaze due to the atmospheric conditions. Hffec
graphical overlays can be produceddosiping one surface over the wire frame or another surf&og.example
a soil map can be draped over a topographic sufkreak 1993; Bonham-Carter 1994).

Wireframe model with soilpelygons{green)

Fig. 2.5. Examples of visualisation techniques.

2.4.2 Visualisation products (outputs)

In all visualisation projects we have to determinbatvkind of output we want. What comes to
visualisation in soil mapping, we don’'t have a lotexfperience what kind of output would be successful
different situations. From my own experience as ax@idleller, common people mostly wanted to watch irtua
models with real colourful aerial image. They vahto go to their home yard and watch from therey tiee
new planned infrastructure will affect their eveaydlife. If their house was in wrong colour, thegdh
difficulties to recognise it from "helicopter persfiee” even everything else would have been right |
visualisation a little detail can really make th&eatence. Determinations below are taken from websitmy
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former employer "Northvisions" [http://www.northvisisicom]. When making of this Work-package, | made
virtual models, when created sonstill imagesandanimations.

Still images

Still images are rendered from any kind of model.e Tinodel content defines the detail level in a still
image. Still images can be very realistic, almost @hmoking, and contain realistic materials and lightivith
shadows and reflections. Still images can also be movery high resolution so they can be used ireshaws,
magazines, television and large format prints. Warad model in Fig. 2.5 is a still image.

Photo montages

Photo montage is an advanced version of a still imdgge the 3d-model and a real photo are combined
in a correct perspective. The perspective can bmileadd automatically. Typically a 3d-model is instte
photo so that elements like trees from the photo argkedain front of the model and at the same time
background is behind the model.

Panorama

Panorama images are images that kind of surroundi¢her The viewer can look around from the
place the panorama image was taken from. Panoraagesrare small but still give some additional feetifig

being inside a real virtual model. Panorama images @ood for Internet presentations
[http://www.virtualparks.org].
Animation

Animation is film making. First we make a script, ¢hdn we shoot our camera moves and finally edit
the film in a video-editing studio. The only diféerce from real world filmmaking is that all this isnéoinside a
3d-model. In virtual models we can record animatiamile moving in the model. For better cinematogr@p
camera moves and visual quality it is possible to useiapanimation software that has real camera, lightin
and material properties. Rendering animations ake time. Final animation can be a multimedia CDMRO
DVD, VHS video, AVI file or a video file for Intemt. You can download and watch animations at
[http://www.mtt.fi], [http://serc.carleton.edu] afiettp://www.nodvin.net]

Video montage

Video montage is a very demanding task similar taiguhontage where 3d-model is cut into a moving
video. Video montage technology is used in Hollywpooductions where computer generated characters are
added to the filmed video. In the same way a 3d-iofla design can be added to a video taken from a
helicopter above the design area. The advantdgeden montage technology are the presentatiorhahge -
change from the current situation to a designed &ituatesser need for modelling - no need to model th
existing environment and of course the realism becaosé ofithe image is real video.

Virtual model

Virtual model is a real time 3d-model of the exigtienvironment and a proposed design. In a virtual
model it is possible to move freely around the model ih computer games. This makes it is a very iotem
presentation tool that allows people to investighterhodel freely. There has been a research in FEirtlat
shows that people find virtual models a better wagre§enting designs than traditional maps and drawirg)s an
people find virtual models also reliable which is orant especially in decision making.

VRML

Virtual models can be put on the Internet in a stethftarmat called VRML. This allows people to look
and walk inside the model at their homes with aadinhome PC's. A future format MPEG-4 will replace
VRML soon with ten times smaller file sizes and advdrateeaming capabilities that makes virtual models even
more suitable for Internet. Grunwald prepared degalof VRML presentations connected to soil at:
[http://grunwald.ifas.ufl.edu]. Note that, in orderwatch these models, you will have to installeggn, like
Cortona Player, into your browser.
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1.4.3 Conclusions

The group suggests to proceed by addressing thevfoticresearch topics:
» Visualisation of uncertainty/fuzziness in VR
* Visualisation of soil threats in VR
» Use of 3D prints, Caves, costs of using these techsique
» Use of “Conceptual model of soils” in VR
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3 Mapping soil functions and threats: some case studies

3.1 Definition of soil functions and threats12

At the first meeting of the Digital Soil Mapping Wamk Group at Miskolc, Hungary (07-09 April, 2005)
the following issues were raised:

» The origin of the phrase "digital soil function mapgins unclear and a clear definition is also missing.
However, in the meeting agreed, that the aim of tdigsoil mapping” should be to develop
methodologies and techniques for production digitéll maps with the assistance of computer tools,
using also auxiliary information. These maps are etktd display basic soil properties in their spatial
context. “Function mapping” should be the next phiasereating soil information, when the primary
soil map information (of digital format) can be presed for specific requirements e.g. modelling,
characterization of soil functions etc.

» Secondly, it was proposed that "soil functions" sholodd first defined and described, than proceed
towards the "digital soil function mapping". This apgch would have the major benefit of having
well defined targets, upon which the mapping procedan focus. Participants mentioned also that,
within the frame of the activities of this working gm techniques and procedures of digital mapping
of basic soil properties should be first summarized. virtp the guidance of expertise on sail
information, the DSM working group can than procém®vard to digital soil function mapping

In the last decade, there has beer
trend to complement traditional soi
classification with an appraisal of th

Table 3.1. Functions of soil after Blum (1993).

) ) ) ' ) Soil Function
different functions which different soils cai , - - - -
. Biomass production Food, fibre and timber productio

perform in ecosystems and landscap
(Blum, 1993; Karlenet al, 1997)_ By soO Filtering, pufferlng e.md Fpr examplg: bufferln_g of atmosphe_rlc inputs;

) ) ) transforming action; biodegradation of toxic compounds; gaseous
doing, the emphasis shifts from th ‘environmental emissions from soils

interaction’

properties of different soils, towards th
functions of different soils, based on thos Biological habitat and ~ Microbial diversitywithin the soil; basis for

i . gene reserve valued semi-natural habitats and associated
properties. It is argued that such & fauna
approaph will a”OV\_/ soils to be more widel, Physical medium Base for built development and rotiuenan
recognised by society (Karleat al, 1997), activities such as recreation
to provide society and governing Source of raw materials  Supplying raw material saslsand, gravel
institutions with options and trade-offs i and peat.
land use decision making (Milleet al, Cultural heritage Concealing and protecting archagcal

remains; as a record of land use and

1995) and to help clarify the role of soi settlement patterns

science in the land use decision makir
process (Bouma, 2001).

Blum (1993) and CEC (2002) provides a succinct sumrmftlye six main soil functions. Three of these
are ecological in character whereas the other threenore directly related to man’s direct intervamtid'hey
are summarized in table 3.1. These have been usedvidgthe overall context for specific suggestetibas
in MAFF/DETR'’s draft soil strategy published in 20@HTR, 2001). The European Commission published
the Strategy for Soil Protection in 2002 where failctions are explicitly mentioned and five difet functions
are defined. In some EU countries soil functions halveady been defined within the framework of erigti
legislation. In Germany, for example, within thederal Soil Protection Act (BBodSchG) natural fiwrs,

12 prepared by T. Mayr.
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functions as an archive of natural and cultural ystmd functions useful to man are described (Aetil pages
3 and 4).

3.1.1 Biomass production

As a result of the increase in world population, ¢hex mounting pressure on the amount of world
biomass production that is required to meet this nédds includes not only food production, but alsat thia
fibre and timber. However, it is vital that suchiaarease in productivity is managed carefully to emshat the
resource itself, along with the wider environmessiistained to continue meeting this need.

The products of food, agriculture and forestry indastare therefore essential for human survival and are
totally dependent on soil (Tzilivaket al, 2005; Doran, 2002). The functioning of soil asedium for biomass
production provides the following functions:

1. To supply water and nutrients to vegetation

2. To provide stability of roots

3. To provide the basis for livestock production

4. To interact with the climate and determine the typerops cultivated

To ensure the longevity of biomass production, cazeds to be taken to protect the soil as any
degradation of the soil will reduce its overall puial to perform the functions listed above. Pressuae the
soil to carry out these functions come from a varietysources. For example, the intensification and
mechanisation of farming in general can lead to tmpaction and ultimately the erosion of the soil, all as
reducing biodiversity and reducing the amount ofaaig matter within the soil. Other threats to thd s
structure come as a result of poor timing of cultivatiomerworking of soils or overstocking (Environment
Agency, 2004).

3.1.2 Environmental interaction

Soil, water and air interact chemically, physicallyd biologically, therefore it is essential that tlzeg
considered as one ecosystem (EA, 2004). The rokesthih plays in performing functions related to the
interaction of the environment can be split into rfaub-functions — storage, buffering, filtering and
transforming. The roles that soil plays within thedefsoctions include:

= To link the atmosphere, geology water resources amtusa

= To filter substances from water — natural filter gooundwater/drinking water

= To receive and transform particles (e.g. pollutantppdited from the atmosphere

= To emit and absorb atmospheric gases — releases CO2, matithather gases in atmosphere
= To act as a reservoir for carbon (greenhouse gases)

= To regulate the flow of water in the water cycle

= To store and degrade organic matter

= To breakdown toxic compounds present in the soil

The importance of these functions has been highlighyeidternational organizations who warn that the
loss of these functions can have detrimental effdets.example the Commission of the European Comimesnit
suggest that the ability of certain contaminants toeed irreversibility thresholds for storage and birffer
capacity requires monitoring and early warning systamgrevent environmental damage and risks to public
health (CEC, 2002).

3.1.3 Biological habitat and gene reserve

Soil provides an important habitat for organisms, spenevhole or part life cycles in the soil. For
example, the CEC (2002) estimate that in a pasturegdich 1 to 1.5 tons of biomass living on the soiln{fro
grass to livestock), approximately 25 tons of biomassh(sis bacteria, earthworms, etc) are present in first 30
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cm of soil. These organisms are vital for maintairsog functions. Biological activity within the dgirovides
the following functions:

= To ensure the maintenance and functioning of spemificystems or habitats

= To drive processes such as soil formation, nutrientray@ind nitrogen fixation,

= To assist in the maintenance of soil structure

= To provide a source of symbiotic soil fungi on whicany plants depend

= To generate and stabilise soil structure

= To contribute to the structure and fertility of soil

= To strengthen erosion resistance

= To provide resilience to and counteract the effeftenvironmental stresses through the breakdown of
chemical contaminants and pathogens

These functions provided by the presence of bioldbgioganisms in turn enable the soil in general to
maintain valued semi-natural habitats and to defameldcape character. This also assists the soil inateg
habitat quality, such as those suffering or at risknf changes in land use, agricultural nutrient rumofgoil
erosion (Environment Agency, 2004). Rombée al. (2006) highlight the importance of protecting the
biodiversity of soil at a National and Internatiotatel, as well as addressing the legal issues surrouricéng
protection of soil as a biological function.

3.1.4 Physical medium

Pressure on the natural environment from human actsiith as building houses and transport links
inevitably puts a significant amount of pressure anability of soil to perform the necessary functiond¢o
able to support these activities. For example:

= To form the foundation for the built environment

= To influence land use and shape the landscape

= To act as an essential component in many waste treasysams for built land-uses

= To ensure performance and safety of all domestic @mmercial electricity systems through soil
conductivity potential for earthling

= To act as an aquifer recharge

= To control flash runoff from built areas and hardaces

= To provide recreational space in urban and urbiagds (e.g. gardens, parks, public open space,
allotments etc)

= To provide a means of transport for sediment andenisi

These functions are profoundly affected by the physied chemical properties of the upper layers of the
soil. Woodet al. (2005) identify that natural variations in soil tes¢ and chemical properties have a significant
effect on the functionality of soil in the built ronment. For example, any change in the poremel and
distribution in the soil profile (e.g. as a result admpaction) determines the rate of water transfer to
groundwater as well as the movement of air to ana fitee soil surface.

Loveland and Thompson (2001) highlight the fact tirat damage to the soil surface, or risk of damage
to soils in a vulnerable state, will reduce the #bibf the soil to perform the functions listed abovén
additional risk to the ability of soils to providesalid foundation for the built environment comes frtira threat
of climate change. For example, Bradityal. (2005) suggest that increased droughts will enhameeisk of
shrink-swell in clay soils. This has the potentialiiorease disturbance to building foundations and may
therefore result in the need for underpinning oraiep Other effects of climate change include paadigt
increased chemical attacks on foundations as a rdsnttreased soil temperature.
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3.1.5 Source of raw materials

Historically, and up to the present day, soil has lssn as a storage and source of raw materials to
support human activity. These functions of soil andettiects of such activities on the physical and cleaimi
properties of the soil are often overlooked butiamgortant aspects of planning and restoration prajesisch
functions include:

= To provides raw materials such as clay, sands, min@eds, topsoil
= To act as a storage-site for raw materials
= To act as a natural reservoir for water

In considering soil functionality in terms of providji raw materials, there are two issues to take into
account. Firstly, there are the requirements ofeatsiactually provide the raw materials from theargpyers
of the soil, such as topsoil, peat and Brick Earthg)lay-or example, Van Seters and Price (2001) shavittba
extraction of peat has a long-term effect on therdipdical function of the Cacouna peatland in Quebe
Secondly, the requirements of a site where minerals baen extracted from below the solum itself (e.@l co
sands and gravels) need to be taken into considerpgoticularly in reference to the restoration & ite to its
original land use. Both of these situations ultiryatead to considerable soil disturbance, throughrémsoval
of soil to allow extraction, the storage of remoged on top of another at an alternative site, gmeddisposal of
material generated during extraction onto soilratther site (Loveland and Thompson, 2001).

3.1.6 Cultural heritage

Despite early research into the importance of usingssovey information for recording and mapping
archaeological finds (Dekker, 1973), the interacti@ween soil and archaeological remains has recditled
attention, despite it's overwhelming importance foderstanding past uses of the landscape and providing an
insight into historical cultural activities. TheeBa Soil Action Plan (2004) highlights this fact siating that
there is currently dpoor awareness of the importance of soils and their hgemeity in heritage and
landscape, partly because of the concealed natutteecirchaeological resource and partly because of a ¢dck
relevant soil quality indicators"

The main functions that soil provides in terms of qaltieritage can be summarised as follows:

= To conceal and protect archaeological remains
= To provide an historical record of land use and exitint patterns
= To inform current knowledge and investigation ofraeological sites

= To influence the deterioration of archaeologicamains (through contamination and modern day
agricultural practices)

= To provide an historical record of climate change

3.1.7 Summary

Increasingly, however, soil functions are seen ordypart of the wider environment and there is a
tendency towards the definition of environmental ®exy, which include all the components of the envirent,
including air, water, and vegetation as well as tl@smade environment. In addition to the potermtistomers
identified at the European level, an even widemgeanf customers exists at the national level. Theee
increasing demands from central, regional and Igeaérnment as well as government agencies, partigitarl
environmental protection. In addition, commercigkrests come from the utility companies (electriaitgter,
etc), the insurance sector (subsidence/flooding) dsaweivil engineering (electrical properties).
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3.2 Assessing and displaying land suitability3

3.2.1 Introduction

Present work illustrates a complex research of landtslify evaluation and IT development, which
integrates different requirements (expression of manageand climate factors, crop specific evaluationa t
modern land evaluation system, on the bases of digifafmation, including digital maps. A new land
information system is developed in Hungary to assidl famductivity based land use planning and cropland
information management. The core of the system isaatgfative land evaluation system that is apphhigh-
resolution (vectorized 1:10000 scale) digital seéps and data on nutrient status of soils. Digitdhstal maps
are used to assist land use planning tasks. The systemates as web-based application, providing easy
communication interface (functional maps and suppgiitifiormation) between farmers, extension experts and
administrative agencies. Main goal of the so-caldee-Meter project was to develop an information systeat th
fulfils the following objectives:

= displaying soil quality by means of digital functibmsaps using on-line GIS tools,

= plant production modelling on the basis of soil gyaind other criteria (e.g. optimal fertilizer use),

= assistance for farmers to fulfil their obligations t@pde information on the use of arable land, and
providing means for direct communication with admiaion agencies, extension services, etc.

= Thus, the system described above can achieve the fotjow

= The relationship between the yields of the agnicalt land use and the natural resources becomes
analyzable.

= Land use information is displayed with digital fupcial maps.

= |t makes possible to keep up-to-date records ofrimftion on plant production and environment
management, and the exchange of information betfeaerers, extensionists and the administration of the
sector becomes simpler and faster.

The information system is based on a land evaluatioemsyttat also entails environmental aspects, and which:

= determine the production potential of agricultugadds in a quantitative way,

= allow evaluations by major cultivated plants or grewof plants,

= include the possibility of expressing any decreaseaodyctivity and production risks that originate from
climatic effects and are realized through pedolaiggmd geological factors (drought, inland water),

= describe the conditions of production also on variotensity levels of cultivation

3.2.2 Land evaluation methods and results

Database requirements of the land evaluation analyses

The basis of the land evaluation work was the failility analysis of the databases available from
various sources. The analysis meant statistical psowpf pedological, climatic, plant production, soil
analysis and fertilizer application data. The faflog databases were available for this task:

a) National plot-level soil, fertilization and yield @dases. 5 years, 80000 cultivated fields each year,
containing yield, fertilization and soil informatidior each plot. The data of the database can be
classified in three major groups:

1. Basic data (location, size, sloping, exposure, metegical area etc.)
2. Soil analysis data (SA) (pH, texture, humus, N, P, K)
3. Plot registry data (plant, succession, yields, feetlapplication)

13 prepared by G. Toth.

page 42 of 68



DIGITAL SOIL MAPPING WG Technical report

b) Database of National Long Term Field Experiment neétwdnformation on yields of 30 consecutive
years, with soil nutrient dynamics and fertilizer resgm data of 9 field trial station. The experiment
network representing differing ecological conditiomswhich the fertilizer application experiments are
carried out in 9 different geographical regions agdiffering soil conditions.

c) Database of a 10 sample farms of different charatiteagro-ecologic site, 1-5 thousand hectares area
each, containing farming records and soil analysia da well as a 1:10000-scale digital genetic soil
maps (these case study areas were also used duringdbedlbpment).

Land evaluation analyses

Land suitability indices have been worked out on Wlasis of soil taxonomic classification, which
provides basis for soil mapping information as w&bil varieties of the classification system are charazed
by their relative fertility (related to the fertii of all other soils in the classification system)arting major
cultivated crops, and group of crops. Regional atimconditions, hydrologic and terrain factors de® aaken
into account. Meteorological variability and cudttion intensity are also expressed in the land etialua
system.

Above all, the land evaluation work has been baseti@eomputerized statistical processing of available
soil and plant cultivation information. In the fiyghase of the statistical analyses the fertility liwgtues of the
soil types and sub-types (of soil classification) hbeen determined, in the context of the water managem
regime of their units. The effect of the waterineggand moisture circulation of the soil has beenripoxated to
the land evaluation system. In the course of this vibekeffects of the elements of the soil water balance
(precipitation, evaporation, surface runoff, infition, fluctuation of inland water etc.) on the gwotion
capacity have been examined in interaction withsthiecharacteristics.

That was followed by exploration of the fertility raditions of soil varieties of the lower taxonomic
levels. The initial phase of the land evaluationrkwoas followed by the definition of the fertilizezsponses of
the soils. This was meant to explore the causesarfgas in the production potential resulting fromilfeer
application of various intensities and to expressttient of such changes.

Validation and visualization of the land evaluation model in case study areas

The creation of GIS databases for the sample areag imarious agro-ecological regions of the country
served several goals. The land evaluation model\slojged on the basis of archive farming data and the
results of experiments were used to calibrate the nadsielamong real conditions of farming. At the same,time
sample areas are also needed for the integratedizéiom of the land evaluation supported by GIS nilgug
The results of the land evaluation research and tbeniiation technology development have been unitetien
sample areas.

3.2.3 IT development methods and results

Planning of the data-model
Database planning has been carried out according otomon practice of relational database
development, starting from generalized approactpézific solutions, to widen the functionality of thgstem.
As a basis, the system applies fine resolution (digitized0000 scaled) soil maps, field data on soil notrie
status, vectorized cadastral maps (and includesdaalliation algorithms to asses the production pateafi
agricultural parcels).
= Object used in the system:
= Cadastral unit
= Land use unit

= Agricultural field
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= Parcel (agricultural plot)
= Soil mapping unit

Calculation of land capability indices (the land evaluation process)

Soil and terrain data and spatial information aseduto calculate the land capability index of anyegi
field. Each soil variety (in the corresponding agreteorological region) is evaluated according sdfettility
regarding the given crop. Calculations are caroetdboth under extensive and intensive cultivationditions.
The land information system stores data on diffemites:

= Crop-specific capability index for extensive condiso

= Crop-specific capability index for intensive condits

= General capability index (index calculated by wéigdh of crop-specific indices according to crop aaif
the cultivated land)

Input data Output data

Soil mapping unit data . General capability index

Parcel data . Intensive capability index
Field data Land . Extensive capability index
Terrain data evaluation

Meteorological data

Fig. 3.1. Land evaluation calculation input and oyput data.

Java development environment has been used in ordere platform independency. To secure the
system’s accessibility to other information systems, cctimg interfaces has been designed by using national
and international standards. XML application wagliap for system communication, creating specifict@rol
for the system. Database server and WEB server imtipgin different physical locations (giving posbif
for regional services in the future).

I nterface design and system operation

Since the web-linked monitor is the meeting pointhaf system and its user, it was especially important
to give clear user-friendly design with full funatility to the interface. Digital ortho-photos as#i& users to
locate interested areas, where vectorized digitdhstaal maps are used for building farm spatial datloa-
line. Maps of agricultural fields can be created adied on the selected areas. During land usenipign
parcels can be delineated by taking land capabhiiity account. As further function of the land infation
system, different farming and management data (onvatitin, amelioration, pest management, fertilizgtion
harvest etc.) can be also registered in the system.

3.2.4 Conclusions

With the application of the above described decisiopport system the relationship between the yields
of agricultural land use and natural resources besanalyzable. The results of the analyses are displatye
digital maps and they can be applicable for land las&, management and crop production related phgnfur
further analysis) to support decision-making from pdobational levels. Digital soil map informaticused to
produce digital soil functional (easy, user-friendiyjap to display parameters of a selected soil function
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(productivity). In similar way, other soil functiomsin be displayed as well, so to provide informatmtand
users and decision makers on soil and land qualitiestdizéition options.
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3.3 Modelling soil-environment14

3.3.1 Introduction

In the last decade, there has been a trend to coreptdraditional soil classification with appraisal loé t
range of functions that individual soils performeicosystems and landscapes (Blum, 1993; Kadex, 1997).
By so doing, the emphasis shifts from thieperties of different soils, towards thefunctions which are based
on the properties. Blum (1993) provides an excellent summéthe six main soil functions listed in Table 3.1
The first three are ecological in character anddthers are related to man’s direct intervention irV/laod
management. This paper describes preliminary resuliscointinuing project predicting key soil functioms i
diverse landscapes.

3.3.2 Methodology

The approach

Most functions are sufficiently diverse that a singi®del cannot describe them all adequately.
Environmental interactions, for example, encompass reetyaof different components including buffering,
filtering, storage and transformation. The wayt thasoil performs most functions can be assessed using a
combination of appropriate models, each addressimgng@anent or sub-component of the function.

The project was designed to investigate the valuexisting models that are readily available to
researchers. An attempt was made to identify modelsa$s many components and sub-components of the
functions as possible, although there is wide varaticthe number and type of models describing thetfans.
Most of the assembled model
are based on a capacity-typ
approach, i.e. the capacity o | e I L
the soil to sustain a particula &, ’
component of a soil function. &1 ; K A
All modelling was spatially ; e “"@”
explicit using a 250 m grid ° ooy : )
resolution. All models were | L.
implemented using Structurec LR

0 100 200 300 400 500 00 700
1 1 1 1 1 1 1 1

Query Language (SQL) in ] S Lol;:eggmhment

order to make the approach & - o e Eden Catchment

portable as possible. SHE Tern Catchment
Study sites 5 oot E o Townsand Cities
The methodology was i Swnses @Lm@ g

tested in three very diverse

catchments located: in the ¢ ol = re

Lossie (Scotland), the uppe Dt e Dot ® Bl 2

Eden (north-west England) ani ~ °  © = = = o & &

the Tern valley (central Fig. 3.2. Location of study sites.

England) (Fig. 3.2). The

Lossie covers 270 k(4379 grid cells), has an elevation range from @.521.7 m, annual rainfall of 957 mm
at Torwinny and the land-use is predominantly seminahdand commercial forestry. The Eden covers 689 km
(10723 gird cells), has an elevation range of 89.832.7 m and an annual rainfall of 1483 mm at Kirby
Stephen. Grassland is the dominant land-use in the.Elh contrast, the Tern covers 59FK8801 grid cells),

4 prepared by T. Mayr.
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has an elevation range of 48 to 376 m, an annudhataof 694 mm at Walcot and has a predominantlypkera
land-use.

Eden Catchment Acidity Buffering Capacity Eden Catchment Soil Leaching Potential
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Fig. 3.3. Distributions of buffering capacity and psticide leaching risk for the Eden and Tern catchmets.

Data and models

In addition to soil data (maps and associated propgriterange of environmental data is required for
some of the models, demonstrating that in may casesfuswitions’ are also driven by external factors sush a
terrain (fixed), climatic data (gradual change) éamttl use (constantly changing). Twenty three difie models
were used in total to describe the six functiombBey ranged in complexity from those driven by simplek-up
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tables to relatively complex mechanistic models.weleer, the use of more advanced and complex models is
often restricted by their need for extensive and wéshging data, some of which may not be readilylakba.

3.3.3 Results

The main output from the project so far is 69 siilitglicapacity maps derived by running each of ti3e 2
models in each of the three catchments. Fig. Bo8igles examples of the distributions of acidity leuffig
capacity and pesticide soil leaching potential fay bfithe catchments.

Acid buffering - The lowland and western parts of the Eden catchipmtide reasonable buffering
capacity for acidity (Classes 1-3) with limestone sail the west providing most potential for bufferif@gss
1). The acid upland peats have negligible buftegapacity (Class 6). The Tern is dominated by switls
intermediate buffering capacity (Classes 3 and 4Yea# of low buffering capacity (Classes 5 and 6) are
represented by the acid peat soils of the Weald Moat the acid sandy podzols developed over Bunter
Sandstone.

Soil leaching potential - The Eden is dominated by soils with slowly permeahibsoils and low
leaching potential (L) and hence provide naturatgution to groundwater. Small areas of coarse-tedthigh
(H2) leaching potential soils are found close to tiver Eden where it flows across the Triassic sandston
aquifer. The Tern has an intricate pattern of Idy #nd High (H2) leaching potential soils. The slpwl
permeable boulder clay soils have low leaching pieand provide protection to groundwater. Howeviee
well drained coarse-textured soils over Triassic sangshave High (H2) leaching potential.

3.3.4 Conclusions

There are a number of limitations which need to lsegeized in this type of assessment of the relative
functioning of soils using simple suitability/capacitodels. Foremost, there is no spatial connectbétyveen
individual grid cells as this would require more coexpimechanistic modelling. Secondly, there are no
interactions between individual components or subgmnents of soil functions, i.e. the multi-functittyaof
the system is not accounted for. In a few casessghtal resolution of the ancillary data (particlylalimate)
proved to be the main limiting factor.

Models have been identified that describe the main ooemts of all soil functions. Many were
developed 20-30 years ago and are based on simplellimpdgpproaches. These simplistic models often
provide a qualitative rather than quantitative iagkof soils and the results are not suitable for assgsbe
changes in the way that a soil might function failog land use change or climate change. What can be
achieved, however, is the ability to map the fun@iaapacity of soils within a catchment.
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3.4 Assessing soil pollution by heavy metals?
3.4.1 Introduction

A problem of soil pollution by different anthropogeninputs of heavy metals, but also of other
potentially toxic substances, has received globaédsions in the last decades. In Europe, decisi&ersand
spatial planners more often require information on gadlity for different purposes: to locate areasahlé for
organic (ecologically clean) farming and agro-teomj to select sites suitable for conversion of agricailtto
non-agricultural land, particularly for urbanizatjosetting up protection zones for groundwater pumiped
drinking water; to estimate costs of remediation oftaminated areas, etc.

In practice, soil pollution by heavy metals is commaadgessed by interpolating concentrations of heavy
metals sampled at point locations (Webster and OIR@0]1). Resulting maps indicate areas with pollutisks
and can provide decision-makers or local authoritigh wiitical information to delineate and isolate ptd
areas. The first problem of working with mapshefavy metal concentrations(HMC) is that the limiting
values for polluted soils are commonly set as crisp bariesl For example, a soil is polluted by zinc and no
suitable for organic agriculture if the measuredueal are larger than 300 mgk¢1986/278/EEC directive).
This means that a soil with zinc concentration @® 2ng kg' and a soil with a concentration of 301 mg'kaill
be classified differently although the difference nimy due to the measurement or interpolation errore Th
second problem with HMCs is that different elements condifferent ranges of values. This makes it fairly
difficult to get the compound picture about the spiblity. For example the threshold value for ziac300
mg kg* and for cadmium 3 mg Kg If we measure, at a point, values Zn=230 (suitate) Cd=3.2 (not
suitable), does this means that this location is palotenot polluted? Now imagine a case with tens ofG4M
how to sum these values to get the compound pictwatahe quality of soil? What is obviously needea is
more sophisticated, more continuous approach that(ajlbe able to depict areas of overall high HM(@d (b)
resemble the financial losses more realistically.

3.4.2 Methodology
Table 3.2. Transformation coefficients calculated fogiven

Traditionally, suitability maps are threshold concentrations.X; — maximum concentration of
derived as Boolean mapge§or no), where contaminant to maintain multifunctionality, X, — serious soil

none of the dangerous HMCs does n pollution. Official threshold levels used in Croatia.
exceed a threshold value (Table 3.2). Tt

means that only the areas that do not exct Xy Xo In(bo) b,
ANY of the given thresholds can b mg kg mg kg*

considered as being suitable for agricultur Cd 0.8 2 0.392 1.756
production. Here the problem is obviousl Cr 50 100 -9.083 2.322
that the intensity of pollution within the Cu 50 100 -9.083 2.322
polluted areas is unknown. Our approach Ni 30 60 -7.897 2.322
somewhat different in a sense that we al Pb 50 150 -5.731 1.465
want to spatially quantify the overall soi zZn 150 300 -11.634 2.322

pollution. For this we use the concept ¢
limitation scores.

After the HMCs have been interpolated, they candmerted to limitation scores, which will then allow
us to sum different maps of HMCs. Such scoring sysseaiften use, for example in land evaluation studies
(Triantafilis et al, 2001). For each evaluation parameter, threshaldslimitation scores are predefined and
then can be implemented for the whole area. Famgie, slope map is typically used to give suitabgitpres

5 Based on a research paper Rorl., Hengl T., Romi D., Mapping soil pollution by heavy metals using
continuous limitation scores. Computers and Geaosei, in review.
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to a certain area: 0 for 0-2% slope class, 1 for 2-B%6r 9-16%, 9 for 17-25% and 27 for slopes >25%ate
that in this case the negative scores increase expalhentith the increase of slope. Although the slope
difference between the second and third class is twdyand half times, the third class gets three timessmor
negative points. Instead of making classes of

HMCs, we can also use a simple transfer function 30
convert HMCs directly to limitation scores (LS). ¢ o5 LS =0.000114 - HMC***-1
flexible transfer function, also used in this paper,
the exponential: 2 9
8 ,
n SETIO_IJS
LS_{bO [HMC® if HMCz X §1° P
- I i) ermissible
0 if HMC< X; E 10 p(base“nt;')
- concentration
wherelLS are the limitation score®, andb, are the 5
coefficients, HMC are heavy metal concentratio 0

and X; is the permissible or baseline concentratic 0 50 100 150 200 250
An example of how are HMCs transformed 1

L . . Heavy metal concentration (mg kg
limitation scores can be seen in Fig. 3.4. y (Mg kg')

Fig. 3.4. Transforming HMCs to limitation scores.

3.4.3 Case study: Heavy metals in the Zagreb city region

The methodology was illustrated using the 784 soiias analyzed for Cd, Cr, Cu, Ni, Pb and Zn in
central region of Croatia. The samples were takdmxatand 2x2 km grids and at fixed depths of 20 efeavy
metal concentrations in soil were determined by IES@fter microwave assisted aqua regia digestion. The
sampled concentrations were interpolated using pession-kriging (Hengkt al, 2004) with geological, land
cover maps, terrain parameters and industrializatioanpeters as auxiliary predictors. The results showatd th
the best auxiliary predictors are the geological ngepund water depth, NDVI and slope map and distaoce
urban areas. The spatial prediction was especiallgesstul for Cd, Ni, Pb and Zn, and somewhat less
successful for Cu and Cr. The final map of cumulativ@tation scores showed that 33.5% of the total
agricultural area is suitable for organic agrictdtand 7.2% of the total area is seriously pollitg@ne or more
heavy metals (Fig. 3.5). The developed procedurgdostatistical analysis of HMC data enabled useatity
a number of contamination hotspots and to map theulative contamination by heavy metals. Regression-
kriging proved to be a flexible interpolation te@ure because what was not explained by auxiliardipters
was later on interpolated using kriging (Pebesma, 2004)

3.4.4 Conclusions

An advantage of using limitation scores is that the ofapumulative limitation scores can be directly be
interpreted as the map overall soil pollution, heiiicean serve better decision makers who requiregiesand
simple map showing where the soils are polluted andevhet. Note that the formulas used can easily adopt
any model between the cost and concentration. midet important thing about the limitation scores is thay
are standardized and can be summed for different HMdste that we did not evaluate the acidity of soil
which is also an important factor for the pollutiohsoils. Molet al. (2003) showed that the mobility of heavy
metals in soil will increase as the soils become moxg adiich happens because the acid soils usually loawe |
binding capacity. In areas where the soil aciditymisch serious problem, it would be also important to ptdp
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in soils and then convert this variable to limitat&cores or use this information to calculate weighteiation
scores from the input concentration values.

Fig. 3.5. Interpolated maps for Cd, Cr, Cu, Ni, Pb ad Zn. Masked areas (white) are forests and water
bodies (a). Map of cumulative limitation scores showingverall soil pollution (b).

Our hope is that this methodological framework will mseveral perspectives. Next step will be to think
of methods to relate the cumulative limitation scoresctly with the remediation costs (Broes al, 1999).
Different ratios could have been used for differdMCs. A more objective approach would be to woikhw
real figures from real-life projects and then adjhstcoefficients statistically.
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3.5 Modelling soil erosion?¢

3.5.1 Introduction

Wind erosion occurs over a wide variety of climadind land surface conditions. For example, wind
erosion induced dust emissions of desert surfaces drkne@in to influence the radiative forcing of thenate
(IPCC, 2001). For more human influenced areas, liggcaltural areas under cultivation, wind erosion
decreases the soil fertility by removal of the mostilée parts of the soil, which are bounded to thgamic
matter and the finest mineral fractions (EEA, 200Bjowever, to what extent agricultural soils of thaldle
altitudes contribute to the atmospheric dust loadlisrague. In the middle altitudes the wind erospocess is
highly variable in time and space and depends eratka of bare soil and the climatic conditions at ¢fiven
time. For the part of that report section we wiltdis on the wind erosion aspect.

3.5.2 Method

A physically based single field wind erosion model vdegrated into a GIS. We used the “Stand alone
erosion part” of the Wind Erosion Prediction SystenE@®®) to calculate wind erosion and dust emission from
agricultural used fields in Europe. The dust

Table 3.3. Selected Requirements of Parameters fdre ~ €mission can be divided into the amount of

WEPS model total suspended particles (TSP ~50um) and the
PM10 part (particles <10pum). Some of the
Parameter required input data has been summarized in
Parameters .
group Table 3.2. Meteorological data were

assimilated from the ERA40 data sets
[http://www.ecmwf.int/research/era/],  which
Texture, OM content, Soil water content, contains 40 years of 6 hourly data on a spatial

Field Size Size, Length, Width, Orientation to North,

Sol roughness, resolution of almost a one-degree grid for the
Climate Wind speed, precipitation, Temperature, Whole earth. Field size and field orientation are
Snow depth both major influencing parameters in wind
) ) erosion and thus for dust emission.

Management Soil cover, Roughness, Plant height

Information for such parameters is available

only at selected locations and a consistent,
large-scale dataset is missing. ETM, TM and
MSS-Satellite Data were obtained from the Globald_&over Facility at the University of Maryland ftre
area of Europe. In total, 130 images were selettethé analysis. First, multi resolution image segtakon
was performed using Ecognition 3.0 software, whiclassps consistent units of the image. Each separaited un
can be characterized by size, width, length, anchmi@éction. Secondly, using manual sample ideatife (
= 30 for each image) a fuzzy land use classificatias performed to identify agricultural used fieldseach
image. Up to 10 land use classes were identified, diapgion the type of landscape. Area weighted tesful
field size and other parameters were analyzed gestitaliy and maps created. Databases from FAO and othe
sources were used to determine changes in agriculamrdl use. Unknown locations were estimated using
literature values or expert interviews. Soil indata were used from the WISE database (Batjes, 2608}her
parameters as the aggregate geometric mean diamdtaeggregate geometric standard deviation, minimum and
maximum aggregate size have been computed usingssagmeequations. They are closely related to atbir
parameters, like soil texture and organic matter cante

After completion of all needed input parameter tBégahd alone erosion part” of the WEPS was used to
calculate wind erosion and emission of dust and PMd@ach cell. Calculations are based on the aesraf

16 prepared by H.I. Reuter and R.Funk.
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field size, field orientation, soil texture and tlo¢al agricultural used area in a grid of 0.5° x 0.Results are
the summarized amounts of PM10 emissions per monthsqndre metre in the grid cells. In Fig. 3.6 for
example the sum of all modelled emissions of PM10 forchld©92 by considering a bare surface are shown.

3.5.3 Conclusions

The amount of dust emissior
varies significantly time. We identified
three major factors influencing the
results at that scale of modelling. Th
observed field size varies significantl
in space over the entire region whic
has an influence on the differer
transport modes, as the growing crc
areas vary significantly with time anc
the meteorological condition from yea
to year. Still, other parameters like th
change in management practice mig
influence these results as well, howev
data to identify these have to b
obtained and tested. An evaluation f(
conditions occurring in the state @
Brandenburg (Germany) does sho
good agreements of the tempor

" March 1992 PM10
NA
0-0.001

e

Fig. 3.6. PM10 emission in kg/mz for bare soil in thgrid cell

(example March 1992).

variations between simulated erosion events and measwmuds, but the simulated dust emissions are still

overestimated.
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3.6 Implementing soil functional mapping in Germany17

In 1998 the Federal Soil Protection Act (BGBI 199&)s adopted by the German parliament. Beside
some general targets main functions of the soil diaatewithin the act (Table 3.4). Natural functiorelate to
the following three subjects: 1) The role of soils &sbitat for people, animals, plants and soil organidrasis
for life and biomass production potential), 2) thieiportance as part of the ecosystem (regulation patenti
within the water and nutrient cycle) and 3) theliliy to decompose and retard solutes and to regulate
bioavailability, as a result of its filtering, buffag and substance-converting properties.

If soil functions as defined by the Soil Protectiont &f Germany are compared to soil functions as
described by th&U Soil Communication "Towards a Thematic StrategySoil Protection” (EU Commission
2002), many parallels, but also some differences caredmgnized (Table 3.4). One example is the reguiati
potential within the water and nutrient cycle oa t&ft which is not matched by an equivalent termhanright.

Table 3.4. Soil functions according to the German $dProtection Act (BBodSchG) and the EU Soil
Communication.

German Soil Protection Act (BBodSchG) EU Thematmt®gy for Soil Protection
1. Natural functions
- as a basis for life and a habitat for people, Biomass production
animals, plants and soil organisms, Biologizitat and gene reserve

- as part of natural systems, especially
by means of its water and nutrient cycles,

- as a medium for decomposition, balance
and restoration as a result of its filtering, Filtering, buffering
buffering and substance-converting properties and transforming action

and especially groundwater protection

2. Functions as an archive of natural

and cultural history Cultural heritage

3. Functions useful to man as
- a medium that holds deposits of raw materials Source of raw materials
- land for settlement and recreation, Physicadlium
- land for agricultural and silvicultural use,
- land for other economic and public uses,
for transport, and for supply, provision

and disposal

The compilation of soil functional maps to implemen¢ t~ederal Soil Protection Act of Germany is
currently under way. The methodologies applied s&ye as an example when similar goals are pursued at th
European level. For a successful integration of médfon on soil functions into planning processes, five
preliminary steps are necessary:

= |dentification of land quality criteria that allow classification of soil functions and soil functional
aspects;

= Compilation of selected pedotransfer rules from exjstiatabases;

= Evaluation of all land quality criteria accordirgthreshold values;

7 prepared by V. Hennings.
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= All land quality criteria associated with a soil @ition have to be given a weight as part of a magchin
procedure;
= Interpretation of results for the implementation gwdtection measures. This fifth step is not subject of
this paper.
The term "land quality criteria” used in the firstmmplies with the land evaluation nomenclature. A
land quality criterion corresponds with one or mof¢he various aspects that make up a soil functiore gial
is to identify all land qualities needed to comprediegly describe the respective soil function. ForraTy
this was done by an expert group (Ad-hoc-AG Boder8R0Their results are shown in Table 3.5.

Table 3.5. Allocation of land quality criteria to sadl functional aspects and soil functions.

Soil function Soil functional aspect Land quality citeria
1. Basis for life 1.1 Habitat for people - Exceegof contaminant threshold values
according to the Federal Soil Protection Act
1.2 Habitat for animals and plants - (Degree oftmeness of biotopes
1.3 Habitat for plants - Biomass production patdnt
1.4 Habitat for soil organisms - Suitability okthkite for soil organisms
2. Part of natural systems 2.1 Function of the soil - Regulation potential for surface runoff
by means of its water cycles - Mean anneat@ation rate from the soil

as part of the groundwater recharge rate
- Overall evaluation of the soil water balance

2.2 Function of the soil - Potential and availigpifor nutrients
by means of its nutrient cycles in terrhbasic cations
3. Medium for decomposition, 3.1 Filtering and lewiifig properties - Retention capacity for heavyaiset
balance and restoration for inorganictiga contaminants
3.2 Filtering and buffering properties - Retento@pacity for organic contaminants
for organic reactive contaminants
3.3 Buffering properties - Buffering capacity faoidifiers
for acidic input
3.4 Filtering properties - Risk of nitrate leadiin
for non-reactive contaminants
4. Archive of natural 4.1 Archive of natural histor
and cultural history 4.2 Archive of culturabktory

For the soil function relating to the soils ability decompose and retard solutes and to regulate
bioavailability the allocation of land quality @iia to soil functional aspects can be described by 1:1
relationships (functional aspects no. 3.1 — 3.4).otheer cases several land quality criteria are netmedver
one soil functional aspect, e.g. functional aspectzal. When the function of the soil as a habiatplants is
considered, there may be a contradiction betweercudgnial and nature conservancy demands (functional
aspects no. 1.2 / no. 1.3).

The main task of the expert group (Ad-hoc-AG Bod@63) was not only to find land quality criteria
fitting to soil functions according to the Federall &otection Act, but to look for appropriate mdsleo derive
these land quality criteria from basic soil charast@$. For this purpose, the inventories of existing
pedotransfer rules databases had to be compiled adagad. Starting in 1991, the Federal Institue f
Geosciences and Natural Resources (BGR) in Hannovablisked the first elements of a German soil
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information SyStem (FISBO BGR) Soil properties Threats ta the soil
(Eckelmannet aI 1995) at the national (soil texture, organic matter content, ...} ({input of contaminants, agricultural practice, ...}
scale. FISBo BGR’s detailed objective
La1 LGz La3 threat 1 threat 2 threat 3
are to: wigight weight weight wielight weight weight
- eXtend and provide a database factor 1 factor 2 factor 3 factor 1 factor 2 factor 3
[ [ J [ [ J
soil information in co-operation with <> atering” Matehing” ¢
the German federal states accordir Potential soil functions Actual soil functions:
tO the needs Of pOlitiCS at nation’ Production, requlation, basis for life Production, requlation, basis for life
c
& <
and EU Ievel, Of researCh areas al | Daminant potential sail function H Dominant actual soil function
for data users e.g. from agricultur [ < [
and all other affected disciplineS' Comparison of potential and actual soil functions;
! In case of any deviation
™ ana|yse thIS database to answ Meed for soil protection measures
requests for information from the
federal government (e.g. fol
preparing reports on the currer Flg 3.7. Flow chart for the balanCing of land quaties
situation); ("matching") and final interpretation of soil funct ions.

= allow the compilation of basic and
thematic maps and draft guidelines at administrativelje

= provide a basis for answering questions submitted bgd&an Union agencies or international bodies;
= provide a basis for co-operation with other researstitutions (e.g. for nationwide analyses).

The following main structural components are in gardus development at the BGR in analogy to the
information systems of the individual German states:

= Spatial database that maintains a number of alreadirgy soil and related maps including the
geometric-topographical data;

= Soil profile and laboratory database that contamth lobservation data from soil surveys as well as the
results of all soil chemical and physical analyses;

= Method database (“function database", "pedotransfies rdatabase") for estimating the groundwater
recharge rate, the retention capacity for polligantthe susceptibility of the soil to erosion.

All of the methods in the method database are non-amégfic, functional models based on simple
empirical relationships and can be classified asdpedsfer rules". They consist of pedotransfer fmstiin
modular form. Examples for this kind of algorithme #re pedotransfer rule to assess the potential fepdsk
of inorganic reactive contaminants such as heavy ;@WK 1988) or the pedotransfer rule to assess the
potential leaching risk of non-reactive contaminauish as nitrate (Renget al. 1990). When the inventory of
the pedotransfer rules database is compared to thef lisfjuired land qualities from Table 3.5, some gdnera
remarks can be concluded: pedotransfer rules to elexil kinds of filtering and buffering properties are
available and can be applied in a routine manneilewhodels to derive aspects of the "basis for lifeiction
still have to be developed or are restricted to regiapplications.

The third step, the classification of land qualitesording to threshold values, has be done for some land
qualities such as mean annual soil loss rates by waidsior. For other land qualities similar classifioati
schemes are still missing.

Finally, all land quality criteria have to be evatled to classify a soil function and to assess the foeed
soil protection measures (Fig. 3.7). For every saitfion, the evaluation of all associated land qualitieria
should be done by summarizing them with an approprietighing scheme as part of a matching procedure.
This procedure allows the determination of the saiteiptial for production, its potential as a regulatarits
ability to serve as a basis for life. By using a ragkisitheme the dominant potential soil function can be
assessed. The whole procedure is repeated for thoetats $oil, e.g. input of contaminants, agriculturalctice
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etc. Finally, potential and actual soil functicer® compared; in case of any deviation there iseal Hor soll
protection measures. The whole procedure has ndiben standardized nor used for routine application
Fig. 3.7 shows just one of many possible solutions.

For soil functional mapping at the European scdie, $ame operations as in Germany have to be
executed. Land quality criteria have to be alledato soil functions and the inventory of the Euraopea
pedotransfer rules database has to be investigatedvahshted. Results of these first two steps are sliown
Table 3.6.

Table 3.6. Investigation of the inventory of the Eurpean pedotransfer rules database in order to derive
soil functions as described by the EU Soil Communicatio

Existing approaches of the European

Soil function Land quality pedotransfer rules database
1. Food and other f= Biomass production potential,
biomass production agricultural yield puial
2. Storing, filtering = Retention capacity for heavy metals
and transformation = Retention capacity for organic contaminants— HOLLIS (1990, 1991)
= Buffering capacity for acidifiers ~ LOVELAND (1990)
= Risk of nitrate leaching
3. Habitat and ? Degree of pristineness of bictope
gene pool ? Suitability of the site for saijanisms
4. Physical and ? Importance as an archive afi@ilhistory
cultural environment
for mankind
5. Source of ?

raw materials

For the first two functions according to the EU SBilmmunication (food and other biomass production,
storing, filtering and transformation) associated lgndlity criteria can easily be found. When the rid¢he
soil as a habitat and gene pool is considered, theatien of land quality criteria is less clear. Theesent
inventory of the European pedotransfer rules daglimdocumented on the European Soil Bureau’s homepage
(ESB 2005). According to these citations (Kiagal. 1994, van Ranstt al. 1995), only two pedotransfer
approaches to estimate retention and buffering ptiegeof the soil are available (Table 3.6). This nsethat
for implementing the EU Thematic Strategy for Sodtection there is still some future work ahead of us.

When the present situation in Germany and Europengpared, some general conclusions can be drawn:

(1) The first steps to determine soil functions acicmydo the German Soil Protection Act have been
realized in Germany; two further steps are missing: ttethodology to weigh soil functions at the différen
stages of evaluation has yet to be standardized. diiad the final interpretation procedure to derisail
protection measures still has to be developed.

(2) Within the framework of the EU Soil Communicatimain soil functions have been defined too. For
some of them, associated land quality criteria existpfbers this task has not been accomplished yet. éAt th
moment, the European pedotransfer rules databasertootay a few appropriate approaches. Filling tlaip g
is an important future task.
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3.7 Soil organic matter19

3.7.1 The case study

One of the major stresses on the soil resources is thealetlorganic matter content (SOM). In many
of the European countries there is no reliable, aigate, spatially defined soil OM information. Boi
Information and Monitoring Systems were setup in tloegtries to survey the recent situation and estirtie
rate and trend of potential changes
of SOM. These Monitoring system:
are profile based networks, witt

Germany
# Poland

regular sampling period, which cai
provide limited, often insignificant
percentage of the country surfac
This data needs to be extrapolated
create continuous coverage of tF
area in question. In the meantim:
staying in line with the Europear
mapping standards is also a
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Slovenia; [/ 5
oveni %M{//////[’l{
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important requirement.

The SOM content of the soil
is strongly related to the land use
vegetation, climate and terrair
features, which can be modelle
with DEM and satellite data. The
type and the amount of soil organi
matter are strongly related to th
presence of water and the later.
redistribution of the surface material by erosi®@uath of these phenomena are partially controlledhigyterrain.
Among others CTI, Wetness index, PDD (Dolevsal. 2000), curvature, slope gradient and flow accurmanat
variables proved to have a significant contributiontie estimation of the depth of A-horizon, soil bzar
content (McKenzie & Ryan, 1999; Gess#dral., 2000), soil organic matter content (Moaeal., 1993), and
topsoil carbon (Arrouayst al.,1998; Chaploét al.,2001).

In this case study, a method to extrapolate poforimation based on an integrated digital elevaticsh an
satellite dataset and statistical-geostatistical ttwotseate a SOM map of Hungary is demonstratdte dverall
aim of the study is to develop a methodology, whigh be used to derive spatially defined SOM information
for the EU policy support.

The study area covers the Carpathian basin (Fi. 3Be MODIS sensor data (Salomonsdral. 2002)
was used for the project. In order to representeifit environmental conditions, two dates, May and
September of year 2000 were selected. In this stuel\l {7 reflective bands, the NDVI, and a thermalairgd
band (band 31) were selected. The 1 km layer wesrasampled to 500 m.

The 3 arc second resolution SRTM30 database was uded@s data. Numerous terrain attributes
were created and added to the database:
= Altitude
= Specific catchment area {Ahe ratio of the number of cells contributing fltava cell and the grid size)
= Profile, planar and complex convexity (see the Afw? online manual)

Fig. 3.8. The study area location. The hatched remtgular on the
central-European map is the pilot area.

19 prepared by E. Dobos.
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» Slope percentage (S)( average maximum techniqueo@yi, 1986, see also Arclfffonline manual)
= Potential drainage density (PDD) (Doleisal. 2005a)
= Aspect
= Flow accumulation (number of cells contributing fltava cell)
= Relief intensity (difference between the maximum amdimum elevations within a preset sized
neighbourhood) (Dobost al. 2005b)

CTI (Compound Topographic Index: In /) (Wilson and Gallant, 2000)

In order to match the 500 m resolution of the MODI terrain data layers were resampled to 500
meter using the bilinear function of Arc/Info. Twadificial layers were created, an easting andréhitg one to
represent the geographic position. The east-wedttidinerepresents the transition between the oceardcthe
continental climate, what is — among others - stronglyelated with the rainfall distribution.

Soil Monitoring System for Hungary (TIM)

TIM is part of the Hungarian Environmental Monitorif8ystem created and maintained since 1995
(Varallyayet al, 1995). This point-vector database consists of &286profile descriptions. The locations of
these points were selected as representative poirtie oftural landscape units of Hungary, so the datatzese
be considered a realistic characterization of ssburces of the country. The TIM data served asemte
information for the regression and kriging (dependesntiable). The SOM contents were calculated on a
horizontal basis in t/ha, and the horizon SOM costerére summed up to derive the total SOM contentef th
area. The variables used to calculate the SOM pbowniere the SOM %, bulk density and horizon depths.

Spatial prediction using regression-kriging

Regression kriging was used to create the SOM corgget for Hungary. The MODIS bands of the two
dates provided 18 layers, representing 18 environrheatiables. 10 layers of terrain variables werated as
well. All together 30 independent variables werevie counting the easting and northing layers as. wll
order to achieve normal or normal-like distributicor fall the variables, logarithmic and square rodada
transformations were carried out. Finally 45 layeeri@bles) were created. These layers complementéd wit
the SOM values derived from the TIM database weeel as variables for the regression kriging

3.7.2 Results

The forward regression has selected 12 variablesti@cequation. The variables and the regression
coefficients are given in Table 2. The adjustédmMas quite low, but significant, 0.238, meaning thetre is
significant correlation between the SOM content &dain and spectral variables. The scatterplothef
estimated and original SOM values are shown in Fig. Bl&e RMSE was 11642,92 in ¢f/amit.
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Fig. 3.9. Scatterplots of the original (OCG92) and theredicted SOM values for (a) the regression derived
(OCHUV2) and (b) the regression-kriging derived (REGKRG22) datasets.
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Despite of the low statistical correlation, the @lelook of the map looks promising. It coincidestwi
our understanding about the spatial distribution oMS€bntent over Hungary, determined by the climatic,
geologic, biotic and human impacts on the soil foromati The low R value and the scatter plot intimate the
complex nature of the SOM distribution, determinieg important soil forming factors, which are not
significantly represented by the satellite imagesherterrain variables. Although the major factorgutating
the SOM balance in general were present among thiables, the performance of the regression model was
disappointing. The authors identified two potdntEasons. The first one is coming from the scalecissd the
representativity of the training dataset. The indeat variables have a 500 meter nominal resolutiat is
quite low comparing with the training dataset. Titaning points were taken as single borehole sasnplhich
do not necessarily characterize well the entire, BO®00 m grid cell area. The organic carbon was &inp
twice before, first in 1992 and than in 1998. Tdwenparison of the two datasets showed a very highn oft
unrealistic variation in the SOM content, which i®imably due to the sampling design. A block sampling
design for the monitoring system would be more appate and would result in a much better and condiste
SOM database. It would help in the data regionatimaas well, which is one of the most important ésat
national level. Besides the representativity quastéo well defined error trend was identified as wellhe
organic carbon content (OCC) of the chernozem awadsess parent materials and on the mountainous areas
are well estimated or slightly underestimated or leyrélgression model, while the OCC of the sandy angygla
regions of the plain area of Hungary are significaotterestimated. This trend was captured by the ardin
kriging of the regression error (Fig. 3.10). The bamation of the regression and error kriging stepsilted a
refined SOM database, with a much lower RMSE (438hd)higher correlation (Fig. 3.9b).
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Fig. 3.10. Organic matter content of the soils of Hurayy derived from MODIS and SRTM30 data
through regression kriging.

page 60 of 68



DIGITAL SOIL MAPPING WG Technical report

3.7.2 Conclusions

A digital soil mapping procedure was tested hergroduce a SOM spatial information system for
Hungary. The results of the linear regression proeeduquite promising, however, the statistical measuees a
low. The regression combined with kriging of theideals, the so called regression —kriging producediehm
more accurate result with acceptable statistical measand realistic spatial distribution of the SOM. eTh
method is based on existing digital data sources glithal coverage, thus can be repeated anywhetieein
world, where soil profile data is available for tiag Digital elevation data and remotely sensed (RS)
information are among the best environmental desggptHowever, the correlation between these datar$
and certain soil properties depends highly on tha datlity and the environmental conditions, whendaia
was acquired. Stochastic models, like regressing R&Stdeestimate soil properties are well suited todiean
these problems and adapt the function to the infdbomaontents of the available predictors. In tterfe of a
well defined spatial soil inference system, more pEEmre-existing input data could be used to rua th
regression model and refine the procedure to bétter dur needs and exploit the emerging state ofthé&ols
and data of information technology.
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4 Conclusions?®

Nowadays, in order to tackle various environmentales related to soil, like soil degradation duend la

management, soil capacities and its sensitivity to threabigital Soil Mapping appears to be useful anehev
an irreplaceable procedure. However, each DSM my&diighly dependent on the purpose and the stnely.
The input data should be then relevant to the purpbte study.

4.1 We need data, we need specifications

The whole procedure of DSM contains a lot of interiated steps that are highly data demanding at

various phases of its execution. The requiremefulfibits demand is pre-implicit for successful executiof

the procedure. For instance, it is quite difficolanswer the feasibility of precision agriculturghasoil data at
the regional level. Obviously, the data at higtesolution are more expensive: DEM at 30m resolutamaost
about 400 euros/ 100 km whereas a DEM at 90m is free.

Either due to high price or due to the inconsisyemt the resolution of the existing data deliveredan

by the present techniques exploiting the modern tolgies, it is usually difficult to find various adexje
auxiliary data. In order to overcome this obstadisaggregation and/or aggregation processes must beadone
pre-treatments to produce digital soil map at a tadyeesolution. Scaling issues are one among ther majo
research topics that must be considered by soil mappevertheless others must also be evaluated.

4.2 Research needs

Since Digital Soil Mapping allows for evaluating thecuracy associated to the soil map, this evaluationld
also be applied on the input data. The problereadio tackle are:

How to evaluate the quality of the input data, aball soil observations and soil classification fram
attribute and geographical point of view?

How to correlate and harmonize existing data sourd#s different origin, quality, resolution/scale,
and sampling/analysis procedure for a pan Europeadaabase

If no soil data exists in the study area, how to omtinthe sampling/description/analysis procedures of
these data according to the purpose resolution?

How to compute the accuracy in the final functiomalp?

In order to assess a risk, is it better, to evaluaeritk only where accuracy is higher than a certain
threshold or evaluate the risk whatever the accustty

How and in what level can the traditional and dib#oil mapping techniques be combined to optimize
their values in a hybrid system.

The issues raised above are not exhaustive becauseithieyturn lead to the rise of new problems as resea
gaps to tackle further.

The main research needs focuses on:
integration of new covariates and evaluating thedation with soil properties;
evaluation of data input quality;
integration of data and model accuracy into functad threat mapping;
the design of a target-oriented, flexible soil datstay for functional data use
elaboration of DSM toolboxes for an easy to use expeft

20 prepared by F. Carré and S. Selvaradjou.
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4.3 The road towards soil functional mapping

Almost ten years would be necessary to get better £kpewledge in the field of the application of
DSM to match with the appropriate procedure invahee to the environmental problem in hand, andHbject
under investigation (study area). On the first siteig, advisable for European soil mappers to bettarestheir
expert knowledge and experiences. This can be\athitirough establishing a DSM library. Meanwhileme
pilot areas are also need to be set up in ordeistdtte different procedures and to evaluate the esegure
suitable for different cases.

Collecting data, materials and experiences could tedulild up better functional and easy to use tools
for all environmental managers and experts.

4.4 Proposal for new WG on Soil functions

Digital Soil Mapping is dedicated to map soil types swil properties that are useful to answer
environmental issues through soil function or soie#t mapping. The Soil Information Working Group
(SIWG) has initiated focuses on delineation of soifthe SIWG should provide to the DSM WG precise
information on the soil properties to map and onab®ociated scales (Tier | and Tier Il). But thera &rong
need to acquire useful soil information accordinghe function to map. That is why the creation afeav
Working Group dedicated to delineate various soitfioms would be quite useful for Digital Soil Mapper

In both case, soil attributes provided by the DSM wuagkgroup are the inputs of the delineation.
However, the result of the delineation could provideunderline the strong need of improving the ingata.
Further, research has to be undertaken to improveesiwdution of the soil properties to be mapped. sTthere
is an interlinkage of sharing data information (reguient or task execution) between various workiraugs
(DSM, SiI, Function) in order to effectively tackle environmental issues in hand.
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This report provides an overview of the state-@-#int digital soil mapping techniques and suggesisato use these
techniques to improve spatial and semantic deta&kisting soil data at national and European kevel

The DSM Working Group is the advisory board madenfresearchers and soil mapping experts from EUitces. It

has been founded at the last 2004 Plenary of thepEan Soil Bureau Network (Ispra, Nov 2004) agppert to the Soil
Information WG. lIts task is to review data, techusig and applications of digital soil mapping angrtopose common
methodologies for mapping European soils at diffeiscales. Furthermore the WG Activities input igleitation of

potentials to assist the European Commission iicipsl related to sustainability of soils, namelyibwentory and
monitor soil functions for the purpose of policy kivay. For more info, see also http://eusoils.jrc.it
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