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Preface

The ISRIC - World Soil Information foundation, legally registered as the International Soil Reference
and Information Centre, has a mission to serve the international community as custodian of global soil
information. We are striving to increase awareness and understanding of soils in major global issues.

We have updated the procedures for WoSIS (World Soil Information Service), our centralized enterprise
database to safeguard and share soil data (point, polygons and grids) upon their standardization and
harmonization. Everybody may contribute data for inclusion in WoSIS. However, data providers must
indicate how their data may be distributed through the system. This may be ‘please safeguard a copy
of our dataset in your data repository’, ‘you may distribute any derived soil data but not the actual profile
data’ or ‘please check and help us to standardize our data in WoSIS, there are no restrictions on use
(open access)’.

Conditions for use are managed in WoSIS together with the full data lineage to ensure that data providers
are properly acknowledged. In accord with these conditions, the submitted data are quality-assessed,
standardized and harmonized, ultimately to make them ‘comparable as if assessed by a single given
(reference) method’. The most recent set of quality-assessed data served from WoSIS, commonly
referred to as ‘WoSIS latest’, may be accessed freely through our Soil Data Hub (http://data.isric.

org).

ISRIC, in its capacity as World Data Center (WDC) for Soils, also serves its data products to the global
user community through auxiliary portals, in particular those of the ICSU World Data System and GEOSS
(Global Earth Observing System of Systems).

WoSIS is the result of collaboration with a steadily growing number of partners and data providers,
whose contributions we gratefully acknowledge. New releases of WoSIS-derived products, that consider
a broader range of quality-assessed soil data, will gradually be released by us for the shared benefit of
the international community and national stakeholders.

Ir H. van den Bosch
Director, ISRIC - World Soil Information


http://data.isric.org
http://data.isric.org




Summary

To better address the growing demand for soil information ISRIC - World Soil Information has developed
a centralized database for the shared benefit of the international community. This database, hereafter
referred to as WoSIS (World Soil Information Service), has been designed in such a way that, in principle,
any type of soil data (point, polygon, and grid) may be accommodated. However, WoSIS will only provide
quality-assessed data in a consistent format, with detailed information on data lineage and conditions

for use. Data derived from WoSIS may be used to address pressing challenges of our time including

food security, land degradation, water resources, and climate change.

At present, the focus in WoSIS is on developing consistent procedures for standardizing and harmonizing
soil analytical data as submitted by a wide range data providers. The general procedure for processing
profile data in WoSIS is as follows. First, new source data are imported ‘as is’ into a PostgreSQL database,
with the original naming and coding conventions, abbreviations, domains, lineage and data licence;
thereby copies of the source materials are safeguarded at ISRIC. Second, the source databases are
imported into WoSIS proper, forming the first major step of data standardization (into a single data

model). The next step of data standardization, applied to the values for the various soil properties as

well as to the naming conventions themselves, is needed to make the data queryable and useable.

Special attention has been paid to the standardization of analytical method descriptions, focusing on

the list of soil attributes considered in the GlobalSoilMap (GSM, 2013) specifications (e.g. organic
carbon, soil pH, soil texture (sand, silt, and clay), coarse fragments, cation exchange capacity, bulk
density, and water holding capacity), to which we have added electrical conductivity. Further, we checked
and added the soil classification (FAO, WRB and USDA Soil Taxonomy) and horizon designations as
provided in the source databases.

During the standardization of the analytical method descriptions, major characteristics of commonly
used methods for determining a given soil property are identified first. For soil pH, for example, these
are the sample pretreatment, extractant solution (water or salt solution), and in case of salt solutions
the salt concentration (molarity), as well as the soil/solution ratio; a further descriptive element is the
type of instrument used for the actual laboratory measurement. Similar schemes were developed for
the other soil properties under consideration here, with accompanying flowcharts.

A third step in the standardization / harmonization process will require data harmonization to make the
analytical data comparable that is as ’if assessed by a single given (reference) method’. Such work
will require further international collaboration and data sharing to the benefit of the international user
community as foreseen in the framework of Pillar 5 of the Global Soil Partnership.

Inherently, the present standardization procedures are only applied to soil profiles flagged as having
adequate permissions (i.e. ’shared’ profiles with at least a Creatice Commons Licence type CC BY

or CC BY-NC). The resulting standardized data can be accessed through our GeoNetwork instance
(http://data.isric.org/). The latest, dynamic dataset is available through a web feature service
(WFS); the corresponding data layers are referred to as ‘WoSIS latest’. For consistent citation purposes,
we also produce ‘static’ snapshots of the standarized data in comma delimited format (CSV), most
recently ‘WoSIS snapshot - July 2016’ (Batjes et al., 2017).

WoSIS forms an important building block of ISRIC's Spatial Data Infrastructure (SDI). Further developments
will allow for the fulfilment of future demands for global soil information, and enable further incorporation
of soil data shared by third parties in an inter-operable way, within a federated system.


http://data.isric.org/




Chapter 1

Introduction

ISRIC's mission, as custodian of global soil information, is to ‘serve the international community with
quality-assessed information about the world’s soil resources to help addressing major global issues’.
Since the 1980's, ISRIC has developed and managed a number of stand-alone soil databases that are
freely available to the scientific community and other non-commercial groups. However, dissemination
opportunities have changed drastically in the past two decades permitting faster and more efficient
forms of information delivery. Strategies adjusted to these opportunities led to the development of

a prototype for ‘A centralized and user-focussed database containing only validated and authorized
data with a known and registered accuracy and quality’ in 2010 (Tempel et al., 2013). Subject to initial
testing, a revised system was released in 2015: WoSIS or ISRIC World Soil Information Service
(Ribeiro et al., 2015).

WoSIS is a server database for handling and managing multiple soil datasets in an integrated manner,
subsequent to proper data screening, standardization and ultimately harmonization. A key element

is that the system allows for inclusion of soil data shared by third parties, while keeping track of the
data lineage (provenance) and possible restrictions for use (licences). Ultimately, the terms of these
licences will determine which set of quality-assessed and standardized data can be served freely to
the international community.

WoSIS forms an important component of the ISRIC Spatial Data Infrastructure (SDI)', ISRIC’s overarching
approach for generating open soil data (Figure 1.1). The approach aims to collate/safeguard soil data
(both legacy/historic data and new soil data) and upon their standardisation use the standardized soil

data in combination with spatial co-variate layers for the automated production of grid maps using

digital soil mapping at various spatial resolutions (SoilGrids) (Hengl et al., 2017).

WoSIS and SoilGrids are key components of ISRIC's evolving Spatial Data Infrastructure (SDI), through
which quality-assessed data about soils can be made accessible and shared across disciplines to
address global challenges such as climate change, food security, and the degradation of land and
water resources (Batjes et al., 2013).

A vast amount of soil data have been collated throughout the world yet only a fraction thereof is as

yet freely available for use by the international community (Omuto et al., 2012; Arrouays et al., 2017).
Realistically, however, only part of the shared site, profile (e.g. classification) and horizon (e.g. morphological,
chemical and physical) data can be standardized in programmes such as WoSIS (Batjes et al., 2017).

The present focus in WoSIS is on serving quality-assessed soil data for those properties considered in

the GlobalSoilMap specifications (GSM, 2013).

This report presents the latest changes to the WoSIS procedures; as such it supercedes the preceding
version (Ribeiro et al., 2015). It consists of six Chapters and seven Appendices. Following up on the
introduction, and prior to describing the database design (Chapter 3), basic principles for flagging repeated
(e.g. duplicate) soil profiles originating from different international databases, basic measures for defining
data quality (i.e. level of trust and accuracy), and the main steps towards standardization and harmonization
of numerical soil data are discussed in Chapter 2. Aspects of data interoperability and web services
(Chapter 4), and possible approaches to federated databases (Chapter 5), set in the context of ISRIC’s

Thttp://isric.org/explore
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Figure 1.1: Simplified representation of ISRIC’s workflow for data processing.

evolving Spatial Data Infrastucture (SDI), are discussed next. Subsequently, an outlook concerning
future developments is presented in Chapter 6.

Appendix A explains how the (steadily growing number of) quality-assessed and standardized data
managed in WoSIS can be accessed freely by users. Appendix B describes basic principles for compiling
soil profile data to facilitate entry into WoSIS, and provides standardized templates for this. Appendix C
focuses on quality aspects related to soil laboratory data. Subsequently, Appendix D provides the rationale
and criteria for standardizing soil analytical procedures descriptions in WoSIS. Flowcharts for this are
presented in Appendix E, while the corresponding option tables (i.e. look up tables) are described in
Appendix F. Descriptions for each data table in WoSIS are provided in Appendix G.



Chapter 2

Basic principles for processing data

As indicated, the present focus in WoSIS is on uniformly characterizing point soil data for the world,

using a normalized and structurally sound data model Chapter 3. For this, soil profile data are considered
as the result of observations and measurements (O&M), see Appendix 2. Such a systematic grouping

of the available information is a prerequisite for soil-data-interoperability (OGC, 2015; Wilson, 2016),

as further discussed in Chapter 4 and 5.

2.1 Flagging repeated profiles

One of the first tasks in the process of importing data into WoSIS is the search for repeated profiles.
This is necessary as the same profile may have been described in multiple source databases, albeit
using different procedures and profile identifiers. Such a situation is likely to arise with stand-alone
databases that are data compilations, such as those developed for projects such as SoTER

(van Engelen and Dijkshoorn, 2013), WISE (Batjes, 2009) or the Africa Soil Profile Database
(Leenaars et al., 2014b). This screening process will yield a unique set of soil profiles and thus produce
a truthful profile count (Figure 2.1).

Figure 2.1: Location of shared, unique, geo-referenced profiles held in WoSIS (February 2018).

Repeated profiles may be identified using various approaches. Two main approaches or checks are
applied in WoSIS, on lineage and on geographical proximity. The lineage check considers the data
source identifiers, uses this information to trace the original data source, and from there look for duplicates.



Alternatively, the proximity check is based on the geographic coordinates. The procedure first identifies
profiles that are suspiciously close to another (e.g. <10 m). Subsequently, the information for these

profiles is compared and the database manager assesses the likelihood of such profiles being identical.

In case of duplicates, only the standardized soil profile derived from the most detailed source database

will be served to the international community in accord with the corresponding data licence (see Figure 2.1).
The above screening process is a rather time consuming task as it cannot be automated fully; additional
techniques for identifying possible duplicates are under investigation.

ISIS
(907)

/ SOTER
. (6388)

LIt

-~ .
-~ -
---------

Figure 2.2: Intersection between ISRIC stand-alone profile databases showing the number of
overlapping profiles (AfSP, Africa Soil Profile Database; ISIS, ISRIC Soil Information Service, SOTER,
Soil and Terrain Database; WISE, World Inventory of Soil Emissions potentials database).

Figure 2.2 illustrates the intersection between four profile databases compiled in the framework of
collaborative ISRIC projects: AfSP (Africa Soil Profile Database) (Leenaars et al., 2014a), ISIS (ISRIC
Soil Information System)', WISE (World Inventory of Soil Emission potentials; (Batjes, 2009)) and
various national and continental scale SOTER databases (Soil and Terrain Databases)?. Except for

ISIS, which holds profile data for the ISRIC World Soil Reference Collection, the other datasets are
project-specific compilations from various (possibly overlapping) data sources. As shown in Figure 2.2,
12,810 profiles are exclusively present in AfSP; 35 are shared among AfSP and ISIS; 164 are shared
between AfSP, ISIS and WISE; 10 profiles are present in the 4 databases, and so on. In case of duplicate
profiles, data for the most complete source data set will be prioritized when serving the standardized-data
(see Appendix A).

"http://isis.isric.org/
2http://www.isric.org/projects/soil-and-terrain-soter-database-programme
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2.2 Measures for data quality

2.2.1 Data lineage

As indicated by Chapman (2005), ‘Too often, data are used uncritically without consideration of the

error contained within, and this can lead to erroneous results, misleading information, unwise environmental
decisions and increased costs’. WoSIS is being populated using datasets produced for different types

of studies ranging from routine soil surveys to more specific assessments, each of these having their

own specific quality requirements (Landon, 1991; SSDS, 1993). The corresponding samples were
analysed in a range of laboratories or in the field according to a range of methods (e.g. wet chemistry

or spectroscopy), each with their own uncertainty. As indicated by Kroll (2008), issues of soil data quality
are not restricted to uncertainty issues, they also include aspects like completeness and accessibility

of data.

Low accuracy Low accuracy

Low precision High precision
High accuracy High accuracy
Low precision High precision

Figure 2.3: Depiction of the accuracy and precision of measurements.

Quality of data can be evaluated against a range of properties, for example positional accuracy, attribute
accuracy, logical consistency, completeness and lineage. Underlying these properties are always the
two central themes in data quality assessment, the concepts of accuracy and precision. In the case of
environmental data, accuracy can be defined as ‘the degree of correctness with which a measurement
reflects the true value of the property being assessed’, and precision as ‘the degree of variation in
repeated measurements of the same quantity of a property’ (EH&E, 2001). A high degree of precision
and accuracy need not occur simultaneously in a process (Figure 2.3), thereby determining attribute
uncertainty. When results are both precise and accurate, confidence in data quality is maximized. The
desired accuracy and precision, however, will vary with user requirements and scale of application
(Leenaars et al., 2014a; Finke, 2006).

Similarly, differences between accuracy and precision in a positional context can be visualized (Figure 2.4)
(Chapman, 2005): a red spot shows the true location, a black spot, represents the locations as reported
by a collector. For point data, the aspect of positional accuracy, in the context of digital soil mapping,

has been discussed in detail with respect to legacy soil profiles collated for the Africa Soil Profile Database
(Leenaars et al., 2014a).

To address and document the above issues, three quality indicators are applied throughout the WoSIS
database. These are:

e Observation date: date of observation or measurement (sensu data lineage),

e Level of Trust, a subjective measure based on soil expert knowledge (column: trust; see Section 2.2.2),
and

e Accuracy and precision, the Laboratory/Field/Location related uncertainty (column: accuracy;
see Section 2.2.3).



* .

Figure 2.4: Differences between accuracy and precision in a spatial context (From left to right: High
precision, low accuracy; Low precision, low accuracy showing random error; Low precision, high
accuracy; High precision and high accuracy.

The above indicators were introduced to provide ‘flags’ that allow investigators to recognize factors that
may compromise the quality of certain data, hence their suitability for use. Consideration of all three
indicators ensures that objective methods are applied for evaluating data in the database, while at the
same time it enables soil expert knowledge to override these assessments when needed. In practice,
however, the information provided with the source materials may not allow for a full characterization of
all three indicators (Appendix C).

2.2.2 Level of trust

Different attributes managed in WoSIS need to be characterized in terms of inferred trust. The lowest
level ‘A’ is used for data entered ‘as is’. Subsequently, such ‘A’ level data can be standardized to level
‘B’; this step considers the soil property, analytical method and unit of measurement. Ultimately, B-level
data can be harmonized (‘C’) to an agreed reference (target) method, subject to international agreement
about the recommented target method (Baritz et al., 2014). Step B includes automated error-checking
for possible inconsistencies with some visual checks. Level ‘C’ is the highest achievable degree of
harmonization in WoSIS; such values have been approved by a (regional) expert who has performed

an in-depth check, ideally considering the value in relation to the full soil profile, and found no apparent
anomalies.

2.2.3 Accuracy and precision

The precision and accuracy of results from laboratory measurements can be derived from the random
error and systematic error in repeated experiments on reference materials or with reference methods.
This information generally is only available in the originating laboratories, as further discussed in Appendix C.

Any given measurement has a specific measurement error, which can be determined using a range

of methods. The accuracy of values derived in a laboratory can be characterized using blind samples
or based on repeated measurements on reference materials. Any laboratory should be able to provide
these parameters according to good laboratory practice (OECD, 1998; van Reeuwijk and Houba, 1998),
but in practice this need not be the case. For measurements that use other devices, such as GPS and
soil moisture sensors, the accuracy can be obtained from manufacturers, literature and even expert
knowledge.

2.3 Main steps towards data harmonization

2.3.1 Data lineage and access conditions

WoSIS aims to facilitate the exchange and use of soil data collated within the context of collaborative
efforts at global, regional, national and local level. As indicated, such data have been collected and
analyzed using numerous approaches and procedures; typically, these conform to the prevailing national
standards. Subsequently, these data have been compiled in databases using specific templates with
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underlying data models and data conventions. These ‘raw’ data often meet specific goals and are
not necessarily meant to contribute to international transboundary studies. Standardization of such
data for wider use may imply a loss of appropriateness for originally intended purposes. However,
once compiled under a global common standard they importantly gain in appropriateness for use for
international purposes.

A priori standardization of data, for the purpose of being shared with the global community as in SOoTER
and WISE, implies a serious burden for data providers while not necessarily contributing to their direct
goals. It often implies a loss of lineage and traceability (Leenaars et al., 2014a). Consequently, data
standardization generally occurs a posteriori. Such is preferably done by the data provider who is best
able to correctly interpret the data; this would yield a ‘double dataset’ holding both original data as well
as standardized data (Leenaars et al., 2014b). Alternatively, data standardization would need to be
done by a ‘central compiler’. Therefore, any soil dataset intended for being shared through WoSIS
should be sufficiently documented, with adequate metadata, to make the data understandable and
usable.

Data providers that submit data for possible inclusion in WoSIS must specify conditions for access to

the data they deposit. This may be done using a Creative Commons? license or other existing licence.

In practice, this information is provided as part of the data lineage (i.e. possible ‘inherited restrictions’).
Access conditions for third parties to each dataset managed in WoSIS are enforced through ‘access
registers’; overall conditions are in accord with the ISRIC Data and Software Policy*. Ultimately, only
standardized data derived from ’shared’ sources are provided to the international community (Appendix A).

2.3.2 Data standardization and harmonization

As indicated, the WoSIS database has been designed in such a way that, in principle, any type of soil
data can be accommodated irrespective of the data source (with associated data models and data
conventions as originally compiled).

Basic principles, and standardized templates, for compiling soil profile datasets for use in WoSIS are
given in Appendix B. Adoption thereof will permit to: a) keep track of data sources and identify uniqueness
of profile records (through their lineage), and b) describe the full (source) data so that they may be
correctly collated into WoSIS.

Main steps for processing data in WoSIS are schematized in Figure 2.5. First, all submitted datasets

are imported as is in the ISRIC Data Repository keeping the original data model, naming and coding
conventions, abbreviations, domains and so on. Subsequently, these source datasets are converted

into PostgreSQL format. Thereafter, these PostgreSQL data sets are mapped to the WoSIS Data Model
(Batjes et al., 2017). Basically, this is the first major step of data standardization in WoSIS. The second

step of data standardization, applied to the values for the various soil properties as well as to the naming
conventions, is applied to make the data queryable and usable. A desired third step, full data harmonization,
would involve making similar data comparable, that is as if assessed by a commonly endorsed single
reference method (for pH, CEC, organic carbon, etc.). At present, however, these reference (or target)
methods still have to be agreed upon by the international soil community (Baritz et al., 2014). Once

this has been done, regionally calibrated pedotransfer functions will need to be derived drawing on

results from large scale laboratory method inter-comparisons, such as GLOSOLAN? (Global Soil Laboratory
Network). As indicated by GSM (2013) and others, the necessary pedotransfer functions should be

region and soil type specific.

Ultimately, the quality-assessed, standarized/harmonized data are served to the international community,
in accord with the licence specified by each data provider (Appendix A).

Shttp://creativecommons.org/licenses/
“http://www.isric.org/about/data-policy
Shttp://www.fao.org/global-soil-partnership/resources/events/detail/en/c/1037455/
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Data provider x

(data model i ; data conventions j ; data licence k)
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ISRIC Data Repository

v

Import dataset ‘as is’ into PostgreSQL
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Standardize data
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Figure 2.5: Main stages of data standardization and harmonization.
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Chapter 3

Database design

3.1 General concept

The database design for WoSIS consists of 46 interrelated tables following a standard relational model
implemented in PostgreSQL, a powerful, open source object-relational database system. Each table
has an unique identifier (Primary key). Primary key fields are based on the natural key fields such

as dataset._id or country_id, rather than artificial key fields. When this was not possible, artificial keys
were used together with a Sequence to automatically generate the next unique value on new data
inserts. Foreign keys were created to build the data model and enforce data referential integrity. In
other words, Foreign keys establish links between tables and define the way they behave (e.g. ON
DELETE CASCADE / RESTRICT / NO ACTION / SET NULL / SET DEFAULT). Other constraints, such
as Check, Not-Null or Unique, were implemented when necessary in accordance with certain attributes
properties. Functions and Triggers were created to facilitate management of the database, for instance
to batch rename all the Primary keys according to a certain rule or to facilitate the import of data into
the database. Further, Views and Materialized Views were generated to output results.

Objects in WoSIS are named using the following set of rules:

Common rules
¢ lower-case characters
e separate words and prefixes with underlines (snake_case)
e No numbers
e no symbols
¢ no diacritical marks
¢ short descriptive names (example: profile_layer)

e the name of the object should indicate what data it contains (example: reference_author)

Table names
e singular names
e avoid abbreviated, concatenated, or acronym-based names

e use same prefix for related tables

Column names
e singular names

e the primary key column is formed by the table name suffixed with "_id’

13



o foreign key columns have the same name as the primary key to which they refer

e in views, all column names derived directly from tables stay the same

For the rest of the objects, default PostgreSQL names are used:
e Primary key: <table_name>_pkey
e Sequence: <table_name> _<column_name>_seq
e Foreign key: <table_name> _<column_name> _fkey
e Index: <table_name> _<column_name>_idx
e Check: <table_name> _<column_name>_check
e Views: vw_<view_name>
e Function: fun_<descriptive_name>

e Trigger: trg_<table_name> _<column_name>

WoSIS uses one single database schema to logically group objects such as tables, views, triggers and

so on. Different schemas are used for other purposes, such as Database Auditing and Web Applications,

to enforce role grant access and use different tablespaces. This will allow other systems, such as GeoNetwork,
to operate using the same database.

In order to enhance legibility, tables have been grouped according to their functions to better show
relationships (see different colours in Figure 3.1):

Metadata

Soil classification
Attribute definition

Reference

e Profile data

Map unit data

Raster data

The individual 'components’ are described in detail in Sections 3.2.1 to 3.2.7, while the structure of
each table is documented in Appendix G.

By convention, in the text, table names appear in bold and column names in italic.

14
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3.2 Main components

3.2.1 Metadata

Metadata are data that define and describe other data. They also define the terms and conditions for
use of the data and ensure that all data can be properly attributed and cited (Figure 3.2). GeoNetwork,
a catalogue application for spatially referenced resources’, provides powerful metadata editing and
search functions as well as an embedded interactive web map viewer. It is based on the principles

of Free and Open Source Software (FOSS) and International and Open Standards for services and
protocols (a.o. from ISO/TC211 and OGC). GeoNetwork, is interoperable with standards used by the
ICSU World Data System 2 and GEOSS (Global Earth Observation System of Systems) portal 2.

WoSIS links its dataset table with ISRIC's Geonetwork 3.0 database®*.

EE dataset »
E dataset_contact >

FH contact P |

EH contact_organization >k

Figure 3.2: Metadata reference group tables.

The dataset table stays at the top of the hierarchy of the database defining where the data come from.
Most importantly, the dataset table is used to manage and enforce the access rights, for example whether
the associated data may be shared freely with the general public or not; conditions for this are specified
by each data provider in accordance with the ISRIC Data Policy®. The dataset table also serves to

make a bridge, as mentioned before, to the Geonetwork database where detailed metadata is stored.

Table dataset_contact is an intermediary table that enables a dataset have more than one contact
assigned. In tables contact and contact_organization describe organizations and/or persons that

have been instrumental in collating or providing the observation results (either descriptive or measured)
that are stored in the database. It is the single entry point to authoritative names and contact information
in the overall database. This is to prevent the use of different names or spellings for the same organization
or individual in various parts of the database (e.g., KIT, Tropen Instituut, Royal Tropical Institute, Koninklijk
Instituut voor de Tropen).

The contact_organization table may also store organization components like departments and regional
centres. A contact field stores the contact information for a real person. A contact can be linked to

one or more organization - in the sense of a ‘collaborated with’ or ‘is employed by’ relationship. The
contact_organization table links to the country table which defines codes for the names of countries,
dependent territories and special areas of geographical interest based on ISO 3166 and their geometry
from the Global Administrative Units Layer (GAUL)®, release 2015, a spatial database of the world
administrative areas (or administrative boundaries). GAUL describes where these administrative areas
are located (the ‘spatial features’), and for each area it provides attributes such as the name and variant
names.

3.2.2 Soil classification

Soil classification involves the systematic categorization of soils based on distinguishing characteristics
as well as criteria that dictate choices in use. It is probably one of the most controversial, and debated,
soil science subjects. Many countries have therefore developed their own classification systems (FAO,

2015); international correlation of the various systems is being addressed by the World Reference

Thttp://geonetwork-opensource.org/

2WDC-Soils, see https://www.icsu-wds.org/services/data-portal

SGEOSS portal, see http: //www.geoportal .org/

“http://data.isric.org/

Shttp://www.isric.org/data/data-policy

6See http://www.fao.org/geonetwork/srv/en/metadata.show?id=12691&currTab=simple
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Base for Soil Resources (IUSS WG-WRB, 2015) and earlier through the FAO-Unesco Soil Map of the
World (FAO-Unesco, 1974; FAO, 1988).

The classification tables (Figure 3.3) in WoSIS support three widely used soil classification systems:

e FAO Soil Map of the World: This system was originally intended as legend for the Soil Map of the
World, at a scale of 1:5M, but in the course of time it has been used increasingly as a classification
system (FAO-Unesco, 1974; FAO, 1988); the FAO system has now been subsumed into the WRB
(tables class_fao, class_fao_horizon and class_fao_property).

e World Reference Base for Soil Resources: the international, standard soil classification system
endorsed by the International Union of Soil Sciences (IUSS WG-WRB, 2015), and earlier versions
as indicated by the year of publication (tables class_wrb, class_wrb_horizon, class_wrb_material,
class_wrb_property and class_wrb_qualifier).

e USDA Soil Taxonomy (SSDS, 2010), and earlier approximations as indicated by the year of publication
(table class_soil_taxonomy).

In addition to the above, the national or local classification can be stored in table class_local. Also,

having been used extensively in Western Africa, the French soil classification (CPCS) can be specified

in a specific table (class_cpcs). In the future, once fully developed, a table for the Universal Soil Classification
(Michéli et al., 2016) may be accommodated in WoSIS.

Sometimes, as discussed earlier, the same soil profile may have been considered/processed in different
ISRIC and international datasets. As a result, the same profile may have been classified/correlated
differently in each source dataset, based on the same soil classification system, depending on the
classifier's perspectives (Kauffman, 1987). Therefore, WoSIS contains a link dataset_profile table to
assign profiles (profile table) to specific source datasets (dataset table). All classifications refer to

an entry in the dataset_profile link table (that is, a profile in a particular dataset), thus enabling one
classification per profile and dataset.

In some cases, the USDA Soil Taxonomy coding is inconsistent between editions as different standard
notations have been used in successive versions (SSDS, 1975, 1992, 1998, 2003, 2010); examples

are given elsewhere (Spaargaren and Batjes, 1995). Alternatively, the original (FAO-Unesco, 1974)

and revised Legend (FAO, 1988) to the FAO Soil Map of the World use a well-established coding scheme.
Similarly, there is now an agreed coding scheme for the WRB Legend (IUSS WG-WRB, 2015). Nonetheless,
to avoid any ambiguity in soil classification names, for any soil classification system full descriptive

names are stored in the database together with the edition (year) of the classification system.

Soil classifications in WoSIS are given as they were in the source database; soil names were only

checked for spelling errors. Similarly, horizon or layer designations are given ‘as is’, but cleaned. Harmonization,
for example to the FAO (2016) nomenclature, is considered the reponsibility of the individual data providers.
This in view of the large differences in conceptual approaches and coding systems used internationally,

and their versioning (Bridges, 1993).

17



Ky1adosd™qum ssed 5

P ajyoid E |+ _”ﬁ..

ajjoidTyaselep &2 T.|.+_ 4

19se3ep (5 )

1elajew qumTsse)d £

qamTsse)d

uozoy qimTsse)d B

1830 55813 ET.I

Jaljnenbqimsse)d 5

s3d>7sse)d EWT

uozuoy~oej sse|d 5
Auadoid™oey sse)d £ S

oeJ sse)d ETI

fwouoxe]T|losTsse)> EWT.

"Se|ge] uoneolIsse|) :g'g ainbi4

18


http://www.isric.org/sites/default/files/wosis_doc_db_classification.png

3.2.3 Attribute definition

Each dataset (as described in dataset table) comes with a list of attributes (or parameters or properties)
in order to express a description or measurement. These source attributes are described in the table
desc_attribute (Figure 3.4). The naming or coding of the source attributes need to be standardized

to permit querying for a certain attribute across the entire database with multiple (source) datasets.

For example, the following terms are used to describe soil organic carbon content in various source
databases: organic carbon, carbone organique, organischer Kohlenstoff, and carbono organico. Standard
attributes are described in table desc_attribute_standard with basic information about their data type,
unit and domain.

For each attribute (desc_attribute), the definition, analytical methods and source laboratory must be
defined explicitely to allow for standardization and ultimately full harmonization. Soil analytical methods,
and a description of their main characteristics, however, is a complex topic as many of these analyses
are soil type specific (SSDS, 2011; van Reeuwijk, 2002). Analytical methods are often poorly defined

in the source materials. Alternatively, the same analytical method may have been described in various
ways. To preserve the lineage, the analytical method descriptions, as defined in the source materials,
are preserved ‘as is’ in table desc_method_source, for example ‘Exchangeable Potassium - Neutral
Salt (meqg/100g)’.

Each standard method, as encountered during data compilation, is described in table desc_method_standard
using a defined number of standardized options, as documented in table desc_method_feature. Further,
details about the laboratory where the measurement took place are stored in table desc_laboratory.

The next table in the data model is descriptor in which the attribute, analytical method and laboratory

id’s are combined into a new, unique id (descriptor_id). The descriptor_id is later used in tables such

as profile_attribute, profile_layer_attribute, map_attribute and map_raster in which the measured
respectively description values are stored.

According to their nature, data are stored in a specific table:

Profile (point 2D): profile_attribute

Layer (point 3D): profile_layer_attribute

Map-unit (polygon): map_attribute

Matrices (pixel): raster

Recognizing the broad scope of the domain of knowledge that can be accommodated in the WoSIS
database, every effort was made to be as accurate as possible in the definition of the entities of interest
as well as their characteristics.

In data management and database analysis, a data domain refers to all unique values that a given

data element may contain. The rule for determining the domain boundary can be as simple as a data
type with an enumerated list of values. For example, a table about soil drainage may contain one record
per spatial soil feature. The observed ‘drainage class’ may be declared as a string data type, and allowed
to have one of seven known code values: V, P, I, M, W, S, E for very poorly drained, poorly drained

and so on in compliance with (FAO, 2006a) conventions. The data domain for ‘drainage class’ then

is: V, P, I, M, W, S, E. Alternatively, other datasets with information about soil drainage may employ
other code values (e.g. ‘0’ for very poorly drained, ‘1’ for poorly drained, ...) for the same ‘drainage’
phenomenon. Since the database should allow users to enter data in their primary form - that is, in
principle, users should not be burdened with conversion issues upon entering or submitting (their) data
- a mechanism is needed to link a phenomenon to more than one data domain. This mechanism is in
the desc_domain table which essentially links an attribute to a data domain in desc_domain_value.
Our ‘soil drainage’ example would require one record to link ‘soil drainage’ to the corresponding data
domains in

desc_domain_value. Conversely, a data domain may be used to describe more than one characteristic.
For example, in the FAO Guidelines for Soil Description (FAO, 2006a), several surface characteristics
are defined using the same surface coverage classes, ergo the same data domain.

Since a data domain may be referenced by more than one characteristic, the relationship between
the desc_domain_values table and the desc _attribute table would be of a many-to-many nature. To
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circumvent such many-to-many relationships in the database, a desc_domain table was added between
the table with desc_attribute and the desc_domain_values table (Figure 3.4).
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3.2.4 Source materials

Data, definitions, and descriptions may be drawn from a variety of data and information sources. Potential
sources include publications, grey literature, maps, web sites (URLs) and digital media. These sources
vary widely in their nature and in the way they are described. Table reference provides a harmonized
structure to refer to these heterogeneous sources. It also allows for the description of the following

types of information sources:

e Publications and grey literature
Web site (URL)

e Map

Digital media (CD-ROM, DVD, etc.)

The Reference group consists of five tables. The main table, reference, describes the full reference
of the source materials. When available, it is linked to the actual document in the ISRIC World Soil
Library through the unique code in column isn.

In WoSIS, three entities may have a reference: a dataset (dataset table), a profile (dataset_profile
table), and an analytical method (desc_method_standard table). The desc_method_standard table
has a 1:1 relation with the reference table (Figure 3.5). It is mainly used for documenting the laboratory
manual procedure for a specific method. Dataset and profile have an intermediate table so that a profile
or a dataset may have more than one reference (e.g. dataset, journal article, reports and maps), which
permits to reconstruct the full lineage to the original data source. Through table reference_author, an
author is linked to a given reference. A reference can have multiple authors, therefore these names are
stored in a separate table reference_author. The same applies for table reference file.
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3.2.5 Profile data

Tables in the profile data group (Figure 3.6) describe two basic entities from the domain of discourse
underlying the database: a soil profile (pedon) and its properties or attributes (e.g. land use, position
in the terrain, signs of erosion, and drainage), as well as its constituent layers with their respective
attributes or properties (e.g. horizon designation, structure, colour, texture, and pH).

Table profile holds unique soil profiles along with their geometry (x,y). The coordinates are stored

in column geom, in binary mode, using the PostGIS’ spatial extension for PostgreSQL. The default
coordinate system used in WoSIS is WGS84, EPSG code 4326. The accuracy of the profile coordinates
is stored in column geom_accuracy in decimal degrees. Further, the country in which a profile is located
is registered using the 2 character ISO code (e.g. BE for Belgium) in column country_id.

Each soil profile in WoSIS is given a specific integer ID as well as a UUID8: for example, profile id 50000
corresponds with UUID of b7b86368-b8f2-11e4- 90de-8851fb5b4e87’. The UUID is automatically
generated when a record is inserted into WoSIS. UUID’s allow for easy profile identification in diverse
computer systems like harvesting environment, web services, broadcasting in social networks (e.g.Twitter
and Facebook), or integration with GeoNetwork.

As indicated, some profiles are represented in more than one (source) dataset, together with their
respective soil property values. In order to preserve the original soil properties and soil property values
from the different source datasets, the tables (profile_attribute and profile_layer_attribute) containing
the measured values link to table dataset_profile. Figure 3.6 shows that the dataset_profile table
forms the node or the backbone of the database as it represents the inventory of soil profiles and soll
profile source datasets. All tables that link to dataset_profile always have a foreign key formed by
dataset_id and profile_id.

Table profile_attribute is used to manage the properties about the profile and profile‘s site, including
drainage, terrain, vegetation, land use, and climate. In order to store the soil's properties for a given
layer, this layer has to be defined first in table profile_layer. This table stores information about the
upper and lower depths of the layer (and horizon), measured from the surface, including organic layers
(0)® and mineral covers, downwards in accord with current conventions (FAO, 2006b; SSDS, 2012),
together with the corresponding soil samples and dataset.

Table profile_layer links to table profile_layer_attribute in which the chemical, physical, morphological
and biological soil properties of a layer are recorded, such as structure, colour, texture and pH. Soil
properties are defined in table descriptor, as explained in Section 3.2.3.

7PostGIS is an open source software programme that adds support for geographic objects to PostgreSQL - https://en.
wikipedia.org/wiki/PostGIS.

8Universally unique identifier, https://en.wikipedia.org/wiki/Universally_unique_identifier

9Prior to 1993, the begin (zero datum) of the profile was set at the top of the mineral surface (the solum proper), except for
‘thick’ organic layers as defined for peat soils (FAO, 1977; FAO and ISRIC, 1986). Organic horizons were recorded as above and
mineral horizons recorded as below, relative to the mineral surface (SSDS, 2012) p. 2-6).
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3.2.6 Map unit (polygon) data

“Traditional soil surveys describe kinds of soils that occur in an area in terms of their location on the
landscape, profile characteristics (classification), relationships to one another, suitability for various
uses and needs for particular types of management’ (SSDS, 1983). Soils are grouped into map units
for display purposes. A soil map unit is a conceptual group of one-to-many delineations. It is defined
by the same name in a soil survey that represents similar landscape areas in terms of their components
soils plus inclusions or miscellaneous areas (SSDS, 1983). For example, in the SOTER methodology,
which has been used by ISRIC, FAO and their partners to develop a range of continental and national
scale databases (van Engelen, 2011; Omuto et al., 2012), a map unit identifies areas of land with a
distinctive, often repetitive, pattern of landform, lithology, surface form, slope, parent material, and

soil types (van Engelen and Dijkshoorn, 2013). Tracts of land demarcated in this manner are named
SOTER (map) units; again, each map unit may consist of one or more individual areas or polygons on
the map.

In WoSIS, each map unit is stored as a single or multi polygon geometry. All polygon maps, and therefore
their mapping units, are stored in a single table called map_unit. The map_unit_id identifies each individual
map unit within the table. Hence, every map unit must refer to a dataset as uniquely defined in the
dataset table. As indicated, in WoSIS, the reference datum for any point or polygon on the Earth’s

surface is WGS841°.

In WoSIS, information about a map unit, its component soils and their attributes and their values is
stored in a separate table called map_attribute (Figure 3.7). The id’s of the profiles associated with
each component soil are listed in map_unit_soil_ component_x_profile.

10World Geodetic System 1984 (WGS84), http://en.wikipedia.org/wiki/World_Geodetic_System.
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3.2.7 Raster data

With PostGIS 2.x raster data can be stored in PostgreSQL. In WoSIS this functionality is used to accommodate
raster data such as those produced by SoilGrids (Hengl et al., 2014, 2015), the Africa Soil Information

System (AfSIS), GlobalSoilMap (Arrouays et al., 2014), and other projects. The source of the product

can be described in table dataset, while desc_attribute describes the raster image or the attribute

they represent (Figure 3.8). Descriptor is an intermediate table which defines the attribute plus the

method and source laboratory using one single id (descriptor_id). All raster databases are registered in

table raster.

Unlike for polygon data, raster data are only registered in WoSIS. The actual (generally large) raster
files are kept in the original file system for ease of handling (thus not imported). For consistency, the
default coordinate reference system for raster data is also WGS 84 (EPSG 4326)"" and the preferred
format GeoTiff. Together with the Geospatial Data Abstraction Library (GDAL)'? tools, a broad range of
processing procedures can be applied, for example warping, tiling, and compression before registration
in the database.

[E dataset P}H—k{% desc_attribute P}H—~{E descriptor P]-H—N{E raster I']

Figure 3.8: Raster tables.

"http://spatialreference.org/ref/epsg/4326/.
2Geospatial Data Abstraction Library (GDAL), http: //www.gdal.org/.
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Chapter 4

Interoperability and web services

An overview of procedures and standards in use at ISRIC WDC-Soils is presented in Batjes (2017).
We use the term web services' to describe a standardized way of integrating web-based applications
using an agreed-upon format for transmitting data between different devices. Various protocols can
be used for this: XML (Extensible Markup Language), SOAP (Simple Object Access Protocol), WSDL
(Web Services Description Language), and UDDI (Universal Description, Discovery, and Integration)
open standards.

XML serves to tag the data, SOAP serves to transfer the data, WSDL permits to describe the services
available and UDDI is used for listing what services are available. Web services are used mainly as

a means for ISRIC to communicate with other organisations and with clients. The web services, which

form an important part of ISRIC’s Spatial Data Infrastructure (SDI), allow several organizations to exchange
and communicate data without having detailed knowledge of each other’s IT systems behind their
respective firewalls.

Interoperability of the data exchanged or processed by the web services is achieved through a priori
standardization of the data themselves (see Section 2.3); the latter is done according to agreed upon
data conventions that express the (soil) data in a (machine) understandable ‘soil-vocabulary’. Multiple
soil data types and sources can be managed in WoSIS. For this, the original soil data have first to

be modelled into the WoSIS database structure respecting its schema, tables and relationships as
described elsewhere in the present Procedures Manual.

Standardized data (i.e. known modelled data) are of extreme importance here since, for SoilML, web
services have to translate the database data model into a simplified data model that is more compatible
with web communication. A Web Feature Service (WFS) is implemented using Geoserver that connects
to the WoSIS PostgreSQL system, reading its views and tables. OGC'’s (Open Geospatial Consortium)?
WES standard provides an interface allowing requests for geographical features across the web, using
platform-independent calls. The client’s web services are totally independent from WoSIS, as these
clients are located in a very broad range of platforms, from mobile phones to GIS software.

The approach of using OGC web services and model data in XML is necessary for fulfiiment of INSPIRE
requirements (GSSoil, 2008; INSPIRE, 2015). The output of the data can be customized between
different XML standards using Extensible Stylesheet Language (XSL) templates or using server schema
mapping. For example, converting generic GML (Geographic Markup Language) into soilML (Soil Markup
Language) or to INSPIRE compliant XML describing soil profiles. As yet, there is no common standards
for this; recent developments are discussed elsewhere (Mendes de Jesus et al., 2017; Wilson, 2016).

Data transfer between the providing web-service and client operates both ways. For example, the client
first calls the web-service provider with a specific request after which the request is processed and

the response provided to the client. The request objectives can be: a) Determine capabilities of the
providing service, b) Get data based on query, and ¢) Submit data from the client into the provider
(here, the client itself becomes a provider).

"https://en.wikipedia.org/wiki/Web_service.
2http://www.opengeospatial .org/standards/common.
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Figure 4.1 illustrates how soil layers (point, polygon and grid), managed at ISRIC, can be provided

to the client. Metadata for these layers can be accessed through the ISRIC Soil Data Hub® using a
GeoNetwork instance; this facility provides a central location for searching and downloading soil data
layers from around the world. As indicated, soil layers are also accessible via a Web Feature Service
(WFS), implemented using Geoserver, which connects to WoSIS reading its views and tables. Further,
a Representational State Transfer (REST) service is available that permits download/streaming for the
web-service, querying based on coordinates (latitude (X) and longitude (Y)) as provided by the client,
as well as linkage with mobile phone applications such as SoillnfoApp*. An ongoing development at
ISRIC is to allow a clients web-service to become a data provider to WoSIS, for example in the context
of anticipated crowd-sourced projects (Hobley et al., 2017).

MetaData

T REST
S A
= GEONetWOrk !b GeoServer (webservice architecture)

xnv1| —-1S0 19139

|

! |

WebViewers Download to GIS software
(e.g. Openlayers, Leaflet) (e.g. ArcGlS, QGIS)

l l A 4

Download/streaming from

. Querying based on X, Y data Mobile Phone application
webservice

Figure 4.1: Serving soil layers from WoSIS to the user community.

In 2017, the Plenary Assembly of the Global Soil Partnership (GSP) elected ISRIC - World Soil Information
as the institution to host the Soil Data Facility (SDF) that will be built in Pillar 4 of the partnership. This
means that ISRIC, as member of the Pillar 4 Working Group (‘Enhance the quantity and quality of

soil data and information’), will: a) contribute to the design of the Global Soil Information System, b)
participate in capacity building programmes, and c) provide a system that integrates the national facilities
into a global soil information system.

The de-centralized information system envisioned by the GSP will rely on multiple network sources;
this is unlike WoSIS which is set up as a centralized database to which clients may provide (part of)
their data for further standardisation and harmonisation.

Various components of ISRIC’s own SDI may be used to develop modules for a system of distributed
inter-operable national systems, using a bottom-up-approach, as envisaged for the Soil Data Facility
(SDF) of the Global Soil Partnership (GSP, 2016).

Once implemented at a satisfactory level of detail and authority, ‘shared’ data collated through GSP’s
SDF may also be considered for processing according to the WoSIS work stream.

Shttp://www.isric.org/explore/isric-soil-data-hub.
“http://www.isric.org/explore/soilinfo.
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Chapter 5

Federated databases

Worldwide there are many organizations with valuable soil data (Omuto et al., 2012; Arrouays et al.,

2017). Yet, these data are accomodated in different databases using a range of data models and conventions
(or may be available in paper format only). Merging all these different sources into a common, inter-operable
system (Figure 5.1) is a daunting task.

User

Y

Federated database system

v ™
A \\

AN
r“.“/ \\\\

A federated database, also called a virtual database, is a way to view and query several databases as
if they formed a single entity. The constituent databases are interconnected and often geographically
decentralized. As such, there is no actual data integration in the constituent databases; the respective
servers are managed independently, yet cooperate to process requests on the database (Wikipedia,
2017).

pd

Figure 5.1: Federated databases.

Through data abstraction, federated database systems can provide a uniform user interface, enabling
users and clients to store and retrieve data from multiple non-contiguous databases with a single query
even if the constituent databases are heterogeneous. Because various database management systems
employ different query languages, federated database systems can apply wrappers to the subqueries
to translate them into the appropriate query languages.

PostgreSQL introduced the Foreign Data Wrapper (FDW) feature for accessing external data at the
query level in 2003 (version 9.1). There are now a variety of FDW available which enable PostgreSQL
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Server to interact with different remote data stores, ranging from other SQL databases through to flat
files.

At ISRIC, we strongly encourage organizations with soil data, that want to maintain their databases
autonomously, to use e.g. FDW technology to connect to the WoSIS database and to join efforts to
build a federated system of soil databases in order to better serve the global soil scientific community.
Developing a federated system, using a bottom-up-approach, is an important goal of the Global Soil
Partnership and its emerging Soil Data Facility (GSP, 2016).
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Chapter 6

Future developments

At the time of writing the ‘WoSIS latest’ dataset comprised standardized analytical data for some 95,000
globally distributed soil profiles. Inherently, there are various gaps (e.g. geographic, taxonomic, soil
properties) in the derived dataset as not all soil properties were measured routinely in the underpinning
'shared’ databases. Further, the number of observations generally decreases with depth.

In view of its global scope, and ISRIC's role as regular member of the ICSU World Data System, WoSIS
will always remain ‘work in progress’ as new source datasets become available and web technologies
evolve.

For the future, the following activities will be considered (as realistic within the allocated project time):

e Expand the number of soil properties for which standardized soil analytical method descriptions
are developed, in first instance working towards the list of soil properties considered in recent
WISE-derived soil property databases’.

e Development of procedures for handling soil profile data derived from proximal sensing.

e Processing of ‘new’ soil profile datasets into WoSIS when such are shared by new data providers
(in principle in order of receipt of the various datasets/permissions, with priority for ‘fully shared’
datasets from so far under-represented regions).

e Add map unit based soil datasets to WoSIS, starting with those derived from ISRIC-related projects.

e Develop a facility to upload ‘raw’ soil data into WoSIS, and ideally standardize/harmonize on the
fly, in accord with SoilnfoApp? developments.

e Regularly udate and expand the documentation for WoSIS and make it available online as PDF’s
with clear time stamps (DOI’s).

e Besides the dynamic WFS version, publish static versions of WoSIS on a 1-2 yearly basis (after
incorportation of say >100,000 new soil profiles).

e Further develop and implement procedures towards a federated system, in close collaboration
with our international partners.

Capacity building and collaboration with (inter)national soil institutes around the world on data collection

and sharing, data screening, standardization and harmonization as well as mapping and the subsequent
dissemination of the derived information will be essential to create ownership of the newly standardized

(or ultimately harmonized) soil data as well as to create the necessary expertise and capacity to further
develop and test the system worldwide. The ultimate goal is to arrive at a federated system of inter-operable
databases that can interact with WoSIS, where national data providers maintain and update their own

data.

"http://dx.doi.org/10.1016/j.geoderma.2016.01.034
2http://soilinfo.isric.org/
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LNE, dienst Land en Bodembescherming), see:
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esalq.usp.br/
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isric.org/index.php/explore/wise-databases/wise-cooperating-institutions-and-experts)

SOTER-AR, Soil and Terrain Database for Argentina (http://isric.org/index.php/projects/
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3The most up to date overview is available at: http://www.isric.org/explore/wosis/
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“Names of collaborating institutions and individual experts may be found in the Acknowledgement section of the Technical
Reports that accompany the various databases.
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e SOTER-CN, Soil and Terrain Database for China (http://isric.org/index.php/projects/
soil-and-terrain-soter-database-programme)

e SOTER-CU, Soil and Terrain Database for Cuba (http://isric.org/index.php/projects/
soil-and-terrain-soter-database-programme)

e SOTER-KE, Soil and terrain database for Kenya (http://isric.org/index.php/projects/
soil-and-terrain-soter-database-programme)

e SOTER-KET, Soil and Terrain Database for Upper Tana River Catchment (http://isric.org/

index.php/projects/soil-and-terrain-soter-database-programme)

e SOTER-MW, Soil and Terrain Database for Malawi (http://isric.org/index.php/projects/
soil-and-terrain-soter-database-programme)

e SOTER-NP; Soil and Terrain Database for Nepal (http://isric.org/index.php/projects/
soil-and-terrain-soter-database-programme)

e SOTER-TN, Soil and Terrain Database for Tunisia (http://isric.org/index.php/projects/
soil-and-terrain-soter-database-programme)

e SOTER-SN&GM, Soil and Terrain Database for Senegal and the Gambia (http://isric.org/

index.php/projects/soil-and-terrain-soter-database-programme)

e SOTER-ZA, Soil and Terrain Database for South Africa (http://isric.org/index.php/projects/
soil-and-terrain-soter-database-programme)

e SOTER-CAF, Soil and Terrain Database for Central Africa (http://isric.org/index.php/projects/
soil-and-terrain-soter-database-programme)

e SOTER-EUR, Soil and Terrain Database for Central and Eastern Europe (http://isric.org/
index.php/projects/soil-and-terrain-soter-database-programme)

e SOTER-LAC, Soil and Terrain Database for Latin America and the Caribbean (http://isric.
org/index.php/projects/soil-and-terrain-soter-database-programme)

e SOTER-SAF, Soil and Terrain Database for Southern Africa (http://isric.org/index.php/
projects/soil-and-terrain-soter-database-programme)

¢ United Nations Environment Programme (UNEP, various inputs mainly through regional SOTER
activities)

e USA: National Cooperative Soil Survey, National Cooperative Soil Characterization Database
(NCSS, http://ncsslabdatamart.sc.egov.usda.gov/)

Figure credits:
Figure 2.4: Chapman (2005)

Figure 4.1: Bas Kempen
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Appendix A

Procedures for accessing WoSIS

This appendix describes procedures for accessing data served from WoSIS. To access soil profile
(point) data you can either use: a) QGIS' or similar GIS software that supports Web Feature Service
(WFS), and b) the statistical software R.

A.1 Accessing WoSIS from QGIS using WFS

To open and view WoSIS points in QGIS, you first need to create a WFS connection. To do this press
the Add WFS layer button, then press ‘New’, give it a connection name, for example, ‘WoSIS’ in the
URL field put http://data.isric.org/geoserver/wosis_latest/wfs/, then press the OK button. Press
‘Connect’ and all available layers will appear on screen (Figure A.1). No authentication is needed here,
so leave blank the ‘User name’ and ‘Password’ boxes.

Next, select the layer of interest listed under ‘Title’ and press ‘Add’ button (Figure A.2). Note that it may
take some time until you fetch all points for the global coverage. Be aware that you are working online
and that some layers have over half a million records. So probably a more efficient approach would

be to request only the points for a specific area. In this case, first zoom to the area of interest and

then tick on ‘Only request features overlapping the current view extent’. Another option, when adding
the layer, is to click on the ‘Build query’ button, expand ‘Fields and Values’ and, for example, build the
expression based on the country code, like this: country_id = ‘BR’ (Figure A.3).

After loading the layer you can save it as a shape file on your local machine for further offline use.
Check for updates on the WFS every month, as this is a dynamic dataset. Note that the symbology
can be adapted to better document the data as in Figure A.4, which shows pH-water observations
across the world.

Detailed instructions for ArcGIS users may be found at: http://help.arcgis.com/en/arcgisdesktop/
10.0/help/index.html#//00sp0000001m000000 . htm.

A.2 Accessing WoSIS from R using WFS

This assumes that you have already installed:
e R2;
¢ R packages: rgdal, gdalUtils;
e GDAL 3;

Thttp://www.qgis.org/en/site/
®http://cran.r-project.org/bin/
Shttp://www.gisinternals.com/release.php

45


http://help.arcgis.com/en/arcgisdesktop/10.0/help/index.html#//00sp0000001m000000.htm
http://help.arcgis.com/en/arcgisdesktop/10.0/help/index.html#//00sp0000001m000000.htm
http://www.qgis.org/en/site/
http://cran.r-project.org/bin/
http://www.gisinternals.com/release.php

D LR VERAMBEELV- (B 2L ADPLRALAR @G -H-e BEZ
| Layers Panel ®
4 & T & &0

4 & MapQuest-0sM

Server connections

|
|
|
|
|
|
| @ wosis L
| "
| rz Connect New Edit Delete Load Save
. %
| Filter: e
| . [
| =g Title 4 Name Abstract Cache Feature Filter F
| All unigue profiles waosis:profile &
Bulk density fine earth waosis.geoserver_bulk_density_fine_earth &)
! Bulk density whole soil wosis:geoserver_bulk_density_whole_soil &
! Calcium carbonate equivalent to... wosis:geoserver_calcium_carbonate_equi. &
[ carbon organic wosis:geoserver_organic_carbon & - —
[ Carbon total waosis.geoserver_total_carbon ] Modify WFS connection
| Coarse fragments gravimetric to... wosis:geoserver_coarse_fragments_gravi... & N
N Coarse fragments volumetric total wosis:geoserver_coarse_fragments_volu... ] B
Texture - Clay total wosis:geoserver_clay_total & Name |wosis B
Texture - Sand total waosis:geoserver_sand_total & E
Texture - Silt total wosis:geoserver_silt_total & URL http://wfs.isric.org/geoserver/wosis/wfs/
Water retention gravimetric wosis:geoserver_water_retention_gravim... & o
: Water retention volumetric wosis:geoserver_water_retention_volum... & Authentication | Configurations
e} pH cacl2 wosis:geoserver_ph_cacl2 & . . . L
pHH20 wosis:geoserver_ph_h2o Z If the service requires basic authentication, enter a user name and
® pHKCL wosis:geoserver_ph_kel & Spuorsipassod
oD pH NaF wosis:geoserver_ph_naf & User name
- 3 | Password
o0 [& Use title for layer name
& Only request features overlapping the current view extent
Helj Cancel OK
Coordinate reference system R a0 | =
EPSG:4326 T Change. T —

Help Add Build query Close

ANTARCTICA
a5

. Browser Pa... | Layers Pa... ey Maptes . he S Mo s cconton, 554

® Coordinate: -18595498,17378304 Scale |147,914,387 | v | Rotation: 0.0 .| & Render @ EPSG:3857 (OTF) @

Figure A.1: Adding WoSIS WFS configuration in QGIS.

Start the R session and insert the following commands; this will install the necessary packages.
install.packages("rgdal", dependencies = TRUE)
install.packages("gdalUtils", dependencies = TRUE)

Load the packages.

library(gdalUtils)

library(rgdal)

Define the WFS url.

dsn <- "WFS:http://data.isric.org/geoserver/wosis_latest/wfs/"
ogrinfo(dsn, so=TRUE)

Outputs the WFS metadata and the list of available layers from the server.
ogr2ogr(dsn, "ph h2o.shp", "wosis:ph h20")

At this point some warnings are shown about the renaming of long field names.
ph-h20 <- readOGR("ph_h20.shp", "ph_h20", stringsAsFactors=FALSE)
Outputs the number of records, in this case 446780, and the number of fields (16).
str (ph_h20@data)

Outputs sample data from each of the dataset fields. Outputs a simple map with the point distribution
and then histogram.

plot(ph_h20)
hist(ph_h2o0@data$value, col = "red", freq = FALSE, breaks = "Sturges")
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Figure A.3: WFS filter records.
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Appendix B

Basic principles for compiling a soil
profile dataset

To be considered in WoSIS, a soil dataset should include data for commonly required soil properties

(FAO, 2006a; SSDS, 2012; van Engelen and Dijkshoorn, 2013; Batjes, 2016), but no minimum dataset

is prescribed. However, sufficient information (metadata) should be provided to assess the source and
quality of the data as well as the access category (licence). A dictionary table describing the meaning

of all (often abbreviated) column headings used in the dataset tables should be provided with the metadata.
Similarly, the use of dictionary tables is recommended for describing all coded data entries, like ID's

as well as any abbreviated descriptive soil property value (e.g. 'W’ means 'well drained’ when defined
according to the FAO Guidelines (FAO, 2006a)).

Soil profile data should be consistently given as the result of observations and measurements (O&M).

In this manual, an observation (O) is the outcome of an ‘act of measuring or otherwise determining the
value of a property’, while a measurement (M) is the outcome of a ‘set of operations having the object

of determining the value of a quantity’ (OGC, 2013).

Soil records are considered complete and thus processable into WoSIS when: 1) the lineage’ of the

soil record is well described and 2) the soil data are consistently expressed as the result of observations
and measurements (O&M). A single soil profile record can be considered as a collection of observations
and measurements, with similar lineage, applied to the soil (to the soil profile site, to the profile itself,

and to the profile depth intervals (e.g. horizons or layers)), by using (defined) field and laboratory methods
to assess values for the soil properties or attributes under consideration. Those values, either numeric,
categorical or descriptive, are expressed according to the associated value domain as dictated by

the references used for defining units of expression or pick lists. Note that the profile itself is a depth
interval spanning the layer or horizon depth intervals?.

Often, soil profile data need to be prepared to facilitate their standardization in WoSIS. As indicated,
sharing soil data for consideration in WoSIS does not require the use of a specific data entry template
with a priori standards, nor is there a minimum dataset size.

A template recommended for compiling and submitting datasets for ‘small’ projects for consideration
in WoSIS is presented below. The standardized template consists of 1 spreadsheet with 5 different
sheets (dataset, profile, horizon, table_definition and lookup_table)3.

By convention, the sheet and column names should not contain diacritical marks, symbols, spaces,
upper-case characters and not start with a number.

Sheet dataset has the following rows:

e dataset title: Dataset title, project or thesis title.

Thttps://en.wikipedia.org/wiki/Data_lineage

21f the bedrock or an impenetrable layer is observed, this should be specified in the dataset to make the observation explicit.

3Templates for this may be downloaded from: LibreOffice - http://www.isric.org/sites/default/files/template.ods;
MicrosofOffice http://www.isric.org/sites/default/files/template.xlsx
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e dataset description: Brief description of the dataset.
e publication_date: Publication date.
e dataset version: Dataset version.

e dataset license: Access and use constraints of the dataset (Preferably expressed in terms of a
Creative Commons licence).

e organization_.name: Organization name.

e organization_url: Organization website (URL).

e organization_country: Organization country.

e organization_city: Organization city.

e organization_postal_code: Organization postal code.

e organization_street_name: Organization street name.

e organization_street number: Organization street number.

e authori_first.name: Author first name (1st author).

e authori1_last_.name: Author last name (1st author).

e author1_email: Author email (1st author).

e authorx_first_.name: Author first name (Xth author, repeat as needed).
e authorx_last_.name: Author last name (Xth author, repeat as needed).
e authorx_email: Author email (Xth author, repeat as needed).

e dataset referencel: Reference to a document, scientific paper or dataset. A DOl is preferred, but
URLs may be used also.

e dataset referencex: Another reference, in so far as needed just increment the last number of the
column name and provide the DOI or URL.

e laboratory_name: Laboratory name.

e laboratory_country: Laboratory country.

e laboratory_city: Laboratory city.

e laboratory_postal_code: Laboratory postal code.

e laboratory_street_.name: Laboratory street name.

e laboratory_street_number: Laboratory street number.

e soil_classification_system_name: The soil classification system used to classify the profile.

e soil_classification_system_year: The publication year of the soil classification system used.

Any further items may be entered after these rows when necessary.

Sheet profile starts with the following columns:
e profile_id: Unique identifier of the profile as used in the source dataset.
e observation_date: Date of the observation in format (yyyy-mm-dd).

e coordinate_system: Coordinate system used. Please indicate the correspondent EPSG code
(e.g. WGS 84, EPSG: 4326).

e x_coord: X coordinate, if in geographic coordinates (degrees), the same as Longitude.
e y_coord: Y coordinate, if in geographic coordinates (degrees), the same as Latitude.

e country_id: 1SO 3166-1 alpha-2 country code.
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profile_classification_.name: The name of the soil profile classification.
profile_classification_code: The code of the soil profile classification.
attribute_1: Add site, first attribute name here.

attribute_2: Add site, second attribute name here.

attribute_x: Add site, x attribute name here.

(...)

Any other profile description attribute may follow after these columns.

Each row may only contain a given profile (description).

Sheet horizon starts with the following columns:

profile_id: Unique identifier of the profile. Refers to sheet ‘profile’.
horizon_number: Consecutive layer number rated from top to bottom.
horizon_name: Horizon designation. A, B, etc.

sample_code: Laboratory sample code.

upper_depth: Depth of upper horizon boundary (cm).

lower_depth: Depth of lower horizon boundary (cm).

attribute_1: Add horizon, first attribute name here.

attribute_2: Add horizon, second attribute name here.

attribute_x: Add horizon, x attribute name here.

(...)

Any other horizon description attributes can follow after these columns. For example, ph_h20, ph_kcl,
clay, silt, sand, ...). Each row should contain data for a different combination of profile and horizon
descriptions.

Sheet table_definition serves to describe all the columns (attributes) in profile and horizon sheets. It
starts with the following columns:

sheet_name: Either ‘profile’ or ‘horizon’.

column_name: The exact name of the column added after the default ones.

description: Description of the attribute.

unit: Units used, if not used, ‘unitless’ should be indicated.

data_type: Data type, use one out of (‘Text’, ‘Integer’, ‘Real’, ‘Booleanr’, ‘Date’).

analytical_method: Analytical method used in the laboratory, if none is used enter ‘Not applicable’.

domain_name: Domain name from the lookup_table when applicable (for categorical attributes).

Any other attribute description can follow after these rows. Each row should contain a different combination
of sheet and column description.
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Appendix C

Quality aspects related to laboratory
data

C.1 Context

WoSIS is being populated using data produced for different types of studies; the corresponding data

were sampled and analysed in a range of laboratories according to a wide range of methods. By implication,
the quality of the standardized / harmonized data in WoSIS will be determined by the quality of all

preceding steps of data processing. Typically, a quality management system comprises measures

necessary to arrive at a pre-defined and constant quality at agreed costs (based on user-specific requirements
for use). For instance, (certified) laboratories develop / use protocols for each sub-process, use validated
methods for laboratory investigations, and participate in round robin tests to monitor their performance

over time with respect to certified or consensus reference materials (van Reeuwijk, 1998; Motsara and

Roy, 2008; WHO, 2011; US-EPA, 2015).

ISRIC, for example, published reference procedures for soil analysis as a step towards standardization
of analytical methods in soil laboratories (van Reeuwijk, 2002). These procedures cover the range

of analytical methods required for soil characterization according to the Revised FAO Legend (FAO,
1988) and the World Reference Base (IUSS WG-WRB, 2015). The Natural Resources Conservation
Service of the United States Department of Agriculture published a Soil Survey Laboratory Methods
Manual (SSDS, 2011), which is the reference source for the National Cooperative Soil Survey Soil
Characterization Database (NCSS, 2010) and widely referred to internationally as reference.

Although adoption of such reference methods at different laboratories contributes to a common quality
level, it does not rule out that the quality of individual data held in compiled datasets, such as WoSIS,
may differ considerably in quality as discussed below.

C.2 Laboratory error

Important quality characteristics for any measured data are the random and systematic error
(Magnusson and Ornemark, 2014). Random errors in experimental measurements are caused by
unknown and unpredictable changes in the experiment; such changes may occur in the measuring
instruments or in the environmental conditions. Systematic errors in experimental observations usually
come from the measuring instruments themselves. Both error components will contribute to a varying
extent to the total error as shown earlier. In practice, however, in reports and publications these essential
laboratory error characteristics are generally not presented along with the actual data produced. In
such cases, error characteristics can only be extracted afterwards from quality management systems
or estimated in special experimental designs. Laboratories participating in inter-laboratory studies
such as ring tests or round robin tests receive feedback on their quality performance with the particular
methods by comparing their results with those from other participants. Examples are WEPAL (2015),
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the Wageningen Evaluating Programmes for Analytical Laboratories, the Australasia inter-laboratory
proficiency programme (ASPAC) (Rayment et al., 2017) and the North American Proficiency Testing
Programme (NAPT, 2015). These programmes often are certified according to ISO/IEC 17043. However,
they do not consider the influence of differences in sampling procedure and pretreatment at individual
laboratories as these programmes use pretreated and homogenized materials. Further, the reference
materials need to be relevant / representative for the soil types analysed at a given laboratory. Ross

et al. (2015), for example, in studying the inter-laboratory variation in the chemical analysis of acidic

forest soil reference samples from eastern North America, stressed the importance of using sample
materials representative for the (types of) samples in the batches processed. When a new, or revised,
analytical method is introduced, laboratories should do a validation study to compare the quality performance
with other (similar) methods, previous versions of the procedure and materials with reference and consensus
results.

An extended guide to the validation of methods, consistent with international standards such as ISO/IEC
17025, is given by EURACHEM (2015). It includes validation and verification methods as well as a
number of performance characteristics including random and systematic error, limits of detection, and
limit of quantification. For laboratory procedures, the latter two characteristics are used to indicate the
limit below which the detection of an analyte becomes problematic, respectively the lowest level of
analyte that can be determined with acceptable performance. Unfortunately, many laboratories do not
include these measures in their quality statements with the data they distribute even though detailed
validation reports may be available. These aspects complicate the processing of soil information obtained
from different data providers in databases such as WoSIS, hence sometimes necessitating adoption of
pragmatic solutions when processing the source data.

Adequate quality management in a laboratory is a prerequisite for reliable results and ‘data fit for use’.
However, it should be noted that the contribution of laboratory error is not necessarily the major component
of the total error in derived interpretations; spatial variability can contribute even more (Goodchild,

1994; Goodchild and Gopal, 1989; Heuvelink, 2014). An indication for the presence of other error sources
can be found in the difference between the nugget in a variogram and the smaller values for lab error

from validation and comparable experiments (Heuvelink, 1996).

While cost-efficient and cost-effective procedures for field sampling are often well described

(De Gruijter et al., 2006; Louis et al., 2014), less attention is paid to quality requirements for laboratory
investigations. They are often copied from previous and similar studies by applying the same methods.

If for practical reasons alternative methods have to be selected, it should be remembered that numerous
soil properties are based on ‘operational definitions’ (SSDS, 2011) and may apply only for specific user
groups. That is, the property is best described by the details of the (laboratory) procedure applied. An
example is the ‘pH of the soil’, which needs information on sample pretreatment, soil/solution ratio

and description of solution (e.g. water, KCI 1M) to be fully understood. In WoSIS, soil properties also
are defined by the analytical methods and the terminology used, based on common practice in soil
science. As noted before, if highest laboratory accuracy is important it should be included in the selection
criteria as well.

Two other examples where the description of soil analytical methods is particularly important for selection
of alternative methods are cation exchange capacity (CEC) and available Phosphorus. The capacity of

a soil to adsorb and exchange cations from exchange sites depends importantly on the actual pH and
the ionic strength of the solution. However, the need for a sufficiently detailed description of analytical
procedures is particularly reflected in the case of so-called plant ‘available phosphate’, where the choice
of the appropriate laboratory methods is largely determined by soil pH as a proxy for soil mineralogy

and soil type (Elrashidi, 2010). Hence, ‘vague’ descriptions for available-P methods are basically useless,
unless used in a specific context such as a (local) fertilizer recommendation scheme. For example,
correlation studies have shown that only in specific cases (i.e. soils and intended use) region-specific
conversions can be made for available-P values determined according to different analytical procedures,
such as P-Olsen and P-Bray (Mallarino, 1995), modified P-Morgan and Mehlich Il (Ketterings et al.,
2002), making international harmonization of results of such methods cumbersome or possibly at best
‘broad brush’. Examples of such efforts include the work of Ciampalini et al. (2013) in Tunisia and

those of Maire et al. (2015) at the global level. According to GlobalSoilMap (GSM, 2013) there is generally
no universal equation for converting from one analytical method to another in all situations. Within

the framework of the Global Soil Partnership (Baritz et al., 2014), for example, this would imply that

each regional node would need to develop and apply node-specific conversions (towards the adopted
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standard methods and soils), building on comparative analyses of say archived samples (Jankauskas
et al., 2006). In this context, it is encouraging to note that in 2017 the Global Soil Laboratory Network
(GLOSOLAN) was established by the Global Soil Partnership .

C.3 Standardization of soil analytical method descriptions

Lacking detailed quantitative information on the quality of the soil analytical data held in the diverse

source databases shared for use in WoSIS, it was necessary to develop a qualitative procedure to

describe the analytical methods in a flexible, yet comprehensive and consistent way. For all source

data, as indicated earlier, it is assumed that the quality requirements of the (first) user are met and

basic quality checks and screening have taken place and soil-relevant options in the procedure are

applied in the source laboratory. This allows users of WoSIS to make their own judgement on the quality

of individual data, for instance by the assumption that selected data have comparable quality characteristics
or an acceptable (inferred) quality compared to their requirements.

For practical reasons, the options selected for the lab methods in WoSIS are assigned on basis of the
descriptions provided in the respective (database) sources. This implies that information interpreted
from the original report (source materials) is used here. At a later stage, however, some refinements
may be possible if the original data can be consulted again; typically, such would be the task of the
original data providers. Such a mechanism would be realisable once an inter-operable, federated system
is in place as foreseen in the broader framework of SDF of the Global Soil Partnership.

The WoSIS method for the qualitative description of analytical methods can be seen as complementary
to method descriptions used in reports from proficiency tests. In these cases, results from participants
are coded to provide details of the methods applied within a particular grouping (WEPAL, 2015). As
explained above, the spread of these results may be an indication for the spread in a compiled database.

Soil property ‘pH KCI’ will be used as example here. The selected options within WoSIS are sample
pretreatment, the soil/solution ratio, the molarity of the KCI solution, and the measurement technique
(see Appendix C.4). It is assumed that each laboratory, for the particular soils investigated, uses a
shaking method and an equilibrium time long enough for the measurement to get a stable reading.
These conditions may differ per soil type and (pair of) electrode(s) used, but these are considered of
minor importance for differentiating methods in the WoSIS database (Table C.1). Once an option is
identifiable, based on the available (source) information, the appropriate option / value is added (i.e.
0.1, 0.5, 1 M). Such a grouping allows users of the database to select those data that are analysed
according to defined (and comparable) methods and may be judged as having equal quality as well
as those that are suited for specific use. When new data are entered, the table is used for describing
(coding) the added data. If necessary, values / options not yet considere so far can be added. As indicated,
additional soil properties and options for methods will be added gradually in future versions of WoSIS.

In addition to the method description according to the standardized coding system, values have been
allocated for the inferred confidence in the conversion; this qualitative assessment is based solely on

the information embedded in the ‘'summarized’” method descriptions as provided in the various source
databases. As indicated, these descriptions were often generalized by the data providers themselves
from a more detailed source, such as ‘their’ laboratory manual. Importantly, the present confidence

flags should not be seen as a measure for the quality of a particular laboratory. The rationale and criteria
for coding ‘standardized analytical methods’ in WoSIS, as developed so far, are presented in Appendix D
with the corresponding flowcharts presented in Appendix E and coding in Appendix F.

Future versions of the WoSIS Procedures Manual will extend the description of analytical methods to
accommodate data sets derived from proximal sensing methods.

Soil sensing methods rely strongly on conventional laboratory methods for their calibration as expressed
in region-specific soil spectral libraries (Viscarra Rossel et al., 2016) with the accompanying statistical
models. To allow for international comparison of such ‘derived’ data, the underpinning soil analytical
methods must also be described in WoSIS.

Thttp://http://www.fao.org/global-soil-partnership/resources/events/detail/en/c/1037455//
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Criteria for this will be visualized as a ‘branch’ at the top level of the present flow charts in Appendix E
and further extension of the tables presented in Appendix F.

C.4 Worked out example (soil pH)

As indicated, when selecting (alternative) laboratory methods for specific uses or data for further use,
it should be remembered that numerous soil properties are based on ‘operational definitions’ (SSDS,
2011). That is, the property is best described by key elements of the (laboratory) procedure applied.

Such an approach has been developed for WoSIS; the procedure is illustrated below using pH as an

example.

Table C.1: Procedure for coding standardized analytical methods using pH as an example.

Key Code Value

sample pretreatment 0 unknown

sample pretreatment 1 sieved over 1 mm sieve
sample pretreatment 2 sieved over 2 mm sieve
solution 0 unknown

solution 1 water [H2O]

solution 2 Calcium chloride [CaCly]
solution 3 Potassium chloride [KCI]
solution 4 Sodium fluoride [NaF]
concentration 0 unknown

concentration 1 not applied

concentration 2 0.01 M

concentration 3 0.02M

concentration 4 0.2M

concentration 5 1M

ratio 0 unknown

ratio 1 1:1

ratio 2 1:2

ratio 3 1:2.5

ratio 4 15

ratio 5 1:10

ratio 6 1:50

ratio 7 saturated paste

ratio 8 slurry

ratio base 0 unknown

ratio base 1 weight / volume

ratio base 2 volume / volume
instrument 0 unknown

instrument 1 electrode

instrument 2 electrode (field measured)
instrument 3 indicator paper (field measured)
monitoring 0 unknown

monitoring 1 not applied

monitoring 2 oxidizible sulfur compounds; initial pH
monitoring 3 oxidizible sulfur compounds; pH stabilized in 10 days, pH

0.1 unit, for two days

Major characteristics of commonly used methods for determining a given soil property are identified
first, based on a detailed review of available soil laboratory procedures manuals. For soil property pH,
for example, these are the sample pretreatment, extractant solution (water or salt solution), and in case
of salt solutions the salt concentration (molarity), the ratio base (e.g. v/v or w/w) and the soil/solution
ratio. A further descriptive element is the type of instrument used for the actual laboratory measurement.
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Next, for each of the options per method, specifications that are used in data descriptions or known
from reference laboratory manuals are tabled. For soil property ‘pH’ and feature_name soil/solution
‘ratio’, the available options range from ‘unknown’ to ‘saturated paste’ and slurry (Table C.1).

The above approach for describing laboratory methods (data) in WoSIS allows for flexible and straightforward
database queries, as required in the framework of interoperable, distributed systems (Chapter 4).
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Appendix D

Rationale and criteria for
standardizing soil analytical method
descriptions

D.1 General

D.1.1 Background

This appendix explains procedures and WoSIS conventions for describing and coding soil analytical
method descriptions. First, the general procedures are explained. Subsequently, details are provided
for each soil property considered so far in the WoSIS standardisation process (Table D.1), starting with
a short introductory description of main aspects of each analytical method (Section D.2to D.11). All
measurement values in WoSIS are expressed using Sl units or non-Sl units accepted for use with the
International Systems of Units.

Table D.1: List of soil properties for which soil analytical methods descriptions have been standardized.

Soil property Standard unitsT  Decimals
Bulk density kg/dm? 2
Calcium carbonate equivalent g/kg 1
CEC cmol(c)/kg 1
Coarse fragments 100 cm® / cm?® 1
Electrical conductivity dS/m 1
Organic carbon o/kg 1
pH unitless 1
Sand, silt and clay fractions g/100 g 1
Total carbon a/kg 1
Water holding capacity 2 100 cm?3 / cm?® 2

TConversions: g kg™! or promille (1 = 0.1%); vol% is equivalent to 100 x cm® cm™3; wt% is equivalent to 100 x g g''; kg dm™
is equivalent to g cm3 or Mg m3; dS m™! is equivalent to mS cm™, originally mmho cm, at 25°C; cmol(c) kg™! is equivalent to
meq 100g™!. Layer depth (top resp. bottom) expressed in cm, measured from the surface, including organic layers and mineral
covers (see Section 3.2.5).

2Water holding capacity may be calculated as the amount of water held between 1/3 bar and 15 bar (USDA conventions)
(SSDS, 2014). At a later stage, in case of missing measured data, this may be done using a range of pedotransfer functions
(Botula et al., 2014); procedures for this have been tested by ISRIC in the framework of the soillE experiment (OGC, 2015).
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D.1.2 Guiding principles

In WoSIS, the description of analytical results considers key aspects of methods that are widely used

in soil laboratories for the particular soil property. These are tabled along with available options with a
concise description for each option; the coding process is visualized in a series of flowcharts or Figures
(Appendix E). The building blocks of a given flowchart make reference to both the feature and the number
of possible options. Additional information for each method is given in sections Section D.2 to Section D.11
and in Appendix E and Appendix F.

Laboratory results in publications and reports are generally labeled with information that can be found
in laboratory manuals, yet the full information is seldom provided in the databases themselves. It is
assumed here that all source data (as shared for consideration in WoSIS) have passed routine quality
control procedures at the source laboratory and a rigorous check by the first user. If during that process
the decision was taken to include or exclude a special treatment, the assumption in WoSIS is that

the original decision was made correctly (i.e. that the given option was deliberately left out from the
selected criteria). Examples for this are washing out of water soluble salts in the procedure for the
determination of the CEC, and use of non-dried materials in case of samples with volcanic ash. It is
also assumed that when a laboratory method has characteristics that restrict its application to specific
soils, these have been duly pondered upon by the source laboratory. In principle, such checks form an
integral part of quality management procedures in a laboratory (van Reeuwijk and Houba, 1998).

As indicated, WoSIS is underpinned by data from many sources and these consider different laboratory
standards and approaches; as such, it is not possible here to include all possible error components
from these sources. Therefore, in WoSIS the number of features has been limited to a practical level
keeping in mind the intended use of the WoSIS data base.

D.1.3 Methodology

Soil analytical method descriptions are described using a sequential approach. First, the soil property
matching the label of the source data to be entered in WoSIS needs to be selected. This must be done
with utmost care: some soil property ‘labels’ in the source database can include information on the
laboratory method applied; they are ‘operational’ definitions, for example ‘CEC-NH4OAc’.

Once the appropriate soil property is identified, method characterization should be according to the
corresponding option table in Appendix F.

Next, the option that best describes the particular element of the laboratory method is identified and
coded. This step may be ‘tricky’ when incomplete information has been provided in the source metadata;
in such cases it may be necessary to contact the data providers for additional information. In such

cases a lower confidence level is assigned based on an evaluation of all features (from high (1) to low
(3)) 2. This step, however, is not shown in the option table and the flowcharts.

Results of soil analytical analyses are expressed with reference to a base, known as ‘fine earth fraction’

of a soil sample. This fraction is prepared during sample pretreatment at the source laboratory upon

air drying. Next, part of the air-dried material is sieved. The actual sieve size determines both the upper
limit for the fine earth fraction and the lower limit for the coarse fraction. Most countries use 2 mm as

the upper limit for the fine earth fraction (SSDS, 2014). Alternatively, in the former Soviet Union and
satellite countries, laboratories used 1 mm for this (Katschinski, 1956). Analytical results expressed

with respect to the <1 mm and <2 mm fractions as base are essentially different. Such aspects need
special attention where international datasets are to be fully harmonized, for example using transformation
functions (Nemes et al., 1999; Rousseva, 1997), and are worthy of consideration in international laboratory
intercomparison programmes such as GLOSOLAN*.

Similarly, sub-divisions (name and size limits) within the defined coarse and fine fractions can vary
markedly between countries (Figure D.1) (Nemes et al., 1999). Further, as observed by Loveland (2016),

3In case a low confidence rating is specified in the standardized data sets, national data providers are encouraged to help
ISRIC WDC-Soils updating the corresponding descriptions as they may have access to more detailed sources, such as the
actual laboratory manuals.

“http://www.fao.org/global-soil-partnership/resources/events/detail/en/c/1037455/
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interchangeability of sub fractions also is restricted by differences in quality of say the pipet-method
and the grainsize distribution determined using diffraction.
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Figure D.1: Range in textural definitions as used in Europe.

The sample pretreatment is defined in the feature-option table for relevant soil properties only. For
example, in the case of bulk density methods, the pretreatment is considered only in the ‘clod’ method.

D.1.4 Example for the description of analytical and laboratory methods

The flexibility of the WoSIS approach for coding soil analytical method descriptions is illustrated in
Table D.2, using soil pH as an example. The approach has been used to code or describe four different

reference methods for pH KClI: ISO 10390:2005 (ISO, 2005), USDA (SSDS, 2014), ISRIC (van Reeuwijk,
2002), and (WEPAL, 2015).
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Table D.2: Grouping of soil analytical methods for soil pH according to key criteria considered in ISO,
ISRIC, USDA and WEPAL laboratory protocols (Example for KCI solutions).

Procedure
Key ISO° ISRIC® USDA’ WEPALB
Pretreatment <2 mm <2 mm <2 mm <2 mm
Solution KCI KCI KCI KCI
Concentration 1M 1M 1M 1M
Ratio 1:5 1:25 1:1 1:5
Ratio base viv w/v w/v v/iv
Instrument Electrode Electrode Electrode Electrode

Monitoring Not applied Not applied Not applied Not applied

D.2 Bulk density

D.2.1 Background

Bulk density provides a measure for soil compaction. It is defined as the ratio of the mass of oven
dried solids to the total or bulk volume. In contrast to particle size density, soil bulk density includes
both the volume of solids and pore space. Pore space depends on the soil's extensibility and so the
volume of soil changes almost dynamically with soil water content. Bulk density is needed to convert
data from weight to a volume basis and vice versa.

D.2.2 Method

Sampling techniques for bulk density are determined by the natural setting of the solid soil components
and the pores. Therefore, the moisture condition has to be defined at the time the bulk density is estimated.
Measurements can be based on weight and volume.

Methods for determining bulk density are described using four features (see also Appendix E and F):

Sample type: In one group of methods, a sample is taken by pressing cores with known volume (rings)
into the soil. Other methods use clods taken in the field; after sealing, the volume of the coated clod is
measured by submerging into water (nowadays, this can also be done using 3D scanning). Alternatively,
in some cases, clods are reconstituted from soil material <2 mm (SSDS, 2014). If soil coherence is

too weak to prepare a clod or take a soil core, the volume of excavated soil is measured instead.

Measurement condition: The moisture condition of the sample determines whether swelling or shrinking
has taken place (e.g. air dried, rewetted).

Base: The soil bulk density of a sample is the ratio of the mass of solids to the total or bulk volume.
The total volume includes both solids and pore space. Bulk density is usually reported for the ‘<2 mm’
soil fabric, the mass and volume of rock fragments are subtracted from the total mass and volume
(SSDS, 2014).

Corrections: Bulk density is calculated for soil materials <2 mm in g cm™ (i.e. fine earth fraction). Mineral
materials larger than 2 mm and vegetal materials are removed from the sample. If the density of rock

51S0O 10390:2005 specifies an instrumental method for the routine determination of pH using a glass electrode in a 1:5
(volume fraction) suspension of soil in water (pH in H20), in 1 mol/l potassium chloride solution (pH in KCI) or in 0.01 mol/l
calcium chloride solution (pH in CaCl2) (ISO, 2005); this coding example is for pH KCI.

6ISRIC: Method 4-1 for pH-KCI (van Reeuwijk, 2002).

7USDA: Method 4C1a2a3 (SSDS, 2014).

8WEPAL Wageningen Evaluating Programs for Analytical Laboratories www.wepal.nl. WEPAL is an accredited
world-leading organiser of proficiency testing programmes in the field’s of plants, soil, sediments and organic waste. Participants
in the International Soil-Analytical Exchange programme receive 4 times a year, 4 samples to be analysed for comparison of
results. Participants describe the applied extraction / digestion, and the method of detection of the particular element of their
method applied.
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fragments is known or can be approximated, corrections can be included in the calculations of the bulk
density (SSDS, 2014).

Sometimes bulk density is expressed on the basis of the whole soil. This refers to all particle-size fractions,
including boulders with maximum horizontal dimensions less than those of the pedon
(Grossman and Reinsch, 2002; SSDS, 2014).

Calculation: When not actually measured, bulk density can be based on expert knowledge. In such
cases, ‘calculation’ is flagged as ‘unknown’.

D.3 Calcium carbonate equivalent

D.3.1 Background

Carbon in soils can be subdivided into organic Carbon and inorganic Carbon. Inorganic carbon is present
in various mineralogical materials such as carbonates (e.g. CaCO3, MgCQO3, CaMg(CQO3).. A convenient
solution in the laboratory is to express results for inorganic carbon forms as if originating from calcium
carbonate, i.e. as ‘Total Calcium Carbonate Equivalent’. Most soils with a pH less than 7 will not contain
any significant amounts of carbonates.

Inorganic carbon can be quantified by dissolution of carbonates in acid and titration of residual acid, or
measurement of evolved CO, by volume, pressure or absorption on a solid or precipitation in a solution.
Instrumental methods use sensors for CO; in purified streams of evolved gases with acid treatment or
burning at elevated temperatures. An alternative is to measure the weight loss with burning at selected
temperatures. For a detailed description of available options see SSDS (2014).

D.3.2 Method

Analytical methods to determine calcium carbonate equivalent in soils are described using 4 features;
the corresponding flowchart and feature table are presented in Appendix E and F.

Sample pretreatment: Analyses are for the fine earth fraction using the limits defined by the source
laboratory, that is <1 mm (Katschinski, 1956) or <2 mm.

Reaction: Quantification of carbonates often is based on dissolution in acids. The choice of the acid
depends amongst others on the expected amount of carbonates, and the subsequent detection technique.
The concentrations should be strong enough to get dissolution in a reasonable time, but exclude the

risk of and error by acid fumes.

Temperature: At higher temperature dissociation of acids and so dissolution of carbonates increases.
Possible options are described in the feature table, for example ‘dissolution of carbonates by sulphuric
acid [H2SOq4]'.

Detection: Where large amounts of carbonates are present, titrimetric methods for the excess of acid
after dissolution or the volume of CO, evolved at dissolution can be used. Evolved CO. can also be
quantified by increased pressure in a fixed volume. Alternatives are gravimetric methods with precipitation
of CO, or weight loss from the sample. If the evolved stream of gases is purified, sensors sensitive to
Carbon forms can be applied as well. These instrumental methods (element analyzers) usually are
applied only with smaller amounts of (inorganic) carbon / carbonates in the sample (SSDS, 2014).

Calculation: Many laboratories for soil analyses do not have methods that can discriminate inorganic C
from different sources. Most methods are based on acid consumption with dissolution of carbonates,

or quantification of CO, evolved. An indirect method is the subtraction of total organic carbon (TOC)
from total carbon (TC). These forms are for instance determined by element analysers with and without
prior acid treatment for removal of carbonates. In all cases the quantified amounts have to be converted
to the same molecular amounts of CaCOs.
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D.4 Cation exchange capacity

D.4.1 Background

Micro- and macro-nutrients and heavy metals are held and released into the soil solution from exchange
sites associated with clay and organic matter fractions; cations are held by the negative charges at the
exchange sites. The electric charge that can develop at these sites varies with clay mineralogy, type of
organic matter and the pH (Dixon et al., 1977). The cation exchange capacity (CEC) is an estimate of
the total amount of cations held at these exchange sites. The ‘effective CEC’ is the CEC determined at
the pH of the soil.

Salts present in the soil are considered a separate resource of ions and have to be removed by washing
prior to analyses of the saturation status of the exchange complexes. If present in high amounts, sodium
and calcium from carbonates, and gypsum can dominate the saturation of the exchange sites. Part

of these soil components may dissolve in the solutions used (pH < 8.2 to 8.5) preventing complete
saturation of exchange sites in the lab procedures as described below.

Usually, before the determination of the CEC, the amount and type of exchangeable bases are determined
first. These ‘exchangeable bases’ are: Calcium, Magnesium, Sodium and Potassium. From these,

the bases saturation can be calculated as the ratio of exchangeable bases and the cation exchange
capacity (at pH 7).

D.4.2 Method

Various methods are used to determine CEC. In practice, these methods are selected considering
available lab facilities, soil types to be investigated and specific (research) requirements. CEC methods
are described here according to their main characteristics; detailed information about specific methods,
including their limitations, may be found in underpinning laboratory manuals. In the standardization
process for WoSIS, CEC methods are first subdivided on the basis of the technique applied (i.e. direct
and approximate (indirect) methods). These categories, as visualized by options 1 (middle column)
and 2 (right column) in Appendix E are subsequently refined using 3 respectively and 5 features.

Sample pretreatment: This feature indicates whether data are reported for a fine earth fraction defined
as having an upper limit of 1 mm (Katschinski, 1956) or 2 mm (most common).

Technique: As a preceding step to the determination of the total amount of cations that can be held in

soil often the actual saturation of the exchange sites with basic cations is determined. This amount is
known as ‘exchangeable bases’. Typically, these cations are exchanged by a (buffered) solution with

a cation not present in the soil (e.9. NH4* which is not considered a ‘base cation’). If exchangeable

acidity (sum of exchangeable Hydrogen and Alumina) is also needed, the actual saturation of the exchange
complex with cations can be estimated (indirect method), although minor fractions of manganese and

iron are ignored in the procedure. These techniques with summation (of groups of) exchangeable cations
are considered here as indirect methods for the determination of the CEC.

Reported pH: The release of cations from and the saturation of the exchange sites depend on the

charge of the exchange surfaces, as determined by clay mineralogy and type of organic matter. These
charges will vary with the pH of the exchange solution (e.g. buffer) as applied in the laboratory procedure.
This effect is particularly for soils with variable charge components (e.g. volcanic materials) and high
organic matter content. Conversely, soils with a permanent charge show only small differences in CEC
with increasing lab pH (Dixon et al., 1977). Conventionally, the ‘CEC’ is determined at pH 7 (‘operational
definition’) that is with use of solutions buffered at pH 7; this CEC value then is considered representative
for most agricultural soils. If the CEC at field pH is needed, then unbuffered solutions are used for
saturation.

Exchange solution: 1 N KCl and 1 N NH,4CI are considered un-buffered solutions; they can be used

for the determination of exchangeable acidity in soils with pH less than 5.5. Alternatively, the potentially
available acidity is determined by extraction with a solution buffered at pH 8.2 such as BaCl,; the change
in acid ‘consumption by the buffer’ is measured by back titration of the solution. This amount (i.e. potential
acidity) is usually higher than the amount of field exchangeable acidity.
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The total amount of cations that can be held in soil can also be calculated in a direct way: the soil
sample is saturated by applying an excess of a suitable index cation with subsequent determination
of the excess or replacement of the index cation by another cation.

In the direct methods, used to achieve complete saturation of exchange sites at a particular pH, buffered
solutions that contain a cation with high selectivity are used to saturate all exchange sites. The cation
can be regarded as an index cation if the cation is used to quantify the exchange sites. The index cation
can be a cation from a buffer component (i.e. Na* or NHg4, ). Cations that can be considered absent

in the soil (i.e. Ba*, Ag-thiourea, and Li*) or have been exchanged in previous treatments (i.e. Na*)

can also be index cations. To improve exchange often solutions with a high concentration of the index
cation and replacing cation have to be used. The selection of an index cation, is not only based on the
selectivity of the ions at the exchange sites, but also on the instrumentation available for quantification.

To enhance the saturation with an index cation, samples can be pre-leached with a buffered solution
as well. The small amount of buffer solution and cation(s) left improves the selectivity of the analysis.

Further information may be found in Baize (1993); Pansu and Gautheyrou (2006); SSDS (2014); ISO
(2005).

Replacement solution: Once the exchange sites are saturated the excess of the solution used for the
exchange is washed out. In a next step the index cation is brought into solution by a replacement solution
(buffered) at the particular pH. This is used for instance in the well-known CEC procedures with BaCl,
Triethanolamine (TEA) for (Ba?*) buffered at pH 8.2, and NH4-acetate/Na-acetate at pH 7 and similar
methods.

This (washing and) replacement step can be omitted if the amount of index cation removed from the
(buffered) index cation solution is estimated. For instance if solutions with AgThiourea (+) unbuffered
or buffered from 4.0 to 8.0 are used.

Index cation: The index cation criterion further specifies the procedure for the determination of the
CEC. The index cation can be a cation from a buffer solution or a cation added to the buffer solution.
The latter group of cations are generally not common in soils or cations with a high selectivity. Their
selection may depend on the clay minerals and type of organic matter present in a given sample. For
some of these cations sophisticated instruments like flame atomic absorption and inductively coupled
plasma spectrometers are needed for quantification.

Indirect method (CEC by Approximation): Cations that may be present on the exchange sites can

be subdivided into three groups. Through summation of the cations in these three groups, the cation
exchange capacity can be approximated in an indirect way. In most agricultural soils, the exchangeable
bases Calcium, Magnesium, Sodium and Potassium dominate. In case of soil with a pH <5 part of

the exchange sites will be saturated with Alumina and Hydrogen. Iron and Manganese are often the
most prominent in the ‘rest group’. The cation exchange capacity can be approximated by summation
of these groups of cations (Pansu and Gautheyrou, 2006; SSDS, 2014).

Exchangeable bases and exchangeable acidity can be determined in buffered and unbuffered solutions.
If determined in unbuffered solutions the CEC at (field) soil pH is approximated. It should be noted

that the CEC based on summation of individual cations may be less accurate than values for CEC
determined using a direct determination.

D.5 Coarse fragments

D.5.1 Background

As indicated, the solid part of the soil mass is subdivided by sieving into a fraction smaller and a fraction
larger than 2 mm; these fractions are often denoted as the fine earth and coarse earth fraction. Data

sets from the former Soviet Union and its satellites, however, often use 1 mm as upper the limit (Katschinski,
1956) for the fine earth fraction.

The amount of coarse fragments is needed in calculations that consider the total soil mass as reference.
Internationally, different systems are used for naming subclasses within the coarse fraction, using a
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range of class limits and names (Nemes et al., 1999; FAO, 2006a; ISO, 2016; SSDS, 2014).

Alternatively, the fine earth fraction is most relevant for soil processes. This fraction provides the base
material for most soil physical, chemical, and mineralogical analyses; see section on particle size distribution
and analysis (sand, silt and clay fractions).

D.5.2 Method

Methods for the determination of mass of coarse fragments are described using the following features
(see Appendix E and F):

Sample pretreatment: This feature indicates whether data are reported with reference to an upper limit
of 1 mm (Katschinski, 1956) or 2 mm for the fine earth fraction.

Size: The coarse fraction can be subdivided into several subclasses. Typically, their respective amounts
can best be estimated or weighed in the field or laboratory.

Type: The coarse fraction can comprise different types of materials which can be described according

to their size and nature, as e.g. determined by their resistance against disintegration in water or
sodium-hexametaphosphate. During sample pretreatment, pedogenetic materials have to be carefully
removed from the sample and treated as a separate sub fraction. Breaking up of may lead to the release
of smaller ferromanganese and calcium carbonates (and barium sulphate or gypsum concentrations)
nodules.

Estimates: Basically there are two ways to express the amount of coarse fragments: on volume (V)
basis and on weight (W) basis. For conversions from V to W the bulk density is required. In the absence
of such data, default data for bulk density (1.45 g cm®) and mineral particle size density (2.65 g cm?)
are often assumed (SSDS, 2014).

Base: The amount of respective coarse fractions can be expressed as part of the whole soil or related
to e.g. the fine earth fraction or other fractions determined.

D.6 Electrical conductivity

D.6.1 Background

The electrical conductivity (EC) of a soil extract is a measure for the salt content in the solution (salinity
of soil). EC is a measurement that correlates with soil properties that affect crop productivity, including
soil texture, cation exchange capacity (CEC), drainage conditions, organic matter level, salinity, and
subsoil characteristics. The Saturation extract (ECe) is considered to give a better representation of
actual soil conditions with respect to plant environments (SSDS, 2014).

D.6.2 Method

Electrical conductivity is described using four features: sample preparation, solution, ratio and instrument
(see corresponding flowchart and feature table in Appendix E and F).

Sample pretreatment: The analyses apply to fine earth fraction as defined in the source laboratory (i.e.
<1 mm (Katschinski, 1956) or <2 mm.

Solution: Electrical conductivity is measured in soil extracts prepared with distilled or demineralized
water (i.e. with very low electro conductivity).

Ratio: The amount of salts that can be dissolved depends on the soil / water ratio used (e.g. 1:5). These
ratios are often predefined in soil classification systems and soil fertility evaluating schemes. With

smaller ratios, EC can easily be determined in the supernatant solution after sedimentation of coarser
materials. Saturated paste solutions are close to the soil solution. Often the pH H-O and EC are measured
in the same soil extract (soil/water ratio).
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Instrument: EC is measured using an electro conductivity electrode. This can be done in the laboratory
and in the field using hand held instruments (Rhoades et al., 1999; SSDS, 2014).

D.7 Organic carbon

D.7.1 Background

Carbon in soils is divided over several fractions and components. Major fractions are organic and inorganic
carbon. Inorganic carbon is present in mineralogical materials such as carbonates. Cells of microorganisms,
plant and animal residues at various stages of decomposition, stable ‘humus’ synthesized from residues,
and nearly inert and highly carbonized compounds, such as charcoal, graphite, and coal

((Nelson and Sommers, 1982), p. 347), all contain organic C. Organic materials coarser than 2 mm are
considered residues. The ‘fine earth’ fraction, is the basis for the laboratory analyses for soil carbon.

The preferred procedure for determining total organic and inorganic carbon should consider an element
analyser that allows for controlled temperature and detection based on CO; evolution. Other methods
often require a correction for lower recovery (Lettens et al., 2007).

D.7.2 Method

Methods used for the determination of organic carbon are described with 6 features, as described in
the corresponding feature table and flowchart (see Appendix E and Appendix F).

Sample pretreatment: This feature indicates how a laboratory has defined the upper limit for the fine
earth fraction, as discussed earlier: <1 mm (Katschinski, 1956) or <2 mm. These values also set the
lower limit for the coarse fraction.

pretreatment: Carbon in the fine earth fraction can be determined by oxidation and quantification of
CO; released. If the sample contains also carbonates (i.e. inorganic carbon) this fraction can liberate
CO; as well. This inorganic fraction can be removed by acid treatment (without oxidation power) prior
to the actual determination of organic carbon.

Reaction: Generally, organic carbon can be determined by wet or dry oxidation (ISO, 1995; SSDS,
2014; van Reeuwijk, 2002). For wet oxidation, mixtures of bichromate and sulphuric acid are frequently
used. Determination can be based on excess bichromate or CO, development. Methods based on

CO, detection need sample pretreatment to remove carbonates. COy; is also liberated with dry oxidation
and quantified in element analyzers.

Temperature: In both wet and dry oxidation methods the completeness of the reaction depends on
the temperature. When the temperature is too low during wet oxidation (should be about 125 °C), the
oxidation of organic materials is not complete; external heating is applied to achieve higher recovery
fractions for organic Carbon. Thermal decomposition of bichromate may occur when external heating
cannot be limited and controlled during wet oxidation. Dry oxidation requires a furnace with controlled
temperature of over 900 °C.

Detection: Excess of bichromate can be determined by titration with e.g. Fe?* and colorimetric techniques.
Wet oxidation methods with detection based on excess bichromate are hampered by interferences
from charcoal, Fe®*, Mn* where present.

In a furnace, with extra oxygen and catalysts added to complete oxidation to CO, and purification of
the gas stream evolved, total C (organic C and inorganic C) can be detected. Gas chromatography,
coulometric methods and/or infrared-based methods can be used to quantify CO, evolution. Inorganic
Carbon should preferbly be removed by prior acid treatment.

Weight loss on ignition (LOI), which involves ignition at 400 C in a furnace, is a measure for the content
of organic matter present in the fine earth fraction.

Calculation:

67



e Dry oxidation: Total carbon (TC) is defined as the sum of total organic carbon (TOC) and total
inorganic carbon (TIC), where TIC is derived from the calcium carbonate equivalent or from a
direct determination (as measured for basic soils). Methods to assess TIC by prior treatment with
acid or separate determination are covered in the section D.3.

e Wet oxidation: Procedures based on the original method of Walkley and Black (1934) often involve
incomplete oxidation (Lettens et al., 2007; SSDS, 2014) and consider a recovery factor. Generally,
this factor is based on the assumption that 77% of the total carbon present is determined during
the analyses. However, in practice, the actual factor will depend on the type of soil organic matter
present in the sample and soil type (Grewal et al., 1991; Lettens et al., 2007). Use of a correction
factor that is not representative for the soil material under consideration will introduce a systematic
error. Only few methods with wet-oxidation, with or without external heating, claim 100% recovery
(for all soil types); for a critical review see Pribyl (2010).

e Loss on ignition (LOI): Generally, soil organic matter is assumed to contain 1.724 times the amount
of soil organic carbon (SOC) (van Bemmelen, 1890), but the actual factor may be up to 2.0 for
topsoil's and even 2.5 for subsoils depending on the type of soil organic matter (Pribyl, 2010).

D.8 Soil pH

D.8.1 Background

The soil solution reflects the composition of the soil. Therefore, the pH and electro-conductivity of a
standardized soil water mixture are often used for the first discrimination of soils and soil layers. The
difference in pH measured in a soil/water extract and extract with 1 N KCI (pH delta value) for instance
is an indication for the potential acidity. This ‘delta pH’ should be measured with equal conditions for
both measurements. For some analytical methods, the pH determines the sample pretreatment for that
method (i.e. presence of carbonates) or is a criterion for additional analyses. pH in saturated paste of
soil, for example, is used in cross checking salinity data (Rhoades et al., 1999).

D.8.2 Method

Methods for the determination of the pH of soil samples are characterized using 7 features. The corresponding
procedure is visualized in a flowchart in Appendix E with details provided in the corresponding option
table in Appendix F.

Sample pretreatment: Refers here to the upper size limit adopted by a laboratory to define the ‘fine

earth fraction’. Two physical pretreatments are widely used internationally for this: a) sieve crushed,
dried soil material through a 1 mm sieve, and b) idem, but using a 2 mm sieve. By implication, these
values will determine the corresponding lower limit for the ‘coarse fraction’.

Solution: To determine the pH of a soil sample, H* ions need to be brought into solution. Distilled water
and solutions with low ionic strength are mainly used to stimulate this process. ‘Stronger’ salt solutions
are needed to force exchange of i.e. AI**. Measurements in a saturated paste are aimed to represent
the natural environmental conditions (Pansu and Gautheyrou, 2006).

Ratio: pH methods consider different ‘soil / solution’ ratios. The specific ratio determines the composition
of the supernatant solution, leading to different pH values. More ions can dissolve in a larger volume
until maximum solubility is reached for the particular combination of exchanged and dissolved ions.
Agitation time and method of shaking, as well as place of measurement (i.e. ‘in the rest’ or ‘actively
stirred’ portion) have to be standardized in a laboratory to establish consistent measurement conditions.
To obtain reliable measurements for pH H2O in soils with high organic matter content, usually a higher
water: soil ratio is used (Pansu and Gautheyrou, 2006). Measurements in which electrodes are in
contact with the sediment, may show a ‘suspension’ effect; this effect can modify results by +/- 1 pH

unit.

Ratio base: Results can be expressed on a weight or volume basis; as such, ratios can be expressed
as weight / volume (w/v) and volume / volume (v/v).
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Concentration: Solutions with a high salt concentration enforce ion exchange processes. For instance,
a 1 M KCl solution is used to release hydrogen ions and Al** ions from the exchange complex. With 1
M NaF, OH" is released in the solution and Alz, complexed; the observed increase in pH is an indication
for ‘active aluminum’ (van Reeuwijk, 2002).

Instrument: In the laboratory, usually the pH is measured with a pH-meter. The (combination of) electrode(s)
and their maintenance are controlled by the laboratory; they are checked before the measurement
procedure starts with calibration of the instrument. As the position of the electrode in the solution is
considered most important, the type of electrode used is not considered a key-criterion here. pH test

strips and hand-held pH meters are also used to measure soil pH in the field; however, such pH values

may differ widely from those recorded under standard laboratory conditions.

Monitoring: This term is used here solely with respect to observing (monitoring) changes in oxidizable
sulfur compounds over time for which changes in soil pH are measured until equilibrium is reached,
providing a measure for ‘sulfidic soil materials’ (SSDS, 2014). Such conditions commonly occur in
intra-tidal zones adjacent to oceans.

D.9 Sand, silt and clay fractions

D.9.1 Background

The particle size distribution (PSD) in soils is important in a wide range of agricultural, geological, and
technical and engineering studies. It influences soil properties such as the workability, water holding
capacity and drainage, and the capacity to hold (micro) nutrients as a reservoir for plant growth. For
most laboratory investigations samples are first passed through a sieve to determine the ‘fine earth’
fraction (Nemes et al., 1999; SSDS, 2014); the upper limit of 2 mm is widely used for this. Alternatively,
in the former Soviet Union and its satellite countries, the upper limit for fine earth fraction has been set
at 1 mm (Katschinski, 1956).

The ‘coarse fraction’ is always defined with reference to the upper limit of the ‘fine earth fraction’ in the
corresponding scheme. Whole soil refers to all particle-size fractions, including boulders with maximum
horizontal dimensions less than those of the pedon. In general, the term texture is used to describe the
fine-earth fraction (SSDS, 2014). At one time, the term rock fragments was differentiated from the term
coarse fragments, which excluded stones and boulders with diameters >250 mm (SSDS, 1975). The
rationale for this distinction was that particles <250 mm were generally regarded as part of the ‘soil
mass’ as they affect moisture storage, infiltration, runoff, root growth, and tillage (SSDS, 1951).

Soil particles in the fine earth fraction can be subdivided into fractions of different size classes, as
illustrated in the corresponding flowchart in Appendix E. In most cases, the following (nominal) classes
are defined: ‘sand’, ‘clay’, and an intermediate class named ‘silt’. However, the actual size limits for

these classes can vary between countries and laboratories, for example an upper limit for the ‘silt’
fraction given as 0.050, 0.060 or 0.63 mm. Such fractions, in turn, can be subdivided to provide additional
detail; again, subclasses are defined using different size limits and (local) names, complicating overall
standardization and harmonization efforts (Loveland and Whalley, 2000).

In view of the above, in WoSIS descriptive criteria for ‘sand’, ‘silt’, and ‘clay’ are presented in one single
feature table and one flowchart (see Appendix E and Appendix F). During laboratory analyses, these
fractions are often determined simultaneously using the same sample.

D.9.2 Method

Analytical methods for the determination of the sand, silt and clay (size) fraction in soil samples are
described using 3 options for the sand and silt size fraction, and 4 for the clay size fraction. Brief explanatory
texts for the particular features are provided as separate table (Appendix F). When the exact fraction

sizes are not reported in the source metadata, of necessity the inferred class limits are inferred (with a

flag for lower confidence).
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Sample pretreatment: Refers here to the upper size limit adopted by a laboratory to define the fine

earth fraction’. Two physical pretreatments are used internationally: a) sieve crushed, air dry soil material
through a 1 mm sieve (Katschinski, 1956), and b) idem, but using a 2 mm sieve. By implication, these
values will determine the corresponding lower limit for the ‘coarse fraction’, as well as the actual ‘base’

to which results of soil chemical analyses apply.

Size: Fractions for a given particle size distribution should be distinguished according to their size

and not according to their allocated names as used in different (inter)national systems. This practice,
facilitates logical grouping of size fractions in WoSIS according to the particle size distribution schemes
as adopted in the various source databases.

Treatment: Soil particles are often bound into aggregates by cementing materials such as organic

matter, calcium carbonate and iron oxides. Such aggregates are broken up during the pretreatment

step of the analytical procedure. For example, hydrogen peroxide (H>O,) is used to remove organic

matter by oxidation. HCI, HAc (acetic acid) or buffer solutions (Na acetate) are generally used to remove
carbonates in basic pH soils (pH >7). Ultrasonic treatment is needed for samples that contain kaolinite,

micas (e.g. illite and muscovite) and allophanic materials; the energy generated by the vibrations is

transferred into the suspension and breaks the cohesion of the aggregates. In some laboratories, sesquioxides
are removed in an optional deferration step. Many of these treatments are soil type specific. When

such (pre)treatments and dispersion procedures (see below) are excluded from the laboratory procedure,
measurement will be for ‘water dispersable’ or ‘natural clay’.

Dispersion: During the dispersion of clay size particles, effects of the electric charges at the exchange
surfaces have to be controlled carefully (SSDS, 2014). A clay suspension is most stable when the
particles have large electrical double layers which is the case with monovalent cations and diluted
solutions (Bolt and Bruggenwert, 1978). Chemisorption of phosphate at pH values far from the isoelectric
point, can also reduce repulsion forces by charges on the clay surface. Therefore, a mixture of sodium
hexa-metaphosphate buffered at pH 10 by Na>,CO3 (also known as ‘Calgon’ type) is frequently used as
dispersant. Alternative dispersants include ammonia and soda. Well-dispersed soil solutions remain
turbid for a longer time than those that have not been submitted to any pretreatment.

Instrument: Subsequent to pretreatment and dispersion of the fine earth fraction, this fraction is divided
into so-called sand, silt and clay fractions (see above discussion about class size limits and naming
issues). In the ‘<2 mm’ scheme, the sand fraction is separated from the silt and clay fraction by sieving;
for example using 0.050 or 0.063 mm as the lower limit. Typically, the silt and clay fractions are determined
after sedimentation in a cylinder based on Stokes’ law, which assumes silt and clay particles to be

perfect spheres. The rate of sedimentation depends amongst others on the radius, shape, density of

the different particles, density of the liquid used for dispersion, and temperature (SSDS, 2014). Detailed
descriptions of possible error components in results from particle size analyses can be found elsewhere
(Loveland, 2016).

The main instruments for particle size analysis include:

¢ Pipette method: In the (Robinson) pipette method the relevant (i.e. <0.050 or 0.063 mm) fraction
is sampled at a predefined depth and time after sedimentation started. The actual depth is calculated
from Stokes’ law for a specific settling time interval, size fraction and temperature. The pipette
method is considered to be the reference method.

e Hydrometer: This method (often referred to as Bouyoucos hydrometer method) is commonly
used as an alternative to the ‘pipette’ method. It is based on the density of the suspension, which
is a function of the concentration and kind of particles present (after a certain time of settling).
Results are considered to be less reliable than those obtained using the pipette method.

e Laser beam: These methods for grain size analyses are based on the measurement of the intensity
of diffracted laser beams of near infrared / infrared light on suspended particles. The scattered
light is detected at an angle (often 90°) of the incident beam. The number of detectors used,
determines the number of fractions in the measurement range. With a high number of detectors,
this results in a ‘continuous’ spectrum. Wavelength, size, refractive index of surface of particles
are important factors in the calibration of the instrument. Results may differ from those obtained
with the pipette method for the same samples
(Buurman and van Doesburg, 2007; Loveland and Whalley, 2000).
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e Field hand estimates: Trained personnel with field experience in a specific region or with specific
soil types may estimate the clay content in a semi quantitative way by ‘hand, finger’ sensing.
Texture classes assigned from field texture and laboratory particle size analyses are not always
equivalent, especially where the clay content is considered to be high.

D.10 Total carbon

D.10.1 Background

Carbon in soils can be divided in an organic and inorganic fraction. Inorganic carbon is present in carbonate
minerals such as calcite (CaCO3) and dolomite (MgCQO3). Organic carbon is found in organic materials
such as plant residues, humus, and charcoal. Total carbon (TC) is defined as the sum of total organic
carbon (TOC) plus total inorganic carbon (TC, expressed as Calcium carbonate equivalent). From an
analytical point of view, TOC and TIC are defined measurement categories, also referred to as ‘sum
parameters’, whereas each part can contain several substances in varying proportions (Hilke, 2015).

D.10.2 Method

Analytical methods for total carbon are described using two options; additional details are provided in
Appendix E and F.

Sample pretreatment: Analyses are for the fine earth fraction using the limits defined by the source
laboratory. This can be <1 mm (Katschinski, 1956) or <2 mm, which may be seen as the present international
standard for defining the coarse fraction.

Calculation: When small amounts of inorganic carbon are present, total carbon can be estimated by
dry combustion at higher temperature using an elemental analyser (Kuhlbusch et al., 2009; SSDS,
2014). However, in practice inorganic carbon is removed first after which the organic carbon fraction is
determined. Larger amounts of inorganic carbon usually are usually determined after dissolution of the
mineral fraction with acids and release of CO.. Results are expressed as total carbonate equivalent.
Total carbon can be calculated using a range of methods for both inorganic and organic carbon.

D.11 Water retention

D.11.1 Background

The capacity of a soil to hold water (and air) depends on the amounts and types of organic matter,

content of sand, silt and clay, as well as soil structure or physical arrangement of the particles. Water

and air are held in the inter-connected pore spaces between the solid materials. If all these spaces

are filled with water, the soil is at its maximum water holding capacity. The corresponding volume of

water can be gradually depleted by plant growth, transpiration, evaporation and drainage. Water is

less readily released by and transported through smaller sized pores. In some soils types, such as
shrink-swell clays, the water holding capacity can change with desorption or absorption of water (hysteresis
effect).

In the laboratory, water holding capacity at predefined suctions is determined by suction or application
pressure on a sample. A detailed account is provided in soil physics handbooks
(Jury et al., 1991; Koorevaar et al., 1983) and laboratory manuals (SSDS, 2014).

The nature of the soil material may preclude some sampling types. For example, water retention for
expanding clays is overestimated when sieved samples are used instead of natural soil fabric at tensions
of 6, 10 and 33 kPa (SSDS, 2014). Cores cannot be used when the soil material is not coherent enough,
such as in very sandy soils.
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When reporting values for water retention, it is very important to note whether results are expressed on
a w/w basis or w/v basis. Conventionally, with pF curves the moisture content is expressed in volume
% (w/v) rather than weight % (w/w); conversion between these units require the availability of bulk
density data.

D.11.2 Method

Analytical methods for water retention are described using six options; additional details are provided
in Appendix E and F.

Tension: The capacity of a soil to hold water is often expressed as the water content determined after
equilibration of samples, from different depth layers, with water at various suction values (kPa). For
practical reasons, high suction values are often controlled by tension in pressure pans. Desorbed or
absorbed water between these equilibrium points and the initial saturated condition is generally measured
on a mass basis (W). Water content at selected tension points can be expressed in different measurement
units, as follows:

1 bar = 100 kPa (kilo Pascal)
=1020 cm H20 ~ 1000 cm H20
=75.01 cm Hg
=0.9869 atm ~ 1 atm

Sample type: Water holding capacity can be derived from: air dry soil material sieved (disturbed samples,
fine earth fraction as defined in given laboratory e.g. ‘1 mm’ or ‘<2 mm’); natural clods; reconstituted
clods of soil material; and soil cores taken at a particular depth.

Treatment: For desorption methods, irrespective of the initial moisture status, all samples are first saturated
on a tension table by capillarity; subsequently, they are equilibrated at pre-defined water retention levels.
Methods that involve wetting of oven dry soils may cause irreversible changes in pore size. To study
changes resulting from wetting and drying, the gravimetric water content can be determined after a

second equilibration.

In the absorption methods, the sample is initially very dry and subsequently equilibrated at the pre-defined
retentions levels without prior saturation.

To facilitate desorption by tension or pressure in lab experiments samples have to be in close contact
with a supporting surface. Silt or kaolin can be used as an intermediate layer to improve the contact of
the sample with a ceramic or porous plate or, in a sandbox for multiple samples.

Clods are generally sealed by a plastic lacquer (e.g. ‘Saran F 310 resin’). A flat surface is cut to enhance
contact on the ceramic plate or to allow clods to get wet on a tension table. At higher tension levels
water is removed from the smallest pores by pressure. Here the original arrangement of soil materials

is no longer important; bulk material (sieved <2 mm, air dry, e.g. removed from cores), is placed in
retainer rings on the ceramic plate.

Desorption method: Equilibrium values for water desorption can be set by a hanging water column or
application of ‘over pressure’. A hanging water column with a water manometer is generally used for
lower retention levels (<250 kPa). Hanging water columns should not exceed a length of 10 meters
unless vacuum conditions are created and controlled by an Hg-manometer at the ‘open end’ of the
column. With the pressure method, multiple samples are placed on a ceramic plate in a ‘pressure pan’.
In a series of equilibrium points the above methods are often combined; also there is an overlap in
potential use of the respective desorption methods.

Device: Within the range of equilibrium values for the determination of water holding capacity (e.qg.
from pF 1.5 to pF 4.2) several ‘overlapping’ devices can be applied. Saturation is achieved on a tension
table at 5 cm tension (5 kPa) applied at the base of the sample. Other equilibrium points may be set in
a pressure plate extractor, on a porous plate with burette to measure the volume of desorbed water, or
in a kaolin bath. Tensiometers are used with the wind evaporation method.

Expression: Water content may be expressed on a volume basis (volume of water per unit volume of
moist soil), on a dry mass basis (mass of water per unit mass of soil solids), or on a wet mass basis
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(mass of water per unit mass of wet soil). Water holding capacity conventionally is expressed in volume
% (weight per volume, w/v) rather than in weight % (weight per weight, w/w). To arrive at volume %,
weight% has to be multiplied by bulk density. Where present, a correction needs to be applied for coarse

fragments (SSDS, 2014).
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Appendix E

Flowcharts for standardizing soil
analytical method descriptions

The following flowcharts serve to visualize and complement Appendix D, which describes the rationale
and criteria for standardizing soil analytical method descriptions, and Appendix F, which describes the
domains for the various options.
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Bulk density

Sample type
Options 0to 5

Measurement
condition
Options 0to 5

Corrections
Options 0to 3

Calculation
Options 0to 1

End

Figure E.1: Flowchart for standardizing bulk density methods.
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Calcium carbonate equivalent

Sample pretreatment
Options 0 to 2

Reaction
Options 0 to 4

Temperature
Options 0to 3

Detection
Options 0to 7

Calculation
Options 0to 3

End

Figure E.2: Flowchart for standardizing calcium carbonate equivalent methods.
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Cation exchange capacity (CEC)

Sample pretreatment

Sample pretreatment

Sample pretreatment

Option O to 2 Option 0 to 2 Option O to 2
Technique Technique Technique
Option 0 Option 1 Option 2
Reported pH Reported pH Reported pH

Options 0to 8 Options 0to 8 Option 0

Exchange solution
Option 0

Exchange solution
Options 0 to 16

Exchange solution
Option 0

Replacement solution
Option 0

Replacement solution
Options 0 to 15

Replacement solution
Option 0

Index cation
Option 0

Index cation
Option 0 to 8

Index cation
Option 0

Bases approximation
Option 0

Bases approximation
Option 0

Bases approximation
Options 0to 5

Acidity approximation
Option 0

Acidity approximation
Option 0

Acidity approximation
Option 0 to 4

Other exchangeable
cations approximation
Option 0

Other exchangeable
cations approximation
Option 0

Other exchangeable
cations approximation
Options 0to 2

End

78

Figure E.3: Flowchart for standardizing cation exchange capacity methods.




Coarse fragments

Size
Options 0 to 27

Type
Options 0to 7

Estimate
Options 0 to 4

Base
Options 0to 8

End

Figure E.4: Flowchart for standardizing coarse fragments methods.
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Electro conductivity

Sample pretreatment
Options 0to 2

Solution
Options 0 to 1

Ratio
Options 0to 8

Ratio base
Options 0 to 2

Instrument
Options 0 to 2

End

Figure E.5: Flowchart for standardizing electrical conductivity methods.
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Organic carbon

Sample pretreatment
Options 0to 2

Treatment
Options 0to 3

Reaction
Options 0to 4

Temperature
Options 0to 4

Detection
Option 0to 6

Calculation
Option 0 to 11

End

Figure E.6: Flowchart for standardizing organic carbon methods.
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pH

Sample pretreatment
Options 0 to 2

Solution
Options 0 to 4

Concentration
Options 0to 5

Ratio
Options 0to 8

Ratio base
Option 0 to 2

Instrument
Options 0to 3

Monitoring
Option 0to 3

End

Figure E.7: Flowchart for standardizing pH methods.

82



Sand, silt, clay fractions

Sand

fraction

Silt

fraction

Clay

fraction

Sample pretreatment

Sample pretreatment

Sample pretreatment

Options 0 to 2 Options 0 to 2 Options 0 to 2
Size Size Size
Options 0 to 13 Options 0to 9 Options 0to 5
Treatment Treatment Treatment
Options 0to 5 Options 0to 5 Options 0to 5
Dispersion Dispersion Dispersion
Option 0 to 4 Options 0 to 4 Options 0 to 4
Instrument Instrument Instrument
Option 0 to 4 Options 0 to 4 Options 0 to 4
End End End

83

Figure E.8: Flowchart for standardizing sand, silt and clay fractions methods.




Total Carbon

Sample pretreatment
Options 0 to 2

Calculation
Options 0to 2

End

Figure E.9: Flowchart for standardizing total carbon methods.
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Water retention

Tension
Options 0 to 34

Sample type
Options 0 to 6

Treatment
Options 0to 6

Method
Options 0to 7

Device
Options 0to 7

Expression
Options 0to 8

End

Figure E.10: Flowchart for standardizing water retention methods.

85



86



Appendix F

Option tables for soil analytical
method descriptions

This appendix lists the criteria used for standardizing different analytical method descriptions to the

WoSIS standard. To facilitate data entry (i.e. standardization of soil analytical method descriptions by
third parties) the recommended sequence (1,2, .., n) for describing attribute-specific options is listed

below. For each soil property, the workflow is visualized in Appendix E.

Table F.1: Procedure for coding bulk density.

Key Code \Value

sample type 0 unknown

sample type 1 excavation (i.e. soils too fragile to remove a sample);
compliant cavity, ring excavation, frame excavation)

sample type 2 undisturbed soil in metal/PVC-ring (soil core) (soil
sufficiently coherent)

sample type 3 natural clod

sample type 4 clod reconstituted from <2 mm sample formed by wetting
and dessication cycles that stimulate reconsolidating by
water in a field setting

sample type 5 volume by 3D scanning

measurement condition 0 unknown

measurement condition 1 field moist

measurement condition 2 equilibrated at 33 kPa (~1/3 bar)

measurement condition 3 oven dry (~ 105-110 °C)

measurement condition 4 air dry

measurement condition 5 air dried and re-equilibrated (rewet)

corrections 0 unknown

corrections 1 in calculation, for >2 mm (rock, coarse) fragments
removed from sample, density of fragments not reported

corrections 2 in calculation, for >2 mm (rock, coarse) fragments
removed from sample; density fragments default value
2.65gcm?

corrections 3 in calculation, for >2 mm (rock, coarse) fragments;
correction for weight and volume

calculation 0 unknown

calculation 1 guessed value, expert field estimate
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Table F.2: Procedure for coding calcium carbonate equivalent.

Key Code \Value

sample pretreatment 0 unkown

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

reaction 0 unknown

reaction 1 dissolution of Carbonates by Hydrochloric acid [HCI], or
Perchloric acid [HCIO4]

reaction 2 dissolution of Carbonates by Sulfuric acid [H2SO4]

reaction 3 dissolution of Carbonates by Phosphoric acid [H3PO4]

reaction 4 dissolution of Carbonates by Acetic acid [CH3COOH]

temperature 0 unknown

temperature 1 no external heat

temperature 2 external heat, elevated temperature; ignition < 400 °C

temperature 3 external heat, combustion (element analyzer)

detection 0 unknown

detection 1 titrimetric (for example titration excess acid)

detection 2 gravimetric - weight increase (from trapped Carbon
dioxide [CO>] evolved)

detection 3 volumetric (i.e. volume of Carbon dioxide [CO,] evolved )
(1 Pa, room temperature)

detection 4 pressure (i.e. pressure build bij Carbon dioxide [CO2]
evolved, manometric)

detection 5 gravimetric - weight loss (from Carbon dioxide [COs]
evolved)

detection 6 sensoric (as in element analyzer)

detection 7 change of pH with dissolution

calculation 0 unknown

calculation 1 (in)direct estimates of Carbonates [XXCO3.xxH>O] or
Inorganic Carbon, expressed as Calcium carbonate
equivalent

calculation 2 subtraction; (Total C - Organic C) expressed as Calcium
carbonate equivalent

calculation 3 emperically; standard (neutralization) curve relating pH to

known concentrations of CaCOs
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Table F.3: Procedure for coding cation exchange capacity (cec).

Key

Code

Value

sample pretreatment
sample pretreatment
sample pretreatment
technique
technique
technique
reported pH
reported pH
reported pH
reported pH
reported pH
reported pH
reported pH
reported pH
reported pH
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
exchange solution
replacement
replacement
replacement
replacement
replacement
replacement
replacement
replacement
replacement
replacement
replacement
replacement
replacement
replacement
replacement
replacement
index cation

index cation

index cation

index cation

index cation

index cation

index cation

OCONOOPAPWN—-LO0O0NOODAPRWON—LON—LON—=-O

unkown

sieved over 1 mm sieve
sieved over 2 mm sieve
unknown
determination by lab procedure
approximated by summation exchangeable cations
unknown

reported as (no buffer applied); field pH
buffered at 7.0

buffered at 8.0

buffered at 8.1

buffered at 8.2

buffered at 8.3

buffered at 8.4

buffered at 8.5
unknown

not applied

1 M KCI

1 M NH4-acetate

1 M NHg4-chloride

0.5 M Li-acetate

0.5 M BaCl,-TEA

0.1 M BaCl>-TEA

1 M Na-acetate

0.01 M Ag-thioura

0.01 M Ag-thioura + buffer
0.25 M NH4Ac

0.1 M CaC|2

0.5 M Li-chloride

0.1 M Li-EDTA
Ba-acetate

BaC|2

unknown

not applied

NaOH

KCI

NaCl

KNO3 Ca(NO3)2
NH4-acetate
Ca-Acetate

Mg(NO3)2

Mg(SO4)2

NH,4CI

NaN03

10% NaCl + HCI

CaC|2

K-EDTA

Na-acetate

unknown

not applied

NH4+

Na+

0.01 M Ag-thioura*
Ba2+

Li*
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Key Code \Value

index cation 7 Mg>*

index cation 8 Ca®

bases approximation 0 unknown

bases approximation 1 not applied

bases approximation 2 sum exchangeable bases (NH4Cl, unbuffered)

bases approximation 3 sum exchangeable bases (NH4sOAc, buffered pH 7)

bases approximation 4 sum exchangeable bases (BaCl,-TEA pH 8.1)

bases approximation 5 sum of extractable Na, K, Ca, Mg (NH4Cl, 0.05M,
unbuffered)

acidity approximation 0 unknown

acidity approximation 1 not applied

acidity approximation 2 exchangeable acidity (KCl extract), (sum of) H, Al

acidity approximation 3 extractable / potential acidity (BaCl, - TEA, pH 8.2)

acidity approximation 4 (sum of) extractable H, Al (NH,4CI, 0.05M, unbuffered)

other exchangeable cations 0 unknown

other exchangeable cations 1 not applied

other exchangeable cations 2 (sum of) extractable Fe, Mn (NH4ClI, 0.05M, unbuffered)
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Table F.4: Procedure for coding clay.

Key Code \Value

sample pretreatment 0 unknown

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

size 0 unknown

size 1 0-0.002 mm

size 2 0-0.005 mm

size 3 0-0.001 mm

size 4 0-0.0002 mm

size 5 0.002 -0.05 mm

treatment 0 unknown

treatment 1 no pretreatment

treatment 2 Hydrogen peroxide [H202] plus mild Acetic acid
[CH3COOH] / Sodium acetate [CH3COONa] buffer
treatments (if pH-H.O >6.5)

treatment 3 Hydrogen peroxide [H2O5] plus Hydrochloric acid [HCI] or
Acetic acid [CH3COOH] (if pH-H20 >6.5)

treatment 4 pretreatment, deferration included

treatment 5 Hydrogen peroxide [H20:]

dispersion 0 unknown

dispersion 1 no dispersion

dispersion 2 Sodium hexametaphosphate [(NaPQO3)6] - Calgon type
(ultrasonic treatment might be included)

dispersion 3 Ammonium hydroxide [NH4OH]

dispersion 4 Sodium hydroxide [NaOH]

instrument 0 unknown

instrument 1 pipette

instrument 2 hydrometer

instrument 3 analyzer

instrument 4 field hand estimate
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Table F.5: Procedure for coding coarse fragments.

Key Code \Value

size 0 unknown

size 1 4.76 mm / Mesh 4 /0.187 inches

size 2 2.00 mm / Mesh 10/ 0.0787 inches

size 3 0.841 mm / Mesh 20/ 0.0331 inches

size 4 0.420 mm / Mesh 40/ 0.0165 inches

size 5 0.250 mm / Mesh 60 / 0.0098 inches

size 6 0.149 mm / Mesh 100 / 0.0059 inches

size 7 0.105 mm / Mesh 140/ 0.0041 inches

size 8 0.074 mm / Mesh 200 / 0.0029 inches

size 9 >2 mm

size 10 2-5mm

size 11 5-20 mm

size 12 2 -20 mm

size 13 20-75mm

size 14 2-75mm

size 15 >75 mm

size 16 20 - 250 mm

size 17 75 -250 mm

size 18 >250 mm

size 19 0.002 mm

size 20 0.005 mm

size 21 0.02 mm / Mesh 635

size 22 9.51 mm / Mesh 3/8 in/ 0.375 inches

size 23 19 mm /Mesh in/0.75 inches

size 24 25.4 mm/Mesh 1/ 1 inches

size 25 37.5mm/1.5inches

size 26 50 mm / 2 inches

size 27 >1 mm

type 0 unknown

type 1 no pretreatment

type 2 rock fragments, coarse concretions, roots and adhering
finer particles >2 mm (removed from field sample, with
sample pretreatment in the lab)

type 3 in the >2 mm fraction: mineral coarse fragments, as well
as wood fragments that are >20 mm in cross section and
cannot be crushed and shredded with fingers

type 4 rock fragments that resist abrupt immersion in tap water

type 5 from the 20 - 2 mm field sub sample; coarse fragments
in the 2- 5 mm fraction that do not slake with Sodium
hexametaphosphate [(NaPO3)6] treatment

type 6 coarse fragments with hard carbonate- or
gypsum-indurated material and not easily pass a 2 mm
sieve

type 7 in the >2 mm fraction: Cr or R material

estimate 0 unknown

estimate 1 w/w% weighing (lab, field) procedure

estimate 2 vIv%, visual (field) estimate (presumed)

estimate 3 w/W% after conversion from v/v% for material >20 mm,
by particle density 2.65 g cc-1, bulk density fine earth
fraction 1.45 g cc-1

estimate 4 w/w% after conversion from v/v% for material >20 mm,
by or particle density or bulk density fine earth fraction or
both "measured” g cc-1

base 0 unknown

base 1 <2mm, fine earth
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Key Code \Value

base 2 >2mm; rock and pararock fragments; rock fragments
means particles of the whole soil that are >2 mm in
diameter and includes all particles with horizontal
dimensions smaller than the size of the pedon

base 3 2-20mm

base 4 20-75mm

base 5 2-75mm

base 6 >75 mm

base 7 whole soil; all particle-size fractions, including boulders
with maximum horizontal dimensions less than those of
the pedon

base 8 whole soil at 1/3 Bar
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Table F.6: Procedure for coding electrical conductivity.

Key Code Value

sample pretreatment 0 unknown

sample pretreatment 1 sieved over 1 mm sieve
sample pretreatment 2 sieved over 2 mm sieve
solution 0 unknown

solution 1 water [H2O]

ratio 0 unknown

ratio 1 1:1

ratio 2 1:2

ratio 3 1:2.5

ratio 4 1:5

ratio 5 1:10

ratio 6 1:50

ratio 7 saturated paste

ratio 8 slurry

ratio base 0 unknown

ratio base 1 weight / volume

ratio base 2 volume / volume
instrument 0 unknown

instrument 1 electrode

instrument 2 electrode (field measured)
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Table F.7: Procedure for coding organic carbon.

Key Code \Value

sample pretreatment 0 unknown

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

treatment 0 unknown

treatment 1 not applied

treatment 2 inorganic carbon removed; Hydrochloric acid [HCI]

treatment 3 inorganic carbon removed; Phosphoric acid [HzPO4]

reaction 0 unknown

reaction 1 wet oxidation with Sulphuric acid [HoSO4] -
Potassiumbichromate [K>CroO-] (and Phosphoric acid
[H3zPOy4]) mixture

reaction 2 wet oxidation - other methods

reaction 3 dry oxidation (i.e loss on ignition)

reaction 4 dry oxidation (such as element analyzer)

temperature 0 unknown

temperature 1 no external heat

temperature 2 controlled, temperature range 350 - 550 °C (assumed;
loss on ignition, muffle furnace)

temperature 3 controlled, at elevated temperature (wet oxidation,
temperature (not) specified)

temperature 4 controlled, at 960 °C and higher (assumed: element
analyzer)

detection 0 unknown

detection 1 titrimetric

detection 2 colorimetry (i.e. by graphing a standard curve)

detection 3 gravimetric; increase weight by trapping evolved Carbon
dioxide [CO2]

detection 4 volumetric

detection 5 sensoric (in element analyzer)

detection 6 weight loss (i.e. "loss on ignition” method)

calculation 0 unknown

calculation 1 not applied

calculation 2 Total Carbon minus Total inorganic Carbon

calculation 3 conversion factor "organic matter to total carbon” = 1/1.7
(1.7 = Van Bemmelen factor)

calculation 4 complete recovery (assumed)

calculation 5 correction factor for recovery not specified

calculation 6 default (Walkley and Black) correction factor for recovery
of 1.3 applied

calculation 7 default correction factor for recovery of 1.3 - assumed

calculation 8 correction factor = 1.25

calculation 9 correction factor = 1.18

calculation 10 correction factor = 1.03

calculation 11 correction factor = 1.15
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Table F.8: Procedure for coding ph.

Key Code Value

sample pretreatment 0 unknown

sample pretreatment 1 sieved over 1 mm sieve
sample pretreatment 2 sieved over 2 mm sieve
solution 0 unknown

solution 1 water [H2O]

solution 2 Calcium chloride [CaCly]
solution 3 Potassium chloride [KCI]
solution 4 Sodium fluoride [NaF]
concentration 0 unknown

concentration 1 not applied

concentration 2 0.01 M

concentration 3 0.02 M

concentration 4 0.2M

concentration 5 1M

ratio 0 unknown

ratio 1 1:1

ratio 2 1:2

ratio 3 1:2.5

ratio 4 1:5

ratio 5 1:10

ratio 6 1:50

ratio 7 saturated paste

ratio 8 slurry

ratio base 0 unknown

ratio base 1 weight / volume

ratio base 2 volume / volume
instrument 0 unknown

instrument 1 electrode

instrument 2 electrode (field measured)
instrument 3 indicator paper (field measured)
monitoring 0 unknown

monitoring 1 not applied

monitoring 2 oxidizible sulfur compounds; initial pH
monitoring 3 oxidizible sulfur compounds; pH stabilized in 10 days, pH

< 0.1 unit, for two days
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Table F.9: Procedure for coding sand.

Key Code \Value

sample pretreatment 0 unknown

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

size 0 unknown

size 1 0.05-2 mm

size 2 0.063 - 2 mm

size 3 0.06 - 2 mm

size 4 0.02 -2 mm

size 5 1-2mm

size 6 0.05-1mm

size 7 0.25-0.5mm

size 8 0.10 - 0.25 mm

size 9 0.05-1.7 mm

size 10 0.05-0.1 mm

size 11 0.2-2mm

size 12 0.5-1.0mm

size 13 0.1-2.0mm

treatment 0 unknown

treatment 1 no pretreatment

treatment 2 Hydrogen peroxide [H20»] plus mild Acetic acid
[CH3COOH] / Sodium acetate [CH3;COONa] buffer
treatments (if pH-H2O >6.5)

treatment 3 Hydrogen peroxide [H.O-] plus Hydrochloric acid [HCI] or
Acetic acid [CH3COOH] (if pH-H>O >6.5)

treatment 4 pretreatment, deferration included

treatment 5 Hydrogen peroxide [H205]

dispersion 0 unknown

dispersion 1 no dispersion

dispersion 2 Sodium hexametaphosphate [(NaPQO3)6] - Calgon type
(ultrasonic treatment might be included)

dispersion 3 Ammonium hydroxide [NH4OH]

dispersion 4 Sodium hydroxide [NaOH]

instrument 0 unknown

instrument 1 sieve

instrument 2 hydrometer

instrument 3 analyzer

instrument 4 field hand estimate
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Table F.10: Procedure for coding silt.

Key Code \Value

sample pretreatment 0 unknown

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

size 0 unknown

size 1 0.02 - 0.063 mm

size 2 0.002 - 0.06 mm

size 3 0.02 - 0.05 mm

size 4 0.005 - 0.05 mm

size 5 0.001 - 0.05 mm

size 6 0.002 - 0.05 mm

size 7 0.002 - 0.02 mm

size 8 0.002 - 0.074 mm

size 9 0.05-0.074 mm

treatment 0 unknown

treatment 1 no pretreatment

treatment 2 Hydrogen peroxide [H2O5] plus mild Acetic acid
[CH3COOH] / Sodium acetate [CH3COONa] buffer
treatments (if pH-H,O >6.5)

treatment 3 Hydrogen peroxide [H2O»] plus Hydrochloric acid [HCI] or
Acetic acid [CH3COOH] (if pH-H2O >6.5)

treatment 4 pretreatment, deferration included

treatment 5 Hydrogen peroxide [H205]

dispersion 0 unknown

dispersion 1 no dispersion

dispersion 2 Sodium hexametaphosphate [(NaPQO3)6] - Calgon type
(ultrasonic treatment might be included)

dispersion 3 Ammonium hydroxide [NH;OH]

dispersion 4 Sodium hydroxide [NaOH]

instrument 0 unknown

instrument 1 pipette

instrument 2 hydrometer

instrument 3 analyzer

instrument 4 field hand estimate
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Table F.11: Procedure for coding total carbon.

Key Code Value

sample pretreatment 0 unknown

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

calculation 0 unknown

calculation 1 dry combustion at high controlled temperature, complete
recovery, sensoric detection (as in element analyzer) no
pretreatment to dissolve inorganic carbon (if present)
applied

calculation 2 calculated by sum of Organic carbon and Calcium

carbonate equivalent
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Table F.12: Procedure for coding water retention.

Key Code Value

tension 0 unknown

tension 1 not applied

tension 2 kPa=0.1, cm water head=1.0, bar=0.001, pF=0.0

tension 3 kPa=0.3, cm water head=3.2, bar=0.003, pF=0.5

tension 4 kPa=0.5, cm water head=5.0, bar=0.005, pF=0.7

tension 5 kPa=1, cm water head=10.2, bar=0.01, pF=1.0

tension 6 kPa=3, cm water head=30.6, bar=0.03, pF=1.5

tension 7 kPa=5, cm water head=51.1, bar=0.05, pF=1.7

tension 8 kPa=6, cm water head=61.3, bar=0.06, pF=1.8

tension 9 kPa=7, cm water head=75.0, bar=0.07, pF=1.9

tension 10 kPa=10, cm water head=102.2, bar=0.10, pF=2.0

tension 11 kPa=12, cm water head=125.0, bar=0.12, pF=2.1

tension 12 kPa=15, cm water head=150.0, bar=0.15, pF=2.2

tension 13 kPa=20, cm water head=204.3, bar=0.20, pF=2.3

tension 14 kPa=24, cm water head=250.0, bar=0.24, pF=2.4

tension 15 kPa=33, cm water head=337.1, bar=0.33, pF=2.5

tension 16 kPa=40, cm water head=408.6, bar=0.40, pF=2.6

tension 17 kPa=50, cm water head=510.8, bar=0.50, pF=2.7

tension 18 kPa=60, cm water head=613.0, bar=0.60, pF=2.8

tension 19 kPa=70, cm water head=715.1, bar=0.70, pF=2.9

tension 20 kPa=80, cm water head=817.3, bar=0.80, pF=2.9

tension 21 kPa=90, cm water head=919.4, bar=0.90, pF=3.0

tension 22 kPa=100, cm water head=1021.6, bar=1.00, pF=3.0

tension 23 kPa=200, cm water head=2043.2, bar=2.00, pF=3.3

tension 24 kPa=250, cm water head=2554.0, bar=2.50, pF=3.4

tension 25 kPa=400, cm water head=4086.4, bar=40.90, pF=3.6

tension 26 kPa=500, cm water head=5108.0, bar=51.10, pF=3.7

tension 27 kPa=1500, cm water head=15324.0, bar=15.00, pF=4.2

tension 28 kPa=500, cm water head=5085.0, bar=5.00, pF=3.7

tension 29 kPa=580, cm water head=5998.6, bar=5.80, pF=3.8

tension 30 kPa=, cm water head=, bar=, pF=4.1

tension 31 kPa=, cm water head=, bar=, pF=3.5

tension 32 kPa=, cm water head=, bar=, pF=5.1

tension 33 kPa=, cm water head=, bar=, pF=5.8

tension 34 kPa=1000, cm water head=, bar=, pF=

sample type 0 unknown

sample type 1 natural clod

sample type 2 clod, reconstituted / disturbed (sieved material <2 mm)

sample type 3 clod, reconstituted / disturbed (sieved material <1 mm)

sample type 3 undisturbed soil in metal/PVC-ring (soil core)

sample type 4 <2 mm (sieved) disturbed samples

sample type 6 <1 mm (sieved) disturbed samples

treatment 0 unknown

treatment 1 not applied

treatment 2 oven dried, no saturation applied (i.e.: absorption curve)

treatment 3 field moist condition, then saturated

treatment 4 air dry, then saturated

treatment 5 oven dry, then saturated

treatment 6 saturated, desorbed, rewetted and desorbed again

method 0 unknown

method 1 saturation (pF 0)

method 2 desorption, pressure

method 3 desorption, suction (hanging water column, water
manometer)

method 4 desorption, suction (hanging water column + Hg

manometer)
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Key Code \Value

method 5 desorption, evaporation

method 6 desorption, oven drying

method 7 absorption into oven dry sample (curve, dry to wet)

device 0 unknown

device 1 not applied

device 2 tension table

device 3 pressure plate extractor

device 4 porous plate and burette

device 5 fine textured medium; (presumed) sandbox

device 6 fine textured medium; (pressumed) kaolin box

device 7 balans, tensiometers (wind evaporation method)

expression 0 unknown

expression 1 dry mass basis; mass water per unit mass of soil solids
(w/w, gravimetric water content)

expression 2 wet mass basis; mass of water per unit mass of wet soil
(w/w)

expression 3 volume base; volume of water per unit volume of moist
soil (v/v, volumetric water content)

expression 4 volume base; volume of water per unit volume of moist
sail (v/v, volumetric water content). w/w % converted by
Unknown bulk density

expression 5 volume base; volume of water per unit volume of moist
soil (v/v, volumetric water content). Presumed; w/w %
converted by bulk density if presented

expression 6 volume base; volume of water per unit volume of moist
soil (v/v, volumetric water content). w/w % converted by
bulk density oven dry

expression 7 volume base; volume of water per unit volume of moist
soil (v/v, volumetric water content). w/w % converted by
bulk density pKa 33

expression 8 volume base; volume of water per unit volume of moist

soil (v/v, volumetric water content). w/w % converted by
bulk density rewet
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Appendix G

Database model

This appendix describes the structure of all PostgreSQL tables considered in WoSIS. Pragmatically,
each table starts on a new page.
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Together with our partners we produce, gather, compile and serve quality-assessed soil information at global, national and
regional levels. We stimulate the use of this information to address global challenges through capacity building, awareness
raising and direct cooperation with users and clients.

WWW.isric.org
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