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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 profile data 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)’. This can be
indicated using a Creative Commons license.

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, with the ultimate aim to make them ‘comparable as if assessed by a
single given (reference) method’. The most recent set of standardized soil profile data served from
WoSIS, commonly referred to as ‘WoSIS Latest’, may be accessed freely through our Soil Data Hub
(http://data.isric.org). Further, on an irregular basis, we provide static snapshots of the data for
consistent citation purposes.

In its capacity as World Data Center (WDC) for Soils, ISRIC also serves its data products to the global
user community through auxiliary portals, in particular those of the International Science Council (ISC)
World Data System (WDS) 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


https://creativecommons.org/share-your-work/
http://data.isric.org




Summary

ISRIC - World Soil Information manages a centralized PostgreSQL database, known as WoSIS (World
Soil Information Service), for the shared benefit of the international community. The original aim, in 2013,
was to accommodate any type of soil data (point, polygon, and grid) (Ribeiro et al., 2015; Tempel et al.,
2013). Presently, however, the scope is on safeguarding, processing and standardizing geo-referenced
soil profile data for the world. Grid and polygon data/maps are now handled using other components
of our spatial data infrastructure, such as ISRIC’s soil data hub (http://data.isric.org) and the
SoilGrids/WoSIS portal (https://soilgrids.org/).

The general procedure for processing profile data in WoSIS is as follows. First, new source data are
imported ’as is’ into the ISRIC data repository, i.e keeping the original file format as well as the original
naming and coding conventions, abbreviations, domains, units of measurement, lineage (provenance)
and data licence. Subsequently, these diverse ‘source’ datasets are converted into PostgreSQL format
using an automated procedure. Thereafter, the source data are manually ‘mapped’ to the standard
WoSIS naming conventions, standard values and/or units of measurement. Basically, this corresponds
with the first major step of standardization to make the data queryable and usable. The second step of
standardization involves importing the standardized data into the WoSIS data model itself; this process
also involves automated checks on the plausibility of the reported values.

Methodological changes, since the release of the preceding version (Ribeiro et al., 2018), are described

in the present document. Presently, we consider a wider range of soil chemical properties for standardization:
organic carbon, total carbon, total carbonate equivalent, total nitrogen, phosphorus (extractable P, total

P and P retention), soil pH, cation exchange capacity and electrical conductivity. We also consider
the following physical properties: soil texture (sand, silt, and clay), bulk density, coarse fragments and
water retention. Both of these sets of properties are grouped according to analytical procedures that are
operationally comparable. Further, for each profile we provide the original soil classification (FAO, WRB
and USDA, with their version) and original horizon designations, insofar as these have been specified 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, with accompanying flowcharts (Appendix E).

The ultimate third step, data harmonization, aims to make the analytical data comparable that is as 'if
assessed by a single given (reference) method’. Full data harmonization in a global context, however,
will first become feasible once results of extensive proficiency testing programmes become available,
for example in the framework of Pillar 5 of the Global Soil Partnership and GLOSOLAN (Global Soil
Laboratory Network), and a common set of 'international’ reference methods (e.g. ISO procedures or
SOP’s developed by GLOSOLAN) has been accepted by the international soil community.

WoSIS is an important component of ISRIC's Spatial Data Infrastructure (SDI). Further developments
will consider how soil data, shared by third parties in an inter-operable way, can be ingested and
standardized. As such, WoSIS complements the activities of the federated Global Soil Information
System (GLOSIS) developed by the Global Soil Partnership (GSP, 2018).


http://data.isric.org
https://soilgrids.org/




Chapter 1

Introduction

The World Soil Information Service, or WoSIS in short, 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 to the international community. These data, in combination with
spatial environmental co-variate layers, can then be used to generate soil property maps using digital
soil mapping (Hengl et al., 2017; de Sousa et al., 2020). Subsequently, such maps can be used to
address global challenges such as climate change, food security, and the degradation of land and water
resources at continental and (sub)regional scale.

This report supersedes the preceding version of the WoSIS procedures manual (Ribeiro et al., 2018). It
consists of six Chapters and eight Appendices. Following up on the introduction, and prior to describing
the database design (Chapter 3) itself, basic principles for flagging repeated (e.g. duplicate) soil profiles
originating from different international data compilations, basic measures for defining data quality, as
well as the main steps towards standardization and harmonization of numerical soil data are discussed
(Chapter 2). Aspects of data inter-operability and web services (Chapter 4) as well as developments
towards a federated soil database, set in the context of ISRIC’s Spatial Data Infrastructure (SDI) and
contributions to the GSP’s Global Soil Information System (GLOSIS, de Sousa et al. (2019)) are discussed
in Chapter 5. Finally, future developments are discussed in Chapter 6.

Appendix A explains how the quality-assessed and standardized data served from WOoSIS can be
accessed by users. Appendix B describes basic principles for compiling soil profile data to facilitate entry
into WoSIS; standardized templates are provided 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. An example
of a possible approach for harmonising the standardized data, using pH as an example, is provided in
Appendix G. The database tables, 39 in total, are described in Appendix H.






Chapter 2

Basic principles for processing data

As indicated, the 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.

This Chapter discusses the main principles for processing new source data into WoSIS upon their
registry in the ISRIC WDC-Soils repository (i.e., metadata of the source data, license and provenance).
It subsequently discusses the ‘flagging of repeated soil profiles’ as commonly observed with data
compilations, ‘checks for completeness of the source information’, 'measures for data quality’, and ‘'main
steps towards data harmonization’.

2.1 Flagging repeated soil profiles

One of the first tasks in the process of importing data into WoSIS is the search for repeated soil 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), the Africa Soil Profile Database (Leenaars et al., 2014b) and
the International Soil Carbon Network (Nave et al., 2017). This elaborate 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 unique, shared geo-referenced profiles served from WoSIS (September 2019).



Repeated profiles are identified using checks on lineage and checks on geographical proximity. The first,
considers the data source identifiers, uses this information to trace the original data source, and from
there looks for duplicates. Alternatively, the proximity check is based on the geographic coordinates.
The procedure first identifies profiles that are within <100 m of each other as possible duplicates.
Upon additional, semi-automated checks concerning the first three layers (upper and lower depth),
i.e. sand, silt and clay content, the duplicates with the least comprehensive component of attribute
data are flagged. When still in doubt at this stage, additional visual checks are made with respect to
other commonly reported soil properties, such as pH,.:. and organic carbon content. So far, this
laborious, yet critical, screening process has led to the exclusion of some 50,000 profiles from the
original complement of some 450,000 soil profiles (Batjes et al., 2020).
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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 (Leenaars et al., 2014a), ISIS ', WISE (Batjes, 2009)) and various
national and continental scale SOTER 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 are prioritized when serving the standardized-data (see Appendix A).

1http://isis.isric.org/

2http://www.isric.org/projects/soil-and-terrain-soter-database-programme
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Table 2.1: Basic requirements for considering soil profiles in the WoSIS standardisation workflow.

Case (X,Y) Layerdepth Soil properties Classification Keep

1 + + + + Yes

2 + + + - Yes

3 + - - + Yes®

4 - + + + Yes/no*
5 - + + - Yes/no
6 + + - - No

7 + - + - No®

2.2 Checks for completeness of the source information

To be considered in the actual WoSIS standardization workflow, each profile must meet several criteria
(Table 2.1). First, we assess if each profile is geo-referenced, has (consistently) defined upper and lower
depths for each layer (or horizon), and data for at least some soil properties (e.g. sand, silt, clay and pH).
Having a soil (taxonomic) classification is considered desirable (case 1), though not mandatory (case 2).
Georeferenced profiles for which only the classification is specified can still be useful for mapping of soil
taxonomic classes (case 3). Alternatively, profiles without any geo-reference may still prove useful to
develop pedotransfer functions (case 4 and 5); however, they cannot be served through WFS because
there is no geometry (x,y). The remaining cases (6 and 7) are automatically excluded from the WoSIS
workflow.

2.3 Measures for data quality

2.3.1 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; Soil Survey Division Staff, 1993). The corresponding
samples were analysed in a range of laboratories or in the field according to a range of methods (e.qg.
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 precision

Low accuracy
High precision

High accuracy
Low precision

High accuracy
High precision

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

Quallity of data can be evaluated against a range of properties, for example positional accuracy, date
of observation, 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; Schut and Giller, 2020).

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.

To address and document the above issues, four 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 2.3.2),
and

e Accuracy and precision, the inferred Laboratory related uncertainty (column: accuracy; see Section 2.3.3).

e Positional accuracy

* .

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 the WoSIS database manager to
recognize factors that may compromise the quality of certain data, hence their suitability for use. Consideration
of these 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 does not allow for a full characterization
of all indicators (Appendix C).

2.3.2 Level of trust

Attributes managed in WoSIS are characterized in terms of inferred trust, for which there are three
levels. The first level (‘A’) is used for datasets submitted ‘as is’. Such ‘A’ level data are subsequently
standardized to level ‘B’. This second step considers the soil property, analytical method and unit of
measurement. It also includes automated error-checking for possible inconsistencies with respect to
‘plausible’ minimum and maximum values, complemented with some visual checks that also consider
the mean; these lower and upper limits are based on expert knowledge of field pedologists. These
are ‘one-dimensional’ checks per layer of the attribute values themselves, without considering values
reported for other soil attributes for the same layer (e.g. total nitrogen content, irrespective of the organic
carbon content or C/N ratio; bulk density irrespective of the content of organic matter). These criteria
are similar to those developed to screen soil chemical and physical properties in the WISE (see Batjes
(2008), App. 3) and AfSP (see Leenaars et al. (2014a), App. 6) soil profile data compilations.

Ultimately, B-level data can be harmonized (‘C’) to an agreed reference (target) method, subject to
international agreement about the recommended target method as well as the availability of appropriate
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(soil type specific) transfer functions (Baritz et al., 2014; GlobalSoiMap, 2015). As such, level ‘C’ is
considered the highest achievable degree of harmonization in WoSIS. Such values have to be approved
by a (regional) expert who has performed an in-depth check, ideally considering relations between the
available values (e.g. soil carbon content versus bulk density) in relation to the soil layer itself as well
as the full soil profile, and found no apparent anomalies. Users should note that level 'C’ requires the
different values to be harmonized first (see Section 2.4.2). Therefore, users of the standardized data
served from WoSIS (e.g. ‘WoSIS Latest’) should be aware that the assessment of the ‘accuracy and
applicability of the data for a particular application is strictly a user responsibility’ (Finke, 2006; Schut
and Giller, 2020; Guillera-Arroita et al., 2015).

2.3.3 Measurement 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 is not always the case.

Since 2019, we provide a measure for the inferred uncertainty associated with the different operationally
defined analytical methods. This is a first approximation, which should be revised as more data from
laboratory intercomparison programmes, such as WEPAL and GLOSOLAN, become available.

2.3.4 Positional accuracy

All profile coordinates in WoSIS are presented according to the World Geodetic System (i.e. WGS84,
EPSG code 4326). These coordinates were converted from a diverse range of national projections.
Further, the source referencing may have been in decimal degrees (DD) or expressed in degrees,
minutes, and seconds (DMS) for both latitude and longitude. The (approximate) accuracy of geo-
referencing in WoSIS is given in decimal degrees (Table 2.2). If the source only provided degrees,
minutes, and seconds (DMS) then the geographic accuracy is set at 0.01; if seconds (DM) are missing
it is set at 0.1; and if seconds and minutes (D) are missing it is set at 1. For most profiles (86 percent),
the approximate accuracy of the point locations, as inferred from the original coordinates given in the
source datasets, is less than 10 m (total = 196 498 profiles). Typically, the geo-referencing of soil profiles
described and sampled before the advent of GPS (Global Positioning Systems) in the 1970s is less
accurate; sometimes we just do not know the ’true’ accuracy. Digital soil mappers should duly consider
the inferred geometric accuracy of the profile locations in their applications (Grimm and Behrens, 2010),
since the soil observations and covariates may not actually correspond in both space and time (Cressie
and Kornak, 2003).

Table 2.2: Approximate accuracy of the profile location

Decimal Decimal Approximate

places degrees precision
7 0.0000001 1cm
6 0.000001 10 cm
5 0.00001 im
4 0.0001 10m
3 0.001 100 m
2 0.01 1 km
1 0.1 10 km
0 1 100 km
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2.4 Main steps towards data harmonization

2.4.1 Data lineage and access conditions

WoSIS aims to facilitate the exchange and use of soil data collated within the context of various 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 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
common standard they importantly gain in appropriateness for use for broad scale applications.

A priori standardization of data, for the purpose of being shared with the global community as in SoTER
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. Consequently, data standardization generally
occurs a posteriori. Such is preferably done by the data providers themselves, as they are best able
to correctly interpret the data; this would yield a ‘double dataset’ holding both the original data as well
as the standardized data (Leenaars et al., 2014b). Such would be best be done in the framework of
a federated, global soil information system as being developed by GSP (2018). Alternatively, pending
availability of an operational federated system, data standardization would largely need to be done by a
‘central compiler’. Therefore, any soil dataset shared for consideration in WoSIS should be sufficiently
documented, with adequate metadata, to make the data understandable and processable.

Data providers must specify conditions for access to each dataset they submit to the ISRIC Data
Repository. This is preferably done using a Creative Commons® license, but other licences are also
accepted. Importantly, the licence should be provided as part of the metadata, including data lineage or
provenance, since it may indicate possible ‘inherited restrictions’.

Access conditions for each dataset in the ISRIC Data Repository are enforced through ‘access registers’
that are managed in the WoSIS database; overall terms and conditions are in accord with the ISRIC Data
and Software Policy’. Ultimately, only standardized data derived from ‘shared’ sources will be provided
to the international community though our SDI (Appendix A).

Alternatively, some datasets come with more restrictive licences indicating they may only be used
at ISRIC for making SoilGrids and similar visualizations. The corresponding profiles, however, are
standardized using the same workflow, but the point data themselves are not served to the international
community.

2.4.2 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 consideration 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, and facilitate the ingestion of data.

Main steps for processing data in WoSIS are schematized in Figure 2.5. All submitted datasets,
pre-screened for completeness (e.g. lineage, licence), 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 diverse ‘source’ datasets are converted into PostgreSQL format using an automated
procedure. Thereafter, the source data are manually ‘mapped’ to the standard WoSIS naming conventions,
standard values and/or units of measurement. Basically, this corresponds with the first major step of
standardization to make the data queryable and usable. The second step of standardization involves
importing the standardized data into the WoSIS data model itself; this process also involves automated
checks on the plausibility of the reported values (e.g. pH should between 1 and 13).

6http://creativecommons.org/licenses/
"http://www.isric.org/about/data-policy
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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) and WEPAL (2015) the ‘Wageningen Evaluating

Programmes for Analytical Laboratories’.

As indicated by GlobalSoiMap (2015) and others, the necessary pedotransfer functions are likely to be
region and soil type specific. Probably, here again, the biggest challenge is the quality of the data used
to build the regional transfer functions. Building a transfer function generally is not the issue (i.e. apply
an appropriate statistical model to describe the relationship between or among properties). In practice,
proficiency testing initiatives have revealed unacceptably variable control charts, suggesting varying
methods for the same named analysis across laboratories and/or varying quality control measures (and
enforcement). Therefore, until analytical methods and quality control are standardized (and enforced),
errors of transfer functions built on variously sourced data of varying quality can be expected to be large.
In principle, such issues can only be avoided when all soil data are collected and analysed using defined
standard methods in a single reference laboratory as is the case with the EU LUCAS Topsoil programme
(Orgiazzi et al., 2018) and the NCSS soil database (Soil Survey Division Staff, 2014a; USDA-NCSS,
2018).

8http://www.fao.org/global-soil-partnership/resources/events/detail/en/c/1037455/
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Figure 2.5: Main stages of data standardization and harmonization.

14



Chapter 3

Database design

3.1 General concept

The database design for WoSIS consists of 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
e lower-case characters
e separate words and prefixes with underlines (snake_case)
e no numbers
e no symbols
e no diacritical marks
e 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’

15



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 metadata, auditing and web applications,
to enforce role grant access. This will allow other projects or applications, to operate in the same
database using different schemas.

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

e Metadata
e Datasets and classification
e Attributes, methods and laboratories

e Profiles, layers and observations

The individual ‘components’ are described in the following sections, while the structure of each table is
presented in Appendix H.

By convention, in the text, table names appear in bold and column names in italic. Further, for legibiliy,
the names of schema’s are given in italics, bold.

16



sAay ublaio} pue Atewid yim ‘[epow aseqelep SISO dui o siusuodwod pue sdnolb aoualsial Ul : g ainbi

anjenulewop i
PIUlewop 359p s

S3INQUNY

g..z@,...ﬂe
P

saljojeloge]

3)buls e Ul SpoyIaW pue
saljojeloqeT ‘saInquNY

23T 92091259

SUOIIeAJ3SqO

sj9sejeq

s3|14oid

dap-
yadap
fasadosd

\dap Jam
\dap Iaddn ezt
f132dosd

uonedlyIsse]d

17


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

3.2 Main components

3.2.1 Metadata

Metadata are data that succintly define and describe other data. They define the terms and conditions
for use of the data and ensure that all data can be properly attributed and cited. At ISRIC, all metadata
are handled in GeoNetwork, a catalogue application for spatially referenced resources'. GeoNetwork
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.0. from ISO/TC211 and OGC). GeoNetwork, is
interoperable with standards used by the ISC World Data System © and GEOSS (Global Earth Observation
System of Systems) portal®.

Tables for storing the metadata are managed in a dedicated database schema that has its own data
model. As shown in Figure 3.2, the dataset.id in table dataset provides the link between the wosis
schema and metadata schema. Table version holds information about the licence conditions and
provides a link to the 'data sharing agreement’ for each dataset. The metadata themselves are published
in the ISRIC Data Hub*, subject to the permission of the data provider.

e Folder
et File_name

== variable

rec dataset_id

_ -®ReC yersion

o - <

== data_type

a8t data_type_id

res dataset_id [ et variable

Bt version rec data_type_id

B¢ variable

55 uuid

'
Aeg dataset_id
REE version
e url
| #ee protocol

/_,/' et dataset_id

e"™Fversion
secdataset_id | —————— ee¢ Folder
Aeg dataset_id AB¢ yersion e File_name

| e |
RBC sfatus

\ ref dataset_id
M RES version

Rec sample_presentation

Aeg dataset_id
ABE yersion

Aeg Firsk_name
et lask_name
REF type

AeC role

. == personnel

B¢ First_name
a8t lask_name

=% organization

REF organization_id

RBE organization_id

Figure 3.2: Metadata data model, showing tables, primary and foreign keys.

The dataset table, at the top of the hierarchy of the metadata schema, defines where the data come
from. There may be several versions for a dataset such as AfSPv1.0 and AfSPv2.0. The table version

Thttp://geonetwork-opensource.org/

2\WDC-Soils, see https://www.icsu-wds.org/services/data-portal
SGEOSS, see http://www.geoportal .org/
“http://data.isric.org/

18


http://www.isric.org/sites/default/files/wosis_doc_db_metadata.png
http://geonetwork-opensource.org/
https://www.icsu-wds.org/services/data-portal
http://www.geoportal.org/
http://data.isric.org/

serves to store information for each version of a dataset, such as the licence (column legal_constraints),
the collection period of the data or the status (shows whether a project is ongoing or has been completed).

Table variable is used when a dataset has multiple variables that require a single metadata record.
Similar to SoilGrids, for each soil property considered in WoSIS there is a unique xml document (e.g. an
xml file for soil pH measured in water). This variable may consist of several files having different formats
(e.g. CSV’s and GeoTIFF); these files are documented in table file which serves to store all information
related to files considered in the system. This information is the output of the gdalinfo of a GIS layer.
This way, in a single table, an overview of all spatial and non-spatial data for which metadata are stored
in the system are visible. Table data_type stores the minimum and maximum values that compromise
the different data types in GeoTiff, one of the most common and flexible GIS raster formats.

The url table serves to store links (i.e. references) to reports, online documents or web-services, and
serves to document the lineage of the data.

Table covariate serves to indicate which datasets were used to create derived products such as SoilGrids
soil property layers (see de Sousa et al. (2020); de Sousa et al. (2020)).

Table spectral serves to store metadata describing how spectral data was collected in the laboratory.
So far, two types of spectrally-derived data can be accomodated in WoSIS: Near-infrared (NIR, table
spectral_nir) and Mid-infrared (MIR, table spectral_mir).

The tables organization, personnel and contact provide information about the provenance and authorship
of the data.

Information about the data providers themselves is stored in three tables. Table organization serves
to describe the organizations while table personnel lists the staff/persons instrumental in collating or
providing the data. Table contact is an intermediate table to record what role a given person had in
compiling a given dataset.

Using this approach, there is one single entry point to authoritative names and contact information in the
database. This ensures that a single spelling is used consistently for the same organization or individual
throughout the database (e.g., KIT, Tropen Instituut, Royal Tropical Institute, Koninklijk Instituut voor de
Tropen).

The above tables can accommodate all the information required for metadata in compliance with ISO-19115
and INSPIRE standards. This information is then extracted by a Python script to produce an xml
document and publish it to http://data.isric.org/, subject to the permission of the data provider.

Personal information in WoSIS is handled conform GDPR (General Data Protection Regulation), following
principles of ‘data minimization’. This information serves to acknowledge our data providers.

3.2.2 Datasets and classification

As indicated, the dataset table stays at the top of the hierarchy of the wosis schema defining where the
data come from and pointing to the metadata schema.

Table dataset also serves to make a bridge, as mentioned before, to the metadata schema, where the
metadata is stored.

Sometimes, the same soil profile has been considered/processed in different source databases. As
indicated, this regularly happens with compilations such as WISE, SOTER, AfSP and ISCN. This can
be indicated in table dataset_profile, which allows to assign a given profile (in the profile table) to
different source datasets (in the dataset table).

Possible sources of information for the data managed in WoSIS 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. Table reference_dataset_profile allows these sources to be specified per profile and dataset,
thus acknowledging the specific origin of a certain profile in a compilation dataset. It also serves to
describe the full reference of the source materials; in so far as possible, a link is provided to the actual,
scanned document in the ISRIC World Soil Library using the unique isn code.

5See https://eur-lex.europa.eu/eli/reg/2016/679/0]j
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Historically, soils worldwide have been classified according to a wide range of evolving national systems
(Krasilnikov et al., 2019; FAO, 2015). International correlation between these diverse systems is currently
being addressed by the World Reference Base for Soil Resources (IUSS WG-WRB, 2015), and earlier
through the FAO-Unesco Soil Map of the World (FAO-Unesco, 1974; FAO, 1988) system. Another,
widely used ‘international’ soil classification system is USDA Soil Taxonomy (Soil Survey Division Staff,
2014b), currently in its 12th edition.

The ‘classification’ tables (Figure 3.3) can accommodate three widely used, international 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). FAQO classifications are described in tables
class_fao. Tables class_fao_horizon and class_fao_property define the domains for the horizons
respectively the diagnostic soil properties.

e World Reference Base for Soil Resources (WRB): this international classification system is endorsed
by the International Union of Soil Sciences (IUSS WG-WRB, 2015). The version used is shown by
the year of publication. WRB-related information is specified four tables: class_wrb, class_wrb_horizon,
class_wrb_material, class_wrb_property and class_wrb_qualifier).

e USDA Soil Taxonomy (Soil Survey Division Staff, 2014b), and earlier approximations as indicated
by the year of publication (see table class_soil_taxonomy).

Further, the national or local soil classification can be stored verbatim in table class_local. In the future,
once fully developed, a table for the Universal Soil Classification (Michéli et al., 2016) can be created in
WoSIS.

Sometimes, as indicated, the same soil profile may have been considered/processed in different data
compilations. As a result, the same profile may have been classified/correlated differently in each
compilation, using the same classification system (and version), depending on the classifier’s perspective
(Kauffman, 1987). Therefore, for data compilations, WoSIS contains a link table (dataset_profile) to a
given profile (profile table) to a specific source datasets (dataset table). All classifications thus refer to
an entry in the dataset_profile link table (that is, a profile in a particular dataset), thus allowing for one
unique classification per profile and dataset.

In some cases, the USDA Soil Taxonomy coding is inconsistent between editions as the same codes
were used for different soil types in successive versions (Soil Survey Division Staff, 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 Soil Map of the World each use a consistent
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 version (i.e. year of publication).

In WoSIS, soil classifications 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 (2006a) soil horizon nomenclature, is considered the responsibility
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; Gerasimova et al., 2013).

3.2.3 Attributes, methods and laboratories

Each dataset (as described in dataset table) comes with a list of attributes (or parameters or properties)
to express a description or measurement. These source attributes are described in 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, measurement
unit, and domain.

For each attribute (desc_attribute), the definition, analytical methods and source laboratory must be
defined explicitly to allow for standardization and ultimately full harmonization. Soil analytical methods,
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and a description of their main characteristics, however, is a complex topic as many of these analyses
are soil type specific (Soil Survey Division Staff, 2011; van Reeuwijk, 2002). However, 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 (meq/100g)’.

Each standard method (i.e. analytical method being standardized) is described in table desc_method_standard
using a defined number of options, as described in table desc_method_option. Table desc_attribute_agg
defines what methods options are available for each standard attribute. Further, details about the
laboratory where the measurements were made are stored in table desc_laboratory_source. A standardized
list of laboratory names is presented in table desc_laboratory_standard.

Importantly, table descriptor serves to combine the attribute (source and standard), analytical method
and laboratory id’s into a new, unique id (descriptor_id). The descriptor_id is later used in tables such
as profile_attribute and profile_layer_attribute in which the measured values respectively descriptions
are stored.

Recognizing the broad scope of the domain of knowledge that can be accommodated in WoSIS, 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’ thenis: V, P, |, 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 domain in desc_domain_value.
Conversely, a data domain may be used to describe more than one characteristic. For example, in the
Guidelines for Soil Description (FAO, 2006a), several surface characteristics are defined using the same
surface coverage classes, hence the same data domain. This is illustrated in Figure 3.4.
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3.2.4 Profiles, layers and observations

Tables in this group (Figure 3.5) 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 documents 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 of origin is registered using
the 2 character ISO code (e.g. BE for Belgium) in column country_id, that links to the country table which
defines unique codes for country names, dependent territories and special areas of geographical interest
based on ISO-3166 derived 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. The geometry is stored in table country_geom because one (row) country
can be composed by multiple (rows) polygons in this table.

Each soil profile in WoSIS is given a specific integer ID as well as a UUID®, 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 the metadata records.

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 3.5 shows that the dataset_profile table forms
the node or the backbone of the database as it represents the inventory of soil profiles and soil profile
source datasets. All tables that link to dataset_profile always have a foreign key formed by dataset_id
and profile_id.

According to their nature, data are stored in a specific table:
¢ Profile (point 2D): profile_attribute
e Layer (point 3D): profile_layer_attribute
e Layer spectral (point 3D): profile_layer_spectral

Table profile_attribute serves to manage the properties describing 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 (or horizon), measured from the surface, including organic layers (O)° and
mineral covers, downwards in accord with current conventions (FAO, 2006b; Soil Survey Division Staff,
2012). This table links to profile_layer_sample to accommodate (possible) multiple samples in the same
horizon.

Table profile_layer_sample links to table profile_layer_attribute in which the chemical, physical, morpho-
logical and biological soil properties of a layer are recorded. For example, soil structure, colour, texture
and pH. Soil properties are defined in table descriptor, as explained in Section 3.2.3.

6PostGIS is an open source software programme that adds support for geographic objects to PostgreSQL - https://en.
wikipedia.org/wiki/PostGIS.

7See http://www.fao.org/geonetwork/srv/en/metadata.show?id=12691&currTab=simple

8Universa||y 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 (Soil Survey Division Staff, 2012) p. 2-6).
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Chapter 4

Interoperability and web services

In this Chapter, 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. Extensible Markup Language (XML) defines a set of rules for encoding
documents in a format that is both human-readable and machine-readable. It is widely used in web
services as a means (i.e. language) for transferring structured 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 organizations and with
clients. The web services, which form an important part of ISRIC’s 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 2.3 and 2.4); 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 earlier.

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 compatible with
web communication. A Web Feature Service (WFS) is implemented using MapServer that connects to
the WoSIS PostgreSQL database, 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 requests. 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 fulfilment 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, however, there is
no common standard for this (Mendes de Jesus et al., 2017; Wilson, 2016; Ritchie, 2016). Developing
such a standard is an important objective of GSP Pillar 5 (Baritz et al., 2014) and the IUSS Working
Group on Soil Information Standards.

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, WFS-T, transaction).

1 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 MapServer, which connects to WoSIS reading its views and tables. Further,
a Representational State Transfer (REST) service is available that permits downloading/streaming for
the web-service, querying based on coordinates (longitude (X) and latitude (Y)) as provided by the client.
An ongoing development at ISRIC is to allow a client’s web-service to become a data provider to WoSIS,
for example in the context of anticipated crowd-sourced projects (Hobley et al., 2017).

MetaData

............................................................ Soil |ayer‘s /

/
_ REST
£ (GeoNetwork wf; GeoServer >

Y (webservice architecture)
xml - 1SO 19139

|

! |

WebViewers Download to GIS software
(e.g. OpenlLayers, Leaflet) (e.g. ArcGIS, QGIS)

! | |

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.

Shttps://data.isric.org.
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Chapter 5

Towards a federated soil database

Worldwide there are many organizations with valuable soil data (Omuto et al., 2012; Arrouays et al,,
2017). Yet, these data are accommodated in different databases using a range of data models and
conventions. Alternatively, the data 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
.“"‘/ \\\

Figure 5.1: Example of a federated database system.

pd

A federated database, also called a virtual database, is a way to view and query several databases
on-line 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
themselves; the respective servers are managed independently, yet ‘cooperate’ to process requests on
the database (Wikipedia, 2017).

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 sub-queries
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’s that enable PostgreSQL Server to
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interact with different remote data stores, ranging from other SQL databases through to flat files.

At ISRIC, we 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 database, using a bottom-up-approach, is an important goal of the Global Soil
Partnership (GSP, 2016). ISRIC has been coordinating the design of the GSP’s Global Soil Information
System (GLOSIS) since 2016. GLOSIS is being designed as a decentralized system that interacts with
multiple national sources. This is unlike WoSIS, which like its predecessors such as SOTER and WISE,
was set up as a centralized database (Tempel et al., 2013) within the broader framework of the ICS
World Data System.

Various components of ISRIC’s own SDI are being used to develop modules for GLOSIS (GSP, 2018;
de Sousa et al., 2019, 2020). Once implemented at a satisfactory level of detail and authority, the newly
‘shared’ data accessible online through GLOSIS may provide new materials for consideration in WoSIS
itself. Alternatively, WoSIS may be envisaged as a support node within the federated GLOSIS framework
(Figure 5.2).

Tailored U%E \ @

implementation -
SIS Ready Commeon Standards

Template _EI58 \ %
im pl ementation Towards own SIS / Deploy Template Node /] Data online
=
Support [E / E=
Just share data Add to Support Node

implementation

Figure 5.2: Different participation levels foreseen for GLOSIS (Yigini and van Egmond, 2000)

Three different levels of participation to the GLOSIS federation are proposed (de Sousa et al., 2019):

e Tailored implementation: data providers with an established soil spatial data infrastructure apply/
implement the GLOSIS data exchange model, i.e. they bring their data to the common GLOSIS
standard and then publish their data through the GLOSIS web portal.

e Template implementation: data providers with soil data stored in simple databases or plain tables
and with the ambition to establish a (national) soil information system will be trained in setting up a
reference node. Once a reference node is deployed, the data will be served through a national web
portal and become discoverable through the GLOSIS data hub (if allowed by the data provider).

e Support implementation: data providers with their soil data stored in simple databases or plain
tables standardize their data according to the GLOSIS data model and send their data to the GSP
who will act as a custodian of the data by storing the data in the support node. Again, the data will
be discoverable through the GLOSIS data hub only when allowed by the data provider(s).

30



Chapter 6

Reflections and future developments

In view of its global scope, WoSIS will always remain ‘work in progress’ as new source datasets become
available for standardization and web technologies for uploading / exchanging/ serving data evolve.

At the time of writing, ‘WoSIS Latest’ comprised standardized analytical data for over 200,000 globally
distributed soil profiles. In addition to this, another 40,000 profiles with more restrictive licences were
standardized, but, as indicated, these can only be used by ISRIC for generating SoilGrids layers and
other visualizations.

Inherently, there are various gaps (e.g. geographic, taxonomic, soil properties) in WoSIS as not all
soil properties were measured routinely in the underpinning source databases. Further, the number of
observations generally decreases with depth.

As indicated, the source data are of varying quality and completeness. To facilitate the user or modelling
community, we provide three broad measures of uncertainty: date of sampling, geometric accuracy, and
a first approximation of measurement uncertainty.

The coming 3-5 years, the following activities will be considered (as realistic within the allocated project
time):

e Ingest and process ‘new’ soil profile datasets into WoSIS, in principle in order of receipt of the
various datasets, with priority for ‘fully shared’ datasets from so far under-represented regions.

e Expand the number of soil properties for which standardized soil analytical method descriptions are
developed, gradually working towards the list of soil physical and chemical properties considered
in WISE and SOTER.

e Within the framework of collaborative projects, consider how geo-referenced soil biology data may
be added to, or accessed from, WoSIS.

e Elaborate procedures for handling data derived from proximal sensing as well as methodologies
for standardizing the spectrally-derived soil data themselves within the framework of 'the Global
Soil Spectral Calibration Library and Estimation Service’ (GLOSOLAN).

e Improve workflows for ingesting, standardising and serving soil data as possible global ‘support
node’ within the broader framework of a federated Global Soil Information System (GLOSIS).

e Refine procedures for quantifying uncertainty in the analytical methods through probability distri-
butions (based on outcome of ongoing PhD research (2019-2024) at ISRIC).

e Reconsider procedures for distributing WOSIS data (in 2019, OGC started moving from OGC WFS
2 with XML to OGC Geo API with ReST functionality), and for ‘extraction, transformation and load’
(ETL).

e Publish static snapshots on a 2-3 yearly basis after standarization of say 75,000 - 100,000 new
soil profiles, for consistent citation purposes. This, besides serving ‘WoSIS Latest’ with the most
recent additions.
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e Strive to embed WoSIS as the global ‘support node’ within the GSP’s evolving Global Soil Information
System. The ultimate goal is to arrive at a federated system of inter-operable databases where
national data providers maintain and update their own data for the greater benefit of the international

community.
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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 load 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 Latest’ in the URL field
put http://maps.isric.org/mapserv?map=/map/wosis_latest.map, then press the OK button. Press
‘Connect’ and all available layers will appear on screen (Figure A.1). No authentication is needed, so
leave blank the ‘User name’ and ‘Password’ boxes.

Connection Details.

Name [wosis latest|

URL | http://maps.isric.org/mapserv?map=/map/wosis_latest.map

itation (WFS 1.1/WFS 2.0)
Invert axis orientation

[ @relp [ %cancel | [ Jox_|

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

Next, select the layer of interest listed under ‘Title’ and press ‘Add’ button (Figure A.2). Note that it may
take some time until the system fetches 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 and, for example, in the SQL statement box add the following

Thttp://www.qgis.org/en/site/
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‘WHERE’ clause, like this: WHERE country_name='Brazil’ (Figure A.3). The complete SQL statement
should look like this: SELECT * FROM wosis_latest phaqg WHERE country_name="Brazil’.

[ srowser Server Connections

- g Vector WosIS latest e

s Raster Connect New Remove Lead Save

<
"!" R Filter
4 Delimited Text Title - Name Abstract E
WoSS latest - Water retention volumetric - 500 kPa_ ms:wosis_latest wv0500 Soil moisture cq
Wosls latest - Water retention volumetric-33kPa  ms:wosis_latest_wv0033 Soil moisture co
Wosls latest - Water retention volumetric - 1500 kPa ms:wosis_latest_wv1500 Soil moisture co
Wosls latest - Water retention volumetric- 100 kPa  ms:wosis_latest_wv0100 Soil moisture co
4 PostgresqL Wosls latest - Water retention velumetric - 10 kPa ms:wosis_latest_wvo010 Seil moisture co
WosIS latest - water retention gravimetric - 6 kPa ms:wosis_latest_wg0006 Soil moisture co
Wosls latest - Water retention gravimetric - 500 kPa ms:wosis_latest_wgo500 Soil moisture co
WosIs latest - Water retention gravimetric-33 kPa  ms:wosis_latest_wg0033 Soil moisture co
Wosls latest - Water retention gravimetric- 200 kPa ms:wosis_latest_wg0200 Soil moisture co
-‘!-F Yl WosIS latest - Water retention gravimetric- 1500 kPa ms:wosis_latest_wg1500 So?l mu?sture <o
Wosls latest - Water retention gravimetric- 100 kPa ms:wosis_latest_wg0100 Soil moisture co
Wosls latest - Water retention gravimetric- 10 kPa  ms:wosis_latest_wgo010 Soil moisture co

iﬁ GeoPackage

# SpatiaLite

\‘E WMS/WMTS

WoslS latest - Total nitrogen (N) ms:wosis_latest_nitkid ~ The sum of tota
ﬁ’ WCS Wosls latest - Total carbon (C) ms:wosis_latest_totc Gravimekric con
Wwosls latest - Silt total ms:wosis_latest_silt X to Y mm fracti
WoslS latest - Sand total ms:wosis_latest_sand Larger thanY m
o Wosls latest - Profiles ms:wosis_latest_profiles All profiles avail
Y ArCGIS Map Server Wosls latest - Phosphorus (P) - water soluble ms:wosis_latest_phpws| Measured in 1:x
WoslS latest - Phosphorus (P) - total ms:wosis_latest_phptot Determined wit
ArcGIS Feature Server e otk e Pobantinn e
4 GeoNode Use title For layer name

v| Only request features overlapping the view extent

Coordinate Reference System

EPSG:4326 Change...

@Help Build query o Add 3 Close

Figure A.2: Selecting WFS available layers.

|SELECT * FROM wosis_latest phag WHERE country name="Brazil

SQL Statement
Columns | * Data
Columns -
Table(s) |'wosis_latest_phaq
Where | country_name = 'Brazil'
Functions -
Spatial predicates -
Operators -

Order by

@Help @ Reset % cancel

Figure A.3: WFS filter records.

After loading the layer you can save it as a shape file (or other format) on your local machine for further
offline use. Check for updates on the WFS every month, as this is a dynamic dataset.

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

Detailed procedures for accessing WoSIS data from R, using R markdown, were prepared by our guest
researcher David Rossiter. To run the procedures in your own environment (recommended), please
download the following scripts and subsequently load these into your R Studio.

There are two Rmd scripts, one for 'WoSIS Latest’ and the other for the last 'WoSIS snapshot’:

https://git.wur.nl/batje001/WoSIS/-/blob/master/R_scripts/
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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; Soil Survey Division Staff, 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 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 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). Those values, either numeric, categorical or descriptive, are expressed
according to the associated domain as dictated by the references used for defining units of expression
or pick lists. Typically, each profile is characterized by a number of consecutive layers or horizons, with
defined upper and lower boundaries®. Alternatively, for soil fertility assessments only the upper 10 to 30
cm will be sampled.

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. However, the general principles of describing
the data should be followed so that they can be readily understood by the WoSIS database managers.

Below, we present a suggested template for compiling and submitting datasets. It consists of one
spreadsheet with seven different sheets:

e read_me first

dataset

profile

layer

column_definition

standard_attribute

1 https://en.wikipedia.org/wiki/Data_lineage
2|f the bedrock or an impenetrable layer is observed, this should be specified in the dataset to make the observation explicit.
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standard_domain.

The corresponding templates and a worked example may be downloaded from:

https://git.wur.nl/batje001/WoSIS/-/blob/master/Templates/.

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

Sheet read_me _first briefly explains the purpose and lay out of the of the template.

Sheet dataset serves to describe the main characteristics of your dataset. It has the following rows:

title: Dataset title, project or thesis title.

version: Dataset version.

publication_date: Publication date (yyyy-mm-dd).
abstract: Concise description of the dataset.

license: Access and use constraints of the dataset; please provide an equivalent to Creative
Commons licence (https://creativecommons.org/choose/).

organization_name: Organization name.

organization_url: Link to organization or project web page.
organization_country: Organization country.

organization_city: Organization city.

organization_postal_code: Organization postal code.
organization_delivery_point: Organization address.
author1_first.name: Author first name (1st author).
author1_last_.name: Author last name (1st author).

author1_email: Author email (1st author).

authorx_first_.name: Author first name (Xth author, repeat as needed).
authorx_last_name: Author last name (Xth author, repeat as needed).
authorx_email: Author email (Xth author, repeat as needed).
laboratory_name: Laboratory name.

laboratory_country: Laboratory country.

laboratory_city: Laboratory city.

laboratory_postal_code: Laboratory postal code.
laboratory_delivery_point: Laboratory address.

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

Sheet profile serves to describe the main characteristics of each profile. It starts with the following
columns:

profile_code: Unique identifier of the profile as used in the source dataset.
observation_date: Date of the observation in format (yyyy-mm-dd).

coordinate_system: Coordinate system used. Please indicate the correspondent EPSG code (e.g.
WGS 84, EPSG: 4326).
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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 classification_system_name: The soil classification system used to classify the profile.

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

e profile_classification_.name: Classification according to system and year previously defined.

e site_attribute_1: Add name for first attribute in given column (these are so-called site properties,
e.g. drainage conditions).

e site_attribute_2: Add name for second attribute in given column.

e site_attribute_x: Add name for next attribute.

(...

In case a profile has been classified according to several systems, for example CPCS (1967), FAO
(1988) and IUSS WG-SIS (2015), new columns for this can be added to sheet profile, for example as
‘classification_system_name_2’, ‘classification_system_year_2’ and ’profile_classification_-name_2’.

Importantly, each row may only contain data for a given soil profile.

Sheet layer serves to describe properties for each (taxonomic) horizon respectively fixed-depth layer,
for a given profile. It starts with the following columns:

e profile_code: Unique identifier of the profile. Provides the reference to data in sheet profile.
e layer_name: Horizon designation, for example A, B or C.

e sample_code: Laboratory sample code.

upper_depth: Depth of upper layer or horizon (cm).

lower_depth: Depth of lower layer or horizon (cm).

layer_attribute_1: insert name for first attribute here (e.g., ph_cacl2).

layer_attribute_2: Insert name for second attribute.

layer_attribute_x: Insert name for next attributes.

(..)

Any other layer description attributes can follow after these columns. For example, ph_kcl, organic_carbon,
clay, silt, sand or bulk_density. Note that each column can only contain values measured using one
single analytical method, expressed using one uniform unit of measurement (to be specified in sheet
column_definition).

Importantly, each row in the layer sheet can only contain data for defined combinations of profile and
layer (e.g., profile_code and layer_name).

Sheet column_definition serves to describe all the columns (attributes) that have been specified earlier
in the profile and layer sheets. It starts with the following columns:

e sheet_.name: Either ‘profile’ or ‘layer’.

e column_name: The exact name of the column added after the default (mandatory) ones.
e description: Description of the attribute.

e unit: Units used (e.g. cm), if not used, ‘unitless’ should be indicated (e.g. for soil pH).

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

e analytical_method: Analytical method used in the laboratory. If if none is given enter ‘Not applicable’.
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e desc._attribute_standard_id: Name for standard attribute as defined for WoSIS, see sheet standard_attribute.

e domain_name: Domain name from the standard_domain sheet, when applicable (for categorical
attributes only). Note: For regional data sets it may be necessary to create look up tables that
permit to relate the ‘region specific’ domains to the standard domains adopted for WoSIS. For
example, in case of a data set from China, the Chinese terms (characters) should be ’correlated’
to their equivalent in English.

New rows can be added to sheet column_definition, as necessary for the given dataset

Table standard_attribute contains the standard attributes definitions as used in WoSIS. The exact
names as listed in column desc_attribute_standard_id are needed to compile the look up tables mentioned
earlier. Providing this crucial information, will make it possible for ISRIC to easily incorporate any
newly submitted data into WoSIS. Otherwise, we will have to consult the data provider for additional
information.

Table standard_domain contains the variables and categories (domains) as used in WoSIS; these are
derived from the 4th edition of the ‘FAO - Guidelines for Soil Description’ (FAO, 2006a).
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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 predefined 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; GLOSOLAN, 2018).

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 publishes a Soil Survey Laboratory Methods Manual (Soil
Survey Division Staff, 2011), which is the reference source for the National Cooperative Soil Survey
Soil Characterization Database (USDA-NCSS, 2018) and widely referred to internationally as reference.
More recently, GLOSOLAN has been harmonizing standard operation procedures (SOPs) within the
framework of the GSP.

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 Programme 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’ (Soil Survey Division Staff, 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, 2001). Hence, ‘vague’ descriptions for available-P methods
are essentially 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 I (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 GlobalSoiMap
(2015) 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
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(towards the adopted standard methods and soils), building on comparative analyses of say archived
samples (Jankauskas et al., 2006; Sadovski and Ivanova, 2020; Hu et al., 2021). The work of the Global
Soil Laboratory Network (GLOSOLAN), established by the Global Soil Partnership ' in 2017, deserves
particular attention in this respect.

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 themselves, 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 for GLOSIS, within the framework 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 subsets that are analysed according
to defined (and comparable) methods and may be considered as having equal quality or subsets that
are considered suitable for a specific use. When new data are entered, the table is used for describing
(coding) the added data. If necessary, values / options not yet considered 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. 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.

Thttp://http://www.fao.org/global-soil-partnership/pillars-action/5-harmonization/glosolan/en/
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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’ (Soll
Survey Division Staff, 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 not specified

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

solution 0 not specified

solution 1 Water [H2O]

solution 2 Calcium chloride [CaCly]

solution 3 Potassium chloride [KCI]

solution 4 Sodium fluoride [NaF]

solution 5 Ammonium chloride [NH4CL]

concentration 0 not specified

concentration 1 not applied

concentration 2 0.01 M

concentration 3 0.02 M

concentration 4 0.1 M

concentration 5 0.2M

concentration 6 1M

ratio 0 not specified

ratio 1 1:1

ratio 2 1:2

ratio 3 1:2.5

ratio 4 1:5

ratio 5 1:10

ratio 6 1:20

ratio 7 1:25

ratio 8 1:40

ratio 9 1:50

ratio 10 saturated paste

ratio 11 slurry

ratio base 0 not specified

ratio base 1 weight / volume

ratio base 2 volume / volume

instrument 0 not specified

instrument 1 electrode

instrument 2 electrode (field measured)

instrument 3 indicator paper (field measured)

monitoring 0 not specified

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

spectral 0 not specified

spectral 1 false

spectral 2 true

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
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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.

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

D.1.1

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 standardization process (Table D.1), starting with
a short introductory description of main aspects of each analytical method (Section D.2 to D.14). All
measurement values in WoSIS are expressed using Sl units or non-Sl units accepted for use with the
International Systems of Units.

General

Background

Table D.1: List of soil properties with standardized analytical method descriptions.

Soil property Standard units
Bulk density kg/dm?®
Calcium carbonate equivalent g/kg

CEC cmol(c)/kg
Coarse fragments 100 cm® / cm?®
Electrical conductivity dS/m

Organic carbon o’kg

pH unitless
Phosphorus mg/kg

Sand, silt and clay fractions 0/100 g

Total carbon o’kg

Total nitrogen g/kg

Water holding capacity °

100 cm® / cm?®

TConversions: g kg™ or promille (1 = 0.1%); vol% is equivalent to 100 x cm3 cm™3; wt% is equivalentto 100 x g g'; kg dm™
is equivalent to g cm or Mg m=; 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 3.2.4).

2Water holding capacity may be calculated as the amount of water held between 1/3 bar and 15 bar (USDA conventions)
(Soil Survey Division Staff, 2014b). 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.14 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 populated with data coming 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 data base. Nonetheless, in some instances, the
expertise of a soil laboratory specialist may be required for a complete characterization.

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 situations it may be necessary to contact the data providers for additional information. Alternatively,
for some datasets it may be unrealistic to aim for a full characterization of the analytical methods. In
such cases a lower confidence level is assigned based on an evaluation of all features (from high (1) to
low (3)) °. 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 (Soil Survey Division Staff, 2014b). 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 and
difficult to harmonize unless large data sets are available for the comparisons (Sadovski and Ivanova,
2020). 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.

4http://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 five different
reference methods for pH KCI: ISO 10390:2005 (ISO, 2005), USDA (Soil Survey Division Staff, 2014b),
ISRIC (van Reeuwijk, 2002), WEPAL (2015) and Arrouays et al. (2014).
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Table D.2: tab:Grouping of soil analytical methods for soil pH according to key criteria considered in
ISO, ISRIC, USDA, WEPAL and GLOSOLAN laboratory protocols (Example for KCI solutions)

Procedure
Key ISOP ISRIC® USDA’ WEPAL® GLOSOLAN
Pretreatment <2 mm <2mm <2 mm <2 mm <2 mm
Solution KCI KCI KCI KCI KCL
Concentration 1M 1M 1M 1M 1M
Ratio 1:5 1:25 1:1 1:5 1:5
Ratio base v/iv w/v w/v v/iv w/v
Instrument Electrode Electrode Electrode Electrode Electrode

Monitoring Not applied 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 (Soil Survey Division Staff, 2014b). 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 bulk density of a soil 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 (Soil
Survey Division Staff, 2014b).

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 fragments is known or can be approximated, corrections can be included in the calculations of
the bulk density (Soil Survey Division Staff, 2014b).

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/I
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 (Soil Survey Division Staff, 2014b).

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 four times a year, four 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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Sometimes bulk density is expressed on the basis of the whole soil. Such measurement refer to all
particle-size fractions, including boulders with maximum horizontal dimensions less than those of the
pedon (Grossman and Reinsch, 2002; Soil Survey Division Staff, 2014b).

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. CaCO3z, MgCO3, CaMg(COs3)2).
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
do 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 Soil Survey Division Staff (2014b).

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 [HoSO4T.

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 (Soil
Survey Division Staff, 2014b).

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.g. 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 KCI and 1 N NH4CI 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.

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
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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 NHq4,). 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 elsewhere (Baize (1993); Pansu and Gautheyrou (2006); Soil Survey
Division Staff (2014b); 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; Soil Survey Division Staff, 2014b).

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
range of class limits and names (Nemes et al., 1999; FAO, 2006a; ISO, 2016; Soil Survey Division Staff,
2014b).
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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 such materials 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 (i.e. volume (V)
basis and 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 (Soil Survey Division Staff, 2014b).

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 (Soil Survey Division Staff, 2014b).

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).

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; Soil Survey Division Staff, 2014b).
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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’, or total 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).

Note: See also determination of ‘soil organic matter’ (Section D.8) and total carbon’ (Section D.11).

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 also contains 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; Soil Survey
Division Staff, 2014b; 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. CO. 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 preferably be removed by prior acid treatment.

Calculation:

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; Soil Survey Division Staff, 2014b) 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
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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 Priby|
(2010).

D.8 Organic matter

D.8.1 Background

Soil organic matter has been defined as the organic fraction of the soil exclusive of undecayed plant
and animal residues. It has been used synonymously with “humus”. For laboratory analyses, however,
the soil organic matter generally includes only those organic materials that accompany soil particles in
the fine earth fraction (Soil Survey Division Staff, 2014a). Organic matter content can be determined
directly by ignition (400 °C) after which the loss in weight of the soil sample is taken as a measure of the
organic matter content as well as indirectly.

D.8.2 Method

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.

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

Calculation: No conversion factor is applied for soil organic matter (i.e. LOI values are reported as is).
According to Soil Survey Division Staff (2014a), the percent organic matter lost on ignition (400 °C) can
be used in place of indirect organic matter estimates by the Walkley-Black organic C method.

Note: Generally, soil organic matter is assumed to contain 1.724 times the amount of soil organic carbon
(TOC) (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; Minasny et al., 2020). The appropriate factor
can be used to convert soil organic matter (SOM) content to content of organic carbon (TOC): TOC
(g/kg) = 1/factor * SOM (g/kg).

D.9 Soil pH
D.9.1 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.9.2 Method

Methods for the determination of the pH of soil samples are characterized using seven features. The
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,
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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. Al®*. 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 H>O 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).

Concentration: Solutions with a high salt concentration enforce ion exchange processes. For instance,
a 1 M KCI 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 AI** 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’ (Soil Survey Division Staff, 2014b). Such conditions
commonly occur in intra-tidal zones adjacent to oceans.

D.10 Sand, silt and clay fractions

D.10.1 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; Soil Survey Division Staff, 2014b); 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 (Soil Survey Division Staff, 2014b). At one time, the term rock fragments was
differentiated from the term coarse fragments, which excluded stones and boulders with diameters >250
mm (Soil Survey Division Staff, 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 (Soil Survey Division Staff, 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
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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.10.2 Method

Analytical methods for the determination of the sand, silt and clay (size) fraction in soil samples are
described using three options for the sand and silt size fraction, and four 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).

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 are excluded from the laboratory
procedure, measurement will be for ‘water dispersable’ or ‘natural clay’ (see below).

Dispersion: During the dispersion of clay size particles, effects of the electric charges at the exchange
surfaces have to be controlled carefully (Soil Survey Division Staff, 2014b). 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 (Soil Survey Division
Staff, 2014b). 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:
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e 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).

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.11 Total carbon

D.11.1 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 (MgCQj3). 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 (TIC, 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.11.2 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; Soil Survey
Division Staff, 2014b). 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.12 Total Nitrogen

D.12.1 Background

Nitrogen (N) in soils is mainly present as NOz- and NH,.. with negligible amounts as NO,; together they
form the mineral N-fraction. N in organic matter forms the organic fraction. N.O and N, are present
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as gases. Due to microbial activity and other soil processes, the size of the different fractions will
vary with time and management conditions (including sample pre-treatment). The individual N-fractions
present at the time of sampling are estimated by extractions. For the determination of Total Nitrogen,
two methods are commonly used: combustion and digestion. A detailed account is provided in soil
laboratory manuals (van Reeuwijk, 2002; Soil Survey Division Staff, 2014a).

D.12.2 Method

Analytical methods to determine Total Nitrogen are divided over four possible techniques and described
using three more features. The corresponding flowchart and feature table are presented in Appendix E
and F.

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

Technique: Traditional determinations for Total Nitrogen can be grouped into two categories: combustion
of organic matter in a furnace (Dumas) and digestion with acid treatment and heating (Kjeldahl). NIR
/ MIR spectroscopic methods allow for non-destructive determinations of Nitrogen, yet these methods
need to be calibrated against conventional wet-chemistry measurements.

- Digestion: Since the introduction of the Kjeldahl method for the determination of N, the method has
been modified to accelerate the procedure and include all forms of nitrogen in soils. Salts like Potassium
or Sodium-sulphate are added to sulphuric acid to raise the boiling point of the digestion mixture. A
catalyst (i.e. CuSQ,) is used to accelerate the reactions. An addition of KMnO,4 or HCIO4 may be
needed to complete the digestion.

To include NOs and NO,, the Kjeldahl digestion is preceded by an oxidation step with i.e. H2O».
After excess H>Os is removed, NOj is coupled with salicylic acid in the sulphuric acid medium. Some
procedures use sodium thiosulfate to reduce the formed nitro-compounds into amino compounds. Fixed
NH4* is liberated with HF-treatment and combined into the Kjeldahl digestion.

- Combustion: In the Dumas combustion method, Nitrogen is oxidized with copper(l) oxide in a stream
of CO. or with O, in a high temperature furnace at 900 - 1350 °C. The flushed gas stream is purified
and after conversion of NOy to N, total Nitrogen is estimated.

Detection: With sodium hydroxide, Nitrogen as NH3 is released from the Kjeldahl digest and distilled
into a solution of boric acid and titrated. For quantification by semi-automatic systems, the digest is
diluted and an aliquot used for the colorimetric determination of phosphorus by nitroprusside reaction at
660 nm.

Modern Element Analyzers use thermal conductivity for quantification. Other systems measure Nz
manometrically after absorption of CO..

D.13 Total Phosphorus

D.13.1 Background
D.13.2 Method

Analytical methods to determine total Phosphorus are divided over 33 possible techniques and described
using three more features. The corresponding flowchart and feature table are presented in Appendix E
and F.

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

Technique: To determine total phosphorus, sample material has to be decomposed with acids and
oxidizing reagents, and destructed at high temperature. Fractions of this total phosphorus are determined
by selective extractants. Spectroscopic methods like MIR/NIR may be used, but these non-destructive
procedures need calibration against conventional laboratory methods to allow for interpretation of the
P-measurements (Viscarra Rossel et al., 2016).
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Extractants (for extractable P): Soil-P is probably one of the most cumbersome properties to measure
and interprete (Soil Survey Division, 2014). The pH of a soil is a useful criterion for selecting the
appropriate extractant for ‘extractable-P’ (Elrashidi, 2001). Such extractants differ in pH, buffer capacity,
and ionic strength which makes them selective for certain P types and fractions. As a result, measures
of extractable P for a given soil sample (soil type) as obtained using different methods, such as P-Olsen
(for basic soils) and P-Bray (for acid soils), are not interchangeable.

As indicated, the ‘chemistry’ of the analytical methods is complex due to the different (types) of components
in the extractant. Soil legacy data thus can best be grouped first using the source (name) of the
extractant (i.e. P-Olsen or Mehlich Ill), and subsequently considering key characteristics of the extractant
as given in the description.

Decomposition (for Total P). For total P methods, the sample has to be decomposed by treatments
with destructive and oxidizing capacities. Several mixtures of acids can be used. In the same process
organic matter is oxidized.

Detection: For quantification of Phosphorus, the colorimetric ‘molybdate blue’ and ‘molybdate yellow’
method are considered standard methods. Organic matter in the extract may give an interference by its
colour and so has to be removed. Adsorption to charcoal and oxidation of dissolved P are frequently
used. These treatments of the extract and the acids used towards the end of the procedure may
influence the fractionation of phosphate in the extract. Ascorbic acid is often preferred over SnCl, as a
reductant for colour development in the Molydate-blue method.

D.14 Water retention

D.14.1 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 (Soil Survey Division Staff, 2014b).

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 (Soil Survey Division Staff, 2014b). Cores cannot be used when the soil material is
not coherent enough, such as in very sandy soils.

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 (Soil Survey Division Staff, 2014a).

D.14.2 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:
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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.g. 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
(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 (Soil Survey Division Staff, 2014b).

72



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
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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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Organic matter

Sample pretreatment
Options 0 to 2

Calculation
Option 1

End

Figure E.7: Flowchart for standardizing organic matter 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.8: Flowchart for standardizing pH methods.
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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
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Figure E.9: Flowchart for standardizing sand, silt and clay fractions methods.




Total Carbon

Sample pretreatment
Options 0 to 2

Calculation
Options 0to 2

End

Figure E.10: Flowchart for standardizing total carbon methods.
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Total Nitrogen (N)

Sample pretreatment
Option 0 to 2

Technique
Option 0

Technique
Option 1

Technique
Option 2

Technique
Option 3

Combustion Digestion
Options 0 to 2 Option 0to 5
Detection Detection
Options 0to 3 Option 0to 3

|

End
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Figure E.11: Flowchart for standardizing total nitrogen methods.




Phosphorus-P
Sample pretreatment
Option 0 to 2
Technique Technique Technique
Option 0 Option 1 Option 2
Extractant Decomposition
Options 0to 7 Option O to 1
Detection Detection
Options 0to 8 Option O to 8
End

Figure E.12: Flowchart for standardizing total phosphorus 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.13: Flowchart for standardizing water retention methods.
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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 not specified

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 not specified

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 not specified

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 not specified

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 not specified

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

reaction 0 not specified

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

reaction 2 dissolution of Carbonates by Sulfuric acid [HoSO4]

reaction 3 dissolution of Carbonates by Phosphoric acid [H3PO4]

reaction 4 dissolution of Carbonates by Acetic acid [CH3COOH]

reaction 5 dissolution by other acid solutions

temperature 0 not specified

temperature 1 no external heat

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

temperature 3 external heat, combustion (element analyzer)

detection 0 not specified

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 [COz]
evolved)

detection 6 sensoric (as in element analyzer)

detection 7 change of pH with dissolution

calculation 0 not specified

calculation 1 (in)direct estimates of Carbonates [XXCO3.xxH>0] 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 CaCO3
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Table F.3: Procedure for coding Cation exchange capacity.

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

not specified

sieved over 1 mm sieve
sieved over 2 mm sieve
not specified
determination by lab procedure
approximated by summation exchangeable cations
not specified

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

not specified

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

not specified

not applied

NaOH

KCI

NaCl

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

Mg(NO3)2

Mg(SO4)2

NH4CI

NaN03

10% NaCl + HCI

CaC|2

K-EDTA

Na-acetate

not specified

not applied

NH4+

Na+

0.01 M Ag-thioura*
Ba2+

Lit
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Key Code Value

index cation 7 Mg>*

index cation 8 Ca®

bases approximation 0 not specified

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 not specified

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 not specified

other exchangeable cations 1 not applied

other exchangeable cations 2 (sum of) extractable Fe, Mn (NH4ClI, 0.05M, unbuffered)

spectral 0 not specified

spectral 1 false

spectral 2 true

90



Table F.4: Procedure for coding Clay.

Key Code \Value

sample pretreatment 0 not specified

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

size 0 not specified

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 not specified

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 not specified

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 not specified

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 not specified

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 3/4 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 not specified

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 not specified

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 not specified

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 not specified

sample pretreatment 1 sieved over 1 mm sieve
sample pretreatment 2 sieved over 2 mm sieve
solution 0 not specified

solution 1 water [H2O]

ratio 0 not specified

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 not specified

ratio base 1 weight / volume

ratio base 2 volume / volume
instrument 0 not specified
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 not specified

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

treatment 0 not specified

treatment 1 not applied

treatment 2 inorganic carbon removed; Hydrochloric acid [HCI]

treatment 3 inorganic carbon removed; Phosphoric acid [H3PO4]

reaction 0 not specified

reaction 1 wet oxidation with Sulphuric acid [H2SO4] -
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 not specified

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 not specified

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 not specified

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

spectral 0 not specified

spectral 1 false

spectral 2 true
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Table F.8: Procedure for coding Organic matter.

Key

Code

Value

sample pretreatment
sample pretreatment
sample pretreatment
calculation

0
1
2
1

not specified

sieved over 1 mm sieve
sieved over 2 mm sieve
No conversion

96



Table F.9: Procedure for coding pH.

Key Code Value

sample pretreatment 0 not specified

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

solution 0 not specified

solution 1 Water [H2O]

solution 2 Calcium chloride [CaCls]

solution 3 Potassium chloride [KCI]

solution 4 Sodium fluoride [NaF]

solution 5 Ammonium chloride [NH4CL]

concentration 0 not specified

concentration 1 not applied

concentration 2 0.01 M

concentration 3 0.02 M

concentration 4 0.1 M

concentration 5 02M

concentration 6 1M

ratio 0 not specified

ratio 1 1:1

ratio 2 1:2

ratio 3 1:2.5

ratio 4 1:5

ratio 5 1:10

ratio 6 1:20

ratio 7 1:25

ratio 8 1:40

ratio 9 1:50

ratio 10 saturated paste

ratio 11 slurry

ratio base 0 not specified

ratio base 1 weight / volume

ratio base 2 volume / volume

instrument 0 not specified

instrument 1 electrode

instrument 2 electrode (field measured)

instrument 3 indicator paper (field measured)

monitoring 0 not specified

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

spectral 0 not specified

spectral 1 false

spectral 2 true

97



Table F.10: Procedure for coding Phosphorus.

Key

Code

Value

sample pretreatment
sample pretreatment
sample pretreatment

0
1
2

not specified
sieved over 1 mm sieve
sieved over 2 mm sieve
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Table F.11: Procedure for coding Sand.

Key Code \Value

sample pretreatment 0 not specified

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

size 0 not specified

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 not specified

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 not specified

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 not specified

instrument 1 sieve

instrument 2 hydrometer

instrument 3 analyzer

instrument 4 field hand estimate
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Table F.12: Procedure for coding Silt.

Key Code \Value

sample pretreatment 0 not specified

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

size 0 not specified

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 not specified

treatment 1 no pretreatment

treatment 2 Hydrogen peroxide [H2O2] 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 not specified

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 not specified

instrument 1 pipette

instrument 2 hydrometer

instrument 3 analyzer

instrument 4 field hand estimate
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Table F.13: Procedure for coding Total carbon.

Key Code Value

sample pretreatment 0 not specified

sample pretreatment 1 sieved over 1 mm sieve

sample pretreatment 2 sieved over 2 mm sieve

calculation 0 not specified

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.14: Procedure for coding Total nitrogen.

Key Code Value

sample pretreatment 0 not specified

sample pretreatment 1 sieved over 1 mm sieve
sample pretreatment 2 sieved over 2 mm sieve
spectral 0 not specified

spectral 1 false

spectral 2 true
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Table F.15: Procedure for coding Water retention.

Key Code Value

tension 0 not specified

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 not specified

sample type 1 natural clod

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

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

sample type 4 clod, reconstituted / disturbed (sieved material <1 mm)

sample type 5 <2 mm (sieved) disturbed samples

sample type 6 <1 mm (sieved) disturbed samples

treatment 0 not specified

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 not specified

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 not specified

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 not specified

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

Towards the harmonization of
standardized soil analytical data

As indicated earlier, a desired final step in data processing, full data harmonization, would involve
making similar data comparable, that is as if assessed by a commonly endorsed single reference method
(e.g. for pH, CEC, and organic carbon, see Baritz et al. (2014). So far, however, no consensus has been
reached as to the nature of these methods (e.g. ISO standards (not free) or GLOSOLAN SOP’s (freely
available)).

Various proficiency testing (PT) programmes are working towards full harmonization, for example GLOSOLAN
(Suvannang et al., 2018) and WEPAL (2015). In such PT programmes, standardized soil samples are
analyzed according to various ‘national’ methods (X) as well as the selected standard method Y for

say soil pH (e.g. pHwater, 1:2.5). In practice, however, there are few open data sets that permit such
comparisons. The available transfer functions, as reviewed by (GlobalSoiMap, 2015), often are soil type

or region-specific, limiting their widespread use for ‘global gap filling’.

With WoSIS, we can only compare pH results obtained in water (phag), a KCI solution (phkc) and a
CaCl, solution (phca), see Table G.1.

Table G.1: Number of samples analysed according to three distinct pH methods.

Property  All ratio’s 1:1 1:25 135 1:10 NS
phaq 612359 301520 37360 106192 11313 156270
phca 313660 316 11197 41530 248 10024
phkc 150238 43903 12775 1011 0 85518

Note: NS ratio not specified. phaq stands for pHyater, pkke for pH measured in a KCL solution, and phca for pH
measured in a CaCl, solution. Molarity of the KCI and CaCl, solutions were not taken into consideration at this
stage. Table based on data for ‘WoSIS latest 2018’.

Overall, the regressions explained 92-98 percent of the observed variation in the case of ‘phaq “phca’
and from 57-85 percent of the variation for ‘phaq "phkc’ (Table G.2). Mean Absolute Error (MAE) and
Root Mean Squared Error (RMSE), which provide a measure for the accuracy of the predictions, are
some 0.3 pH units for ‘phaq "phca’ and 0.5 pH units for ‘phaq "phkc’. More detailed, follow up analyses
should cluster the available data by e.g. main soil types (e.g. low activity versus high activity soils) and
take the molarity of the solution into account for pH KCL and pH CaCl,.
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https://www.iso.org/standards.html
http://www.fao.org/global-soil-partnership/pillars-action/5-harmonization/glosolan/sops/en/
http://www.fao.org/global-soil-partnership/pillars-action/5-harmonization/glosolan/sops/en/

Table G.2: Linear regressions between phaqg and phca respectively phkc.

function ratio n regression Rf.; BMSE MAE PERR

phag "‘phca 1:X 265808 Y=0.9609241 + 0.9295786*Y 0.95 0.293 0.220 0.046
1:1 242 Y=1.111025 + 0.900101*Y 0.96 0.353 0.250 0.056
1:2.5 4550 Y=1.211000 + 0.928085*Y 0.92 0.383 0.289 0.058
1:5 19447 Y=0.868627 + 0.991284*Y 0.92 0.390 0.298 0.061
1:10 225 Y=0.999619 + 0.925271*Y 0.98 0.272 0.219 0.042

phkc “‘phkc  1:X 142384 Y=0.254422 + 0.005394*Y 0.85 0.483 0.357 0.081
1:1 43243 Y=1.1441411 + 0.908604*Y 0.85 0.458 0.347 0.079
1:2.5 12586 Y=1.172626 + 0.977563*Y 0.84 0.520 0.397 0.085
15 782 Y=0.67227 + 0.82341*Y 0.57 0.603 0.487 0.108
110 O n/a n/a n/a n/a n/a

Note: Repeated K-fold cross validation (10 fold, repeated 5 time); PERR is the prediction error, taken as the mean
error from the number of repeats. Cases such as (phaq < 2x phkc) or (phaq > 2x phkc) (377 cases), respectively
(phag > 2x phca) or (phaq < 2% phca) (6 cases) were removed from the analyses as likely blatant ‘lab errors’.
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Appendix H

Database model

This appendix describes the structure of all PostgreSQL tables considered in WoSIS version 2020.
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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