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A B S T R A C T

There is an increasing demand for soil data at different scales. Due to changing data requirements, environ-
mental studies need to make key decisions in terms of i) which datasets to use, and ii) how to derive the
necessary data from these datasets. This is particularly true for properties that are not included in standard soil
profile descriptions like many soil hydrological properties. Often, data are disaggregated to account for spatial
variability and processed using e.g., pedotransfer functions to derive the soil hydrological properties. However,
the effect of disaggregation and the use of pedotransfer functions is often unclear. This paper aims to illustrate
the potential effects by looking at three different case studies at the global, regional and local scale. The three
cases clearly show that the disaggregation of data has considerable effect on the estimate of the water holding
capacity and its spatial distribution. At the regional and local scale, actual measurements of the water holding
capacity also differed considerably from the results of the pedotransfer functions. It is concluded that the choice
of datasets and the procedures to derive the water holding capacity really matter. Too often, studies take a
published dataset and a method without additional evaluation. It is recommended to pay more attention to these
elements and carry out ensemble runs using different datasets and carry out comparative analysis using different
methods to provide better insight in the accuracy of the final outcomes.

1. Introduction

There is an increasing demand for soil data that supports key as-
sessments related to e.g., agricultural production, environmental con-
tamination, and climate change mitigation. These issues need to be
dealt with at different scales (Bouma, 1997 and 2016). Examples in-
clude the Sustainability Development Goals (SDGs) at the global level
(United Nations, 2017), ecosystem services at the regional level
(Grunewald and Bastian, 2015), and precision agriculture at the local
level (Stoorvogel et al., 2015). At the same time, the availability of soil
data is increasing through improved surveying techniques like digital
soil mapping (Arrouays et al., 2017a) and remote sensing (Mulder et al.,
2011), data warehouses (Panagos et al., 2012), data rescue efforts
(Arrouays et al., 2017b), innovations in measurement techniques (e.g.,
infrared spectrometry replacing wet chemistry; Nocita et al., 2015), and
the recompilation of available information into new products (FAO
et al., 2012).

The type of soil data that are provided and requested is changing.
Initially soil types were the main carrier of information following the
pedon-based approach in soil science and particularly soil surveys.

Currently, there is an increasing focus on soil properties that can be
used in a wide range of different (quantitative) applications. At the
moment, basic soil properties like soil chemical properties and soil
texture receive most attention. Less attention is given to hydrological
soil properties because they typically are more difficult and more ex-
pensive to measure. Therefore, studies often rely on representative
values or pedotransfer functions (PTFs) using the basic soil properties,
rather than actually measuring these hydrological soil properties.
Biological soil properties receive even less attention, despite the in-
creasing recognition of their importance (Paz-Ferreiro and Fu, 2013).

This study focuses on soil hydrological properties. Studies that re-
quire soil hydrological properties face two main questions: i) which soil
database to use (assuming that the study does not have the means to
carry out a soil survey)? and ii) how to derive the soil hydrological
properties? Typically, studies report on how they answered the above
questions and provide information on the dataset and the procedures
that were followed to derive the soil hydrological properties. However,
many studies lack the argumentation on how they came to these an-
swers. Nevertheless, these choices may seriously affect the outcome of
the studies (Hendriks et al., 2016). Therefore, this study aims to
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demonstrate the potential impacts of these choices at three different
scales (i.e., global, regional, and local). To do so, we derive information
on the water holding capacity (WHC) as an example of a key soil hy-
drological property. At each of the scale levels, we take two alternative
sources of soil data where one source is a disaggregation of the other.

The paper starts with the conceptual basis on soil variability and
insight is given in the general description of soil physical properties.
Subsequently, we use three case studies representative for three dif-
ferent scale levels to illustrate the importance of the selection process of
soil data and the methodology to derive soil physical properties.
Finally, the results are discussed and conclusions are drawn.

2. Background

There is an increasing call for quantitative, high-resolution, soil
physical information at different scales for large-scale environmental
assessments and policy agreements. The data will likely heavily rely on
existing soil databases and maps at the global or regional scale.
However, little attention has been paid to using existing soil maps from
different sources as input for mapping PTF-derived soil properties. The
procedure to obtain insight in the spatial variation in soil hydrological
properties from basic soil properties relies on: i) the description of soil
variability and ii) the derivation of the soil hydrological properties.
These two elements will further be elaborated hereafter.

2.1. Soil variability

Traditional soil surveys, as laid out by the Soil Survey Manual (Soil
Science Division Staff, 2017), describe soil variability on discrete maps
with delineated units that are classified as soil map units. Each of these
map units is characterized by one soil type in case of simple map units
or multiple soil types in case of complex map units (sometimes specified
as soil associations or soil complexes). Soil types are characterized by
one or a few representative soil profiles. These profiles have been de-
scribed morphologically in the field (mostly following the standardized
guidelines for soil profile description; FAO, 2006). Soil chemical and
physical properties are studied by sampling and analysing the soil
horizons of these representative soil profiles. These soil surveys have
been common practice in many countries, although large areas of the
world have still not been mapped at scales larger than 1:1 million
(Omuto et al., 2013). Users of soil maps face a number of challenges if
they are interested in deriving soil properties for a particular location.
That is, after deriving the soil map unit from the soil map, the map units
may be described by multiple soil types in case of the complex map
unit. The description of the map unit may provide additional in-
formation as to which soil type to expect (through e.g., soil catenas), in
other cases the dominant soil type can be assumed to occur. Subse-
quently, information on soil properties can be derived from the soil
classification or the representative soil profile description. This in-
formation is partly embedded in the assigned soil type (e.g., the clas-
sification of Arenosols and Vertisols use soil texture, Mollisols and
Histosols use soil organic matter, and eutic/dystric subgroups use base
saturation). However, for quantitative soil property information most
users rely on the representative profiles. The quality of these estimates
strongly depend on the variation within the mapping units. The analysis
of these representative profiles typically focuses on soil chemical
properties and soil texture but often lack data on soil physical and
biological properties (e.g., the original 1:50,000 soil survey of the
Netherlands).

The increasing availability of environmental information, new de-
velopments in geostatistics, and an increasing demand for continuous,
spatially explicit information on soil properties lead to the development
of digital soil mapping techniques to describe soil variability
(McBratney et al., 2003; Arrouays et al., 2017a, 2017b). Traditional soil
surveys relied on large numbers of soil observations with a proposed
density of 1–2 observations per cm2 on the final map (corresponding

to> 2500 observation for a single map sheet). Many digital soil map-
ping studies on the other hand use a limited number of soil observations
to relate soil conditions to the available environmental information.
These relationships are subsequently being used to predict soil condi-
tions across a landscape. Although there are some standard procedures
in digital soil mapping like regression Kriging (Hengl et al., 2004), the
procedures that are being applied differ depending on specific condi-
tions in the study area and the objectives of the study. In contrast to the
traditional soil survey resulting in discrete maps with soil types, digital
soil maps generally present the variation in soil properties in con-
tinuous maps. If traditional soil surveys are available, they can be used
in digital soil mapping exercises as covariates. In some cases, the tra-
ditional soil survey is the starting point for the digital soil mapping and
the traditional soil survey is disaggregated on the basis of co-variates as
shown by Stoorvogel et al. (2017) at the global level for the harmonized
world soil map (FAO et al., 2012), Kempen et al. (2010) for the Dutch
national soil survey, and Malone et al. (2017) at the farm level.

2.2. The estimation of soil hydrological parameters

Soil hydrological properties are essential soil properties dealing
with the infiltration capacity, hydraulic conductivity, and water re-
tention of soils. They play an essential role to evaluate e.g., erosion risk
(infiltration capacity), plant growth (WHC), and the fate of con-
taminants (hydraulic conductivity). Although prices vary widely, typi-
cally prices for the determination of soil hydrological parameters are
easily ten times the price of soil chemical properties. An additional
problem is that soil hydrological properties are highly variable. As a
result, there has been a continuous quest to search for alternative ap-
proaches to derive the hydraulic properties rather than to submit large
numbers of samples for costly laboratory analysis. Different approaches
have been followed but most commonly used are the so-called pedo-
transfer functions (PTFs). PTFs are knowledge rules that relate available
(or easily obtainable) soil information to soil properties and variables
that are difficult to measure (Looy et al., 2017). Typically, the available
soil information are soil properties which are relatively cheap to mea-
sure in the laboratory and the PTFs are calibrated for soil properties
which are more expensive to measure in the laboratory. A good ex-
ample are the soil-water potential and hydraulic conductivity re-
lationships with the soil-water content. Measurements of these prop-
erties through e.g., the multistep outflow method (Durner and Iden,
2011) is an accurate but costly methodology. Therefore, PTFs calibrated
with readily available soil information, such as soil texture and soil
organic matter, has a great advantage and has proven sufficient for
obtaining a general estimate of the soil-water content (Bouma, 1989;
Bouma and Droogers, 1999; Bouma and van Lanen, 1987; Saxton et al.,
1986; Wösten and van Genuchten, 1988).

Recently, several extensive review papers on PTFs have been
written outlining the advances that have been made over the past two
or three decades (e.g. Patil and Singh, 2016, and Botula et al., 2014).
These reviews show that the majority of the generic and regional PTFs
are based on (linear) statistical regression equations. However, other
research explored how semi-physical models (da Silva et al., 2017),
data mining techniques (Nemes et al., 2006) and remote and proximal
sensing (Gomez et al., 2016; Minasny and Hartemink, 2011) can be
used instead. Moreover, the assumption that the generic PTFs are as-
sumed to be applicable at the global scale has been evaluated in various
studies (e.g., Wösten et al., 2001, and Minasny and Hartemink, 2011).
From these studies, it becomes clear that the accuracy and reliability
after applying existing pedotransfer functions to soil information needs
to be carefully evaluated. Results may be invalid when the PTFs are
used to make predictions for soils that are outside the range of soils
used to derive the PTFs (Wösten et al., 2001). However, with some
adjustments regional PTFs might be applied on regions with other soil-
landscape settings with the proper calibration and selection of predictor
variables (Minasny and Hartemink, 2011).
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3. Materials and methods

3.1. Introduction

In this study, we evaluated the effect of choices on soil data at three
different scales (i.e., local, regional and global) on the assessment of the
WHC of the soil. Various soil datasets were available at each scale level.
At each level, two datasets were selected where a more detailed dataset
was the result of a disaggregation of another dataset. As such, the re-
sults of the analysis can be attributed to the resolution of the data. None
of the datasets provided direct information on the WHC, but they did
provide information on the basic soil properties soil texture, soil or-
ganic matter, and soil depth. To guarantee unity between the different
case studies, the same PTFs were used to derive the WHC at each scale
level. We will first provide details on the derivation of the WHC using
these PTFs. Hereafter, we will discuss each of the case studies with the
respective datasets. Finally, the analytical procedures to check the ef-
fect of database selection on the estimation of the variation in WHC is
provided.

3.2. Water holding capacity

The water holding capacity of a soil is defined as the amount of
moisture (expressed in mm) that can be retained in the soil profile and
is available to plant growth. It is calculated by first deriving the
available water capacity (AWC) for each soil horizon. The AWC is
calculated for each soil layer i as the difference between the water
content at field capacity Ɵfc,i (i.e., the water content after free drainage
of the soil) and the water content at wilting point Ɵwp,i (i.e., soil
moisture that is not available to plant growth). The WHC of the soil is
then derived as (Eq. (1)):

∑= ∗
=

WHC AWC D( )
h

n

h h
1 (1)

for all n soil horizons over the rooting depth in which AWCh is the
available water capacity of horizon h (in m3/m3), and Dh is the thick-
ness of horizon h (in mm). Typically, global and regional studies will
deal with different crops and as a result the rooting depth will vary
accordingly. However, this study is particularly focused on the use of
different soil data and therefore a fixed soil depth of 500mm is used.

All soil databases included information on soil texture and soil or-
ganic matter (or soil organic carbon). For this project, we looked for
PTFs that i) used these soil properties, ii) had global validity, and iii)
are commonly applied in the literature. The PTFs developed by Saxton
and Rawls (2006) fulfilled all these criteria and were used in this study.
First, the water content at field capacity is calculated in two steps, as
follows (Eqs. (2) and (3)):

′ = − + + + ∗

− ∗ + ∗ +

S C OM S OM

C OM S C

θ 0.215 0.195 0.011 0.006( )

0.027( ) 0.452( ) 0.299
FC

(2)

= ′ + ′ − ′ −θ θ [1.283(θ ) 0.374(θ ) 0.015]FC FC FC FC
2 (3)

An intital estimate θ'FC is first made on the basis of the sand fraction
S, clay fraction C and the soil organic matter content OM (in %). This
estimate is subsequently corrected for non-linearity resulting in the
final estimate of θFC. The soil water content at wilting point is derived
in a similar fashion by (Eqs. (4) and (5)):

′ = − + + + ∗

− ∗ + ∗ +

S C OM S OM

C OM S C

θ 0.024 0.487 0.006 0.005( )

0.013( ) 0.068( ) 0.031
WT

(4)

= ′ + ′ −θ θ [0.14(θ ) 0.02]WT WT WT (5)

Note that originally the PTFs were developed for soils with< 8%
soil organic matter and < 60% clay, therefore soils falling outside of
this range were removed from the analysis. Saxton and Rawls (2006)

reported the accuracy of the estimates: an R2 of 0.63 and a standard
error of 0.05 for θFC; and an R2 of 0.86 and a standard error of 0.02 for
θWP. After the derivation of θFC and θWP for each soil horizon the
available water capacity for that horizon is derived by (Eq. (6)):

= −AWC θ θFC WP (6)

3.3. Case 1: global mapping of WHC

There is an increased interest for global studies in the context of e.g.,
climate change (IPCC), desertification (UNCCD), and the SDGs. Soil
data, including the WHC, play an important role in these assessments
(Bouma 2014 and 2016). A range of different global soil maps have
been developed over the past decades, such as Global Gridded Surfaces
of Selected Soil Characteristics (IGBP-DIS) (Global Soil Data Task
Group, 2000), SoilGrids (Hengl et al., 2017) and WISE30sec (Batjes,
2016). Many of these soil maps rely on the Harmonized World Soil
Database (HWSD; FAO et al., 2012). The Harmonized World Soil Da-
tabase is a 30 arc-second raster database in which regional and national
updates of soil information were incorporated in the 1:5 million scale
FAO-UNESCO Soil Map of the World (FAO-Unesco, 1971–1981). The
HWSD contains slightly over 200,000 delineated areas that are classi-
fied as 16,241 different soil map units of which only 2582 are simple
map units. On average, the complex soil map units are described by 3.3
soil types. The HWSD provides data on soil properties (including con-
tents of clay, sand and organic carbon) for each of the soil types in each
of the soil map units for the topsoil (0-30 cm) and the subsoil (30-
100 cm). However, data on soil hydraulic properties are lacking. The
HWSD has proven its value in a wide range of global application dealing
with e.g., carbon stocks (Köchy et al., 2015), drough stress (Ebrahimi
et al., 2018), and crop growth (Müller and Robertson, 2014). Never-
theless, it has some limitations due to the complex mapping units and
the discrete character of the mapping units.

To evaluate global land degradation and support the analysis of
scenarios for the UNCCD Global Land Outlook, the Netherlands
Environmental Assessment Agency required global soil poperty maps
(Stehfest et al., 2014; Van der Esch et al., 2017). A new approach was
developed in which the HWSD was disaggregated resulting in the S-
World global soil property database (Stoorvogel et al., 2017). The dis-
aggregation took place in two steps. In a first step, the complex soil map
units of the HWSD were disaggregated into simple soil map units using
a global digital elevation model and through the development of logical
sequences of the soil types according to their topographic position
(toposequences). This step resulted in a new discrete soil map with only
simple map units. In a second step, the ranges in soil properties for the
different soil types were derived using the WISE3.1 soil profile database
(Batjes, 2009). Subsequently, a simple model was developed, based on a
meta-analysis through a broad literature survey. The model estimates
soil properties at each location on the earth surface using the soil type
with the corresponding ranges in soil properties, and a series of land-
scape properties (climate, topography, vegetative cover, and land use).
The procedure underlying this disaggregration is described in detail in
Stoorvogel et al. (2017). The database includes sand, clay and organic
matter contents for the topsoil (0-30 cm) and the subsoil (30-100 cm).

The HWSD and S-World were processed to be able to derive the
WHC. The AWC is calculated for all soil horizons using the PTFs (Eqs.
(2)–(6)). Finally, the WHC of the rooting zone (0–50 cm) was calculated
for all soils using Eq. (1). To aggregate the data from the complex
mapping units in the HWSD two methods can be used: either the
dominant soil type is used or a weighted average of the soil properties is
calculated. Although both methods are used in the literature, we used
the weighted average based on the percentage coverage of the soil types
in the soil map unit. The procedures resulted in two global maps of the
WHC based on HWSD and S-World respectively.
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3.4. Case 2: WHC for the Machakos region (Kenya)

Conventional soil maps at 1:50,000 scale or finer describe the spa-
tial variation at a level of detail that is assumed to be suitable for re-
gional land use analyses (Hartemink and Sonneveld, 2013). However,
soil maps at this scale are scarce (Nachtergaele and Van Ranst, 2003) as
they require considerable investments. Therefore, regional studies often
need to rely on soil maps at coarser scales. In order to obtain more
detail on the spatial variation, digital soil mapping is often preferred
above conventional soil surveying techniques. A good example of this
can be found in the 13,500km2 Machakos region (comprising Machakos
and Makueni counties) in South Kenya (36°52′–38°31′ E and
0°46′–3°00′ S). A range of regional land analyses have been carried out
in this region to assess environmental sustainability (Van den Bosch
et al., 1998), develop climate smart agricultural practices (Sennhenn
et al., 2017), evaluate agricultural policies (Valdivia et al., 2017), and
assess the opportunities for payments for environmental services (Antle
and Stoorvogel, 2008).

Many environmental studies in Kenya relied on the National Kenya
Soils and Terrain Database (KenSOTER) (Dijkshoorn, 2007). KenSOTER
is based on the SOTER methodology that maps and characterizes areas
of land with a distinctive pattern in landform, lithology, surface form,
slope, parent material and soil (Batjes et al., 2007). The 1:1 million
KenSOTER soil map is characterized by discrete map units that include
up to three soil types. The soil types were classified according to the
World Reference Base (FAO/ISRIC/ISSS, 1998). Each soil type is ac-
companied by a representative soil profile with information on soil
chemical and physical properties including sand, clay and soil organic
matter contents.

For many regional land use studies, the 1:1 million soil survey does
not provide enough insight in soil variability. This was recognized by
Mora-Vallejo (2014) in an integrated assessment of the Machakos re-
gion. Carrying out a detailed soil survey would have required con-
siderable resources. A cost-effective procedure was developed to dis-
aggregate KenSOTER data for the area. Recognizing that soil variability
is likely to be highest in the topsoil, data collection efforts focused on
getting insight in topsoil variability through a detailed digital soil
mapping exercise while the existing subsoil characteristics from Ken-
SOTER were used for representing subsoil variability.

The digital soil map was created for the Machakos region using
regression Kriging. Details are provided in Mora-Vallejo et al. (2008).
The digital soil maps describe clay and soil organic carbon contents of
the topsoil (0-30 cm) under arable farming. The maps are based on 95
composite soil samples that were collected in clusters of four on ter-
raced maize fields and spatially exhaustive auxiliary data as ex-
planatory variables. In order to model the top 50 cm of the soil, the data
from the DSM for 0–30 cm are combined with the data from KenSOTER
for the 30-50 cm layer.

We first converted soil organic carbon contents to soil organic
matter contents using a conversion factor of 0.58. Although the con-
version factor is known to differ between soil types (Nelson and
Sommers, 1996), information was lacking to differentiate it further for
the Machakos region. The WHC is now calculated for the study area
following the same procedures as at the global level. This resulted in
two maps of WHC, one based on the KenSOTER data again using a
weighted average for the complex map units and one based on a dis-
aggregated map in which the digital soil map is used for the 0–30 cm
topsoil and KenSOTER data are used for the subsoil (30–50 cm).

3.5. Case 3: WHC for a Dutch agricultural field

The Dutch soil survey resulted in a discrete soil map at a scale of
1:50,000 and was based on very intensive field sampling with 10–25
observations per 100 ha and a minimum size of delineation of 10 ha
(Steur and Heijink, 1991). In traditional agriculture, the soil map was
very useful as it provides essential information on differences between

farms and between fields. Currently, there is an increasing trend to shift
towards precision agriculture where soil differences within fields are
considered (Stoorvogel et al., 2015). The Dutch soil survey provides
general information on the soil type and some description of the
variability that can be expected. However, information on the soil
properties is only presented in terms of a representative profile that is
not necessarily located in the delineated area. In addition, the soil
survey does not provide insight on the spatial patterns in soil varia-
bility. Therefore, many farms carry out new, detailed soil surveys (e.g.,
Van Alphen and Stoorvogel, 2000) or they rely on proximal sensing
(Bartholomeus et al., 2014) when they start with precision agriculture.

This case study focused on a large potato farm (51° 19′ 05″ N and 5°
10′ 11″ E), van den Borne Aardappels, in the south of the Netherlands.
The farm mainly produces potatoes in a crop rotation with beets, and
grassland on 1600 ha. We focused on a single 33 ha field on the farm.
The Dutch soil survey does not differentiate soil variation within the
field and describes it as a so-called coarse texture “Veld” podzol soil
according to the Dutch classification system. In general, the soils are
sandy with a thick black A horizon on top of a shallow poorly-devel-
oped B horizon, followed by a densely packed sandy C horizon. The soil
would be classified as a Humic Gleysol using the World Reference Base
or a Typic Haplaquod in the Soil Taxonomy. The soil map provides a
single representative profile located 12 km to the South-East indicating
a black plow layer of 16 cm (5.1% SOM) over a dark brown B-horizon
till 42 cm (3.2% SOM) covering the light-colored C-horizon (0.4%
SOM). The entire soil profile had roughly 4–6% clay and 90% sand.

The farm is one of the early adopters of precision agriculture,
making use of a range of new technologies. Spatial patterns of EC (mS/
m) (measured with an EM38-MK2 sensor of Geonics Ltd., Canada) and
yield maps showed considerable spatial variation in the field. A better
understanding of this variation is essential for irrigation and the vari-
able rate application of organic and mineral fertilizer. A quick screening
showed that there was little variation in the properties of the various
soil horizons. This is confirmed by earlier sampling of the field.
However, there is considerable variation in soil depth (the combined
plow layer and B-horizon, hereafter referred to as the topsoil). To ob-
tain insight in the spatial variation, we measured soil depth at 133
points within the field. The points were located every 25m, along 8
transects at 30m. Soil samples from the topsoil and the C-horizon were
taken at 8 points in the field to measure SOM, clay and sand contents of
the soil layers.

The WHC is calculated based on i) the Dutch soil survey with its
representative soil profile and ii) the intensive soil sampling. For the
latter, soil depth was first interpolated using ordinary Kriging and the
laboratory analysis for the soil profile was averaged for the topsoil and
subsoil. Subsequently the PTFs were applied to derive the WHC for the
0–50 cm layer.

3.6. Data analysis

Data on the spatial variation in WHC were generated for each of the
scale levels at two levels of detail. Theoretically, one could expect that
the disaggregation does not directly affect the mean but that it will
affect the variation in WHC. We therefore specifically compared the
differences in mean and variation. With the datasets at the global level,
the overall dataset was studied but we also zoomed in at Kenya and the
Netherlands for which the other studies were carried out.

The WHC was calculated at each level using the PTFs developed by
Saxton and Rawls (2006). However, for the Kenya and Dutch case also
local experimental data were available. For Kenya, the PTFs are vali-
dated using the water retention parameters which were compared to
the laboratory analysis from the Fertilizer Use Recommendation Project
in the region (FURP, 1987; FURP, 1994). For the Netherlands, the data
were compared to the so-called “Staring” series, which is a database of
hydraulic properties for representative soil horizons based on a large
quantity of laboratory measurements in the Netherlands (Wösten et al.,
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1994).

4. Results and discussion

4.1. Case 1: global mapping of WHC

Global WHC derived from the HWSD averages 61mm with a stan-
dard deviation of 20mm. In contrast, the WHC from the S-world da-
tabase averages 58mm with a standard deviation of 13mm. Although
the average WHC for the two databases is very similar, the spatial
patterns do differ considerably as presented in Fig. 1. To better un-
derstand the differences in the results, they are also derived for the
major biomes of the world (Olson et al., 2001), as shown in Table 1. The
analysis does not show major differences between the biomes. Average
WHC's for the different biomes are rather similar but the WHC shows
considerable variation in each of the biomes. Aside from the spatial
disaggregation, the two datasets differ in other ways; the soil properties
of the two databases are derived from different sources. The HWSD
used the soil properties as they were described in the original national
and regional soil surveys, whereas S-Word derived the soil properties
from the ISRIC-WISE soil profile database. Following the general
guidelines for soil survey (like e.g., the Soil Survey Manual), soil sur-
veys typically locate the representative soil profiles on relatively un-
disturbed sites, whereas the ISRIC-WISE database includes many sites

from agricultural experiments and other sources. In S-World, land cover
and land management play an important role that is typically not in-
cluded in the conventional soil survey and the main cause for soil dif-
ferences within the discrete mapping units of the HWSD. The results
reject the initial hypothesis that the disaggregated map would be si-
milar in terms of the mean but deviate in terms of the variation (Fig. 4).

4.2. Case 2: WHC for the Machakos region (Kenya)

The WHC derived from KenSOTER averages 50mm with a standard

S-World

HWSD

Fig. 1. Global variation in water holding capacity in the top 50 cm.

Table 1
Summary statistics for the water holding capacity (in mm) over the top 50 cm
(or shallower in the case of shallow soils) for major global biomes estimated on
the basis of the Harmonized World Soil Database and S-World.

Biome HWSD S-world

mean std mean std

(Sub)tropical) moist broadleaf forests 57 19 60 9
Temperate broadleaf/mixed forests 57 20 63 9
Temperate coniferous forests 57 21 58 12
(Sub)tropical grasslands/savannas/shrublands 60 18 55 12
Temperate grasslands/savannas/shrublands 56 20 63 12
Deserts and Xeric shrublands 63 20 56 15
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deviation of 15mm. In contrast, the WHC from the disaggregated map
averages 39mm with a standard deviation of 15mm. Despite the re-
latively small standard deviation, there was considerable variation in
the WHC: between 8.8 mm and 103mm for the KenSOTER dataset and
between 5.8mm and 104mm for the disaggregated map. The main
patterns of the two maps look quite similar (Fig. 2). The disaggregated
map clearly presents variation within the mapping units due to the
variation in the topsoil. Differences in the two maps are caused by
differences in data collection and processing. Data for the KenSOTER
dataset were mostly collected in relatively undisturbed regions. The
digital soil mapping effort by Mora-Vallejo et al. (2008) focused on
agricultural areas and sampled on terraced maize fields. Most forested
areas in the area have been seriously degraded in the past or were in-
herently infertile. However, soil fertility is also likely to decline as a
result of arable farming (Guo and Gifford, 2002). The lowest WHC was
found in the Eutric Leptosols, caused by the shallow soil depth, and the
Ferralic Arenosols, caused by the high sand contents. The highest WHC
was found in Eutric Vertisols. However, the interpretation of the WHC
of Vertisols is difficult; the high contents of expansive clays in Vertisol
may result in the formation of deep cracks during dry periods. The
vertisols in the region have clay contents below 60% (Mbugua et al.,
2019) which was the threshold set during the validation of the PTFs.
Nevertheless, the high clay contents in the vertisols may lead to a

reduction in the accuracy of the performance of the PTFs (Patil et al.,
2012).

It should be noted that the importance of the WHC also varies in the
region that has considerable variation in rainfall with the higher areas
in the north-west receiving more rainfall and, in theory, relying less on
the soils to hold moisture. In practice, however, the situation is the
opposite where the lower areas is dominated by grazing that is less
sensitive to dry conditions compared to the arable farming in the higher
parts of the region.

4.3. Case 3: WHC for a Dutch agricultural field

If one relies on the 1:50,000 soil survey to assess the WHC of the
arable field, one would rely on the WHC of the representative soil
profile. Analysing this soil profile with a topsoil thickness of 42 cm
would estimate the WHC to be 74mm. The average topsoil depth found
in the field survey was 39 cm, surprisingly close to the topsoil depth in
the representative soil profile. However, the soil organic matter content
in this topsoil was 3.3%, which was lower than the soil organic matter
content of 3.8% in the topsoil of the representative profile. As a result,
the WHC calculated on the basis of the field survey was 63mm. The use
of the representative profile automatically does not show any variation
in WHC (Fig. 3). The field survey showed that the topsoil depth varied

Fig. 2. Variation in water holding capacity in the top 50 cm in the Machakos region (Kenya).

Fig. 3. Variation in water holding capacity in the top 50 cm in an arable field of van den Borne Aardappels, in the south of the Netherlands.
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between 20 cm and 70 cm. However, in this study we only looked at the
variation in WHC over the top 50 cm. Nevertheless, this had consider-
able impact on the estimated WHC that varied between 41mm and
83mm with a standard deviation of 7.3 mm. The variation in the WHC
has major repercussions for irrigation management. Implementing the
estimated irrigation requirements on the basis of the representative
profile may lead to serious drought stress in certain parts of the field
where the topsoil is relatively shallow. The farmer makes use of mon-
itoring points in the field where soil moisture is being measured. As a
result, the effect of difference in soil properties between the re-
presentative soil profile for the soil type and the field conditions are

irrelevant. Nevertheless, the farmer needs to consider the variation
within the field in the determination where to put the monitoring
points.

4.4. Evaluating the PTFs

Looy et al. (2017) and Patil and Singh (2016) review the issues that
may arise using pedotransfer functions. At the global level, there are no
alternatives to derive soil hydrological properties other than the use of
the PTFs. Most recent studies make use of the PTFs by Saxton and Rawls
(2006). Examples are provided by Grieco et al. (2018) and Scherer and

Case 1: global mapping of WHC

Case 2: WHC for the Machakos regions (Kenya)

Case 3: WHC for a Dutch agricultural field

Fig. 4. Distribution in water holding capacity for different scales and datasets.
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Pfister (2016). Romero et al. (2012) made use of the global ISRIC-WISE
soil profile database that included water contents at wilting point, field
capacity, and saturation. Here, the few missing values in the database
were completed using the PTFs by Saxton et al. (1986). Jones and
Thronton (2015) also developed a global soil profile database based on
the ISRIC-WISE and linked it to the HWSD to make soil data available
(including water retention values) available. Finally, Batjes (2016)
published a global databased (WISE30sec) including water retention
that is also based on the HWSD and the ISRIC-WISE soil profile data-
base.

At the regional scale, there are more options available. In the study
for Kenya, the FURP project analysed water retention for representative
soil profiles in the laboratory. Table 2 compares the values derived from
these laboratory measurements to the values derived using the PTFs
and the KENSoter and the digital soil map. The results are very con-
sistent for the Luvisols, but for the other soil types there are consider-
able differences. The underlying reasons for these differences are dif-
ficult to determine. For example, representative soil profiles used in the
FURP database may not be representative and there may laboratory
errors. Moreover, KENsoter and the digital soil map differ in the de-
scription of soil texture and soil organic matter contents (the input for
the PTF), and, finally, there may be problems with the application of
the global PTFs for the local conditions in Machakos region.

At the local scale in the Netherlands, studies mostly make use of the
so-called Staring Series (Wösten et al., 1994). The DLO Winand Staring
Centre for Integrated Land, Soil, and Water Research analysed the water
retention and hydraulic conductivity curves for 620 soil samples. The
Staring Series is a recompilation of the soil physical analysis in the
Netherlands into representative values for 18 top- and 18 sub-soils
found in the Netherlands. Many studies make use of these values. The
Staring Series gives a WHC of 102mm, which is considerably higher
than the 74mm provided by the PTFs. The difference is likely the result
of the relatively fine cover sands (< 200 μm) that are found in the area.
The PTFs by Saxton and Rawls do no distinguish between differences in
sand grains. As a result, the WHC of the soil with its low clay content
was estimated to be lower by the PTFs than the values measured.

5. General discussion and conclusions

The paper dealt with two key questions for many environmental
studies: i) which soil database to use? and ii) how to derive the soil
hydrological properties? The three case studies show the relevance of
these two questions. Despite the fact that at each of the scale levels the
two databases were related with one being a disaggregation of the
other, the results in the estimation of the WHC differed significantly. In
all three cases, the disaggregation involved various key steps that led to
the differences. At the global scale, S-World used the ISRIC-WISE da-
tabase to obtain insight in the soil properties of the different soil types,
whereas the HWSD relied on the original soil surveys. At regional scale,
the digital soil mapping exercise collected soil samples that were

analysed separately and therefore could deviate from the data in the
KENSoter database. Finally, at the local scale, new data on the depth of
the topsoil were collected. Although the WHC was derived in a con-
sistent way using the same PTFs, the two datasets at each scale level
resulted in considerable differences in the WHC. The actual importance
of these differences can only be determined if the WHC capacity is used
to model e.g., crop growth where other factors like rainfall distribution
starts to play a role. In general, the case studies show that the question
“which soil database to use?” is pivotal and often undervalued.
However, answering the question in early stages of research projects is
difficult, particularly since many datasets lack a proper validation. The
increasing availability of datasets, however, does enable the use of
ensemble runs, where at least the uncertainty caused by the selection of
specific datasets is demonstrated.

Concluding, given the large differences in the estimates of the WHC,
it is clear that at each of the scale levels it is essential to pay con-
siderable attention to the selection of the datasets and the methods to
derive the WHC. Given the fact that many datasets are nowadays
readily available one can call for more ensemble runs and comparative
analysis, rather than selecting a single dataset and method in an early
stage of project development.
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