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A B S T R A C T

The quest for a global soil classification system has been a long-standing challenge in soil science. There
currently exist two, seemingly disjoint, global soil classification systems, the USDA Soil Taxonomy and the
World Reference Base for Soil Resources, and many regional and national systems. While both systems are
acknowledged as international, there remain various examples of their shortcoming in accounting of topsoil
features, local applications and communication with established regional classification systems. This calls for
a numerical soil classification that addresses these discrepancies and achieves harmonization with existing
national systems. In this paper, we report on the development of a natural layer classification system — as
opposed to the classification of soil profile entities, as a first step towards achieving a comprehensive global
numerical soil classification not based on a priori defined classes. We implemented a modelling approach with
a set of predicted key soil properties available globally for the soil surface layer with the same depth range
of 0–5 cm. The set of properties was partitioned into a number of homogeneous and disjoint classes using the
𝑘-means clustering algorithm. Next, we investigated the pattern of variation of the clusters in association with
the soil property map with principal component analysis. A three-component nomenclature system is derived in
a transformed space of the class-specific centroids to account for the uneven distribution of the centroids in the
principal component space. We show that it is possible to build a data-based objective numerical taxonomic
classification of soil layers, and that existing sets of key soil properties, predicted separately, coalesce into
identifiable clusters or classes and manifest discernible spatial and/or pedological patterns. This grouping of
key soil properties to logical categories is a possible step to better define diagnostic horizon features and suggest
new ones. The general-purpose map of soil surface layer classes of the world also has potential applications
in assessing soil change and designing monitoring surveys.
1. Introduction

The quest for a global soil classification system has been a long-
standing challenge in soil science. For more than a century, soil clas-
sifications have been derived for both theoretical and practical pur-
poses (De Bakker, 1970; de Gruijter, 1977; Hallsworth, 1965). The
intended purpose may vary but they have in common that they enable
the coherent description of the soils through organization of multi-
ple soil properties and their simplified representation into consistent
classes. The introduction of computers in the 1960s allowed the de-
velopment of numerical methods of soil classification involving the
calculation of taxonomic distances — distances between two points in
the multivariate soil character space. The numerical approach simpli-
fied the generation and tests of various solutions for the arrangement of
soil individuals into classes and the allocation of new individuals into
pre-existing classes (Rayner, 1966; McBratney, 1994). It also facilitated
the identification and display of spatial and pedological patterns and
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the development of continuous classifications that do more justice to
the intergrading nature of soil population (McBratney and De Gruijter,
1992; Burrough et al., 1997). The work, however, has not advanced
much since the 1990s, mostly because of insufficient national and
international databases of soil profiles to produce harmonized numer-
ical national or international soil classification. There are, currently,
few efforts devoted to providing an unified global soil classification
which can serve as a basis to regional classification and synchronization
between systems (McBratney, 2010; Hempel et al., 2013; Hartemink,
2015; Wadoux et al., 2021).

There currently exist two, seemingly disjoint, global soil classifi-
cation systems, the USDA Soil Taxonomy (ST, Soil Science Division
Staff, 2017) and the World Reference Base for Soil Resources (WRB,
IUSS Working Group, 2015; IUSS Working Group WRB, 2022), and
many regional and national systems (for an overview, see Krasilnikov
et al., 2009). The WRB was created to harmonize classification by es-
tablishing consensus on key soil groupings. These groupings are defined
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quantitatively based on measurable field properties and morphological
characteristics, which reflect the processes of soil formation (pedogen-
esis). The WRB comprises two hierarchical levels: reference soil groups
and uniquely defined qualifiers for specific soil characteristics. The ST
is structured with six hierarchical levels (order, sub-order, great group,
sub-group, family and series) and incorporates both soil properties
and climate as expressions of pedogenesis. While both systems are
acknowledged as international, there remain various examples of their
shortcomings for local applications and communication with estab-
lished regional classification systems. Charzyński (2006), for example,
reclassified soil profiles from Poland according to the WRB taxonomy
but found few correspondences between analytical procedures used in
Poland and those suggested in WRB. Other examples of such short-
comings are described for Australia (e.g. Morand, 2013) or Benin (e.g.
Azuka et al., 2015). There has been an attempt to coalesce a number of
systems including ST and WRB by recognizing the centroids of existing
classes to produce a universal soil classification system (Minasny et al.,
2010) — that work is ongoing. This does not involve the creation
of new classes. In order to do that, a numerical soil classification
that addresses the discrepancies mentioned previously and achieves
harmonization with existing national systems could be attempted.

The development of a soil horizon classification system — as op-
posed to the classification of soil profile entities, is sought to be a
possible first step towards achieving a global numerical soil classi-
fication (see Hempel et al., 2013, Goal 4 in ‘‘Diagnostic and Soil
Profile Information Harmonization’’). The notion of a soil horizon as
an individual was advocated by McBratney (1993) following the earlier
proposal of FitzPatrick (1971) and FitzPatrick (1993) to use horizons
as starting point from which to build a classification, and by Bouma
(1989) in his ‘‘building block’’ approach.

In existing classification systems, however, topsoil layers are dis-
regarded or incompletely characterized. This is yet necessary because
topsoils vary greatly in space and are the support for agricultural
production and drive most assessments of soil quality and health. The
ST, for example, suggests that the placement of a soil in the taxonomy
should not be influenced by topsoil management features, such as
tillage, up to a depth of 8 to 25 cm (Soil Science Division Staff, 2017).
In WRB, while numerous qualifiers can help in characterizing soils in
the A horizon and there exist numerous reference soil groups in case of
which the soil features of the A horizon are input for the classification
of soils in the WRB, the WRB system does not explicitly describe
dynamic topsoil horizon features such as organic matter and biological
features (Broll et al., 2006). The need for a detailed description and
classification of topsoils was recognized in Broll et al. (2006), but de-
spite a few attempts in the literature (e.g. Buol et al., 1975; FAO, 1998),
a detailed topsoil classification is still lacking. A notable exception
is the Fertility Capability Classification system (Sanchez et al., 2003)
which accounts for subsoil as well as topsoil features and biological
properties, and group soils according to their potential fertility.

A systematic numerical approach to classification could be applied
by grouping key soil properties to logical categories for horizons, the
results of which can better define existing diagnostic horizons features
or suggest new ones. In various countries and globally there now exist
many common sets of predicted soil attributes with many predicted
over the same depth ranges following the GlobalSoilMap specifica-
tions (Arrouays et al., 2014). The attributes are considered key soil
properties. This raises the question of whether these sets of key soil
properties, predicted separately, coalesce into identifiable clusters or
classes and manifest discernible spatial or pedological patterns. If this
is indeed the case this is the beginning of a solution to one of the
remaining problems in soil classification, that is, the construction of
a data-based objective numerical taxonomic classification of soil.

The objectives of this paper are to identify soil surface layer classes
and to describe the application of a numerical soil classification to
global soil data so as to produce a general purpose map of soil classes
2

of the world surface layer.
2. Materials and methods

2.1. Purpose of the classification

The classification is natural and in support of two purposes: (i)
organizing sets of soil properties predicted separately into identifiable
classes so as to stimulate the understanding of whether these classes
manifest discernible spatial or pedological patterns, and (ii) serving as a
base to make an objective numerical taxonomic classification of soil, in
this case soil layers. In this study we focus only on the surface material
but in the longer run a set of horizon and profile classes.

2.2. Soil data

We collected a global dataset for ten surface (0–5 cm) soil prop-
erties. Owing to the difficulty to obtain surface measurements well
spread throughout the globe, we used maps of soil properties obtained
through SoilGrids 2.0 (Poggio et al., 2021). The study used the global
predictions for bulk density, cation exchange capacity, texture, pH, and
organic carbon content, which we used in combination with the total
nitrogen content to create the CEC/clay, SOC/clay and SOC/N indices.
Table 1 summarizes the soil properties along with their short name,
description and unit.

2.3. Clustering

The maps of soil properties were partitioned into a number of
homogeneous and disjoint classes using the 𝑘-means clustering al-
gorithm (Lloyd, 1982; Hartigan and Wong, 1979). It is a popular
and computationally efficient algorithm for large datasets. In 𝑘-means
lustering, a number of 𝑘 non-overlapping clusters are created by parti-
ioning the matrix 𝐗 containing the data to be clustered. The partitions
re created so that a criterion is minimized. The criterion is the within-
luster sum of squared error, calculated as the squared distance to
he cluster centroids (i.e. the means are the cluster-specific means
f the variables). The criterion is minimized using an optimization
lgorithm that searches for the optimal value of the clustering criterion
y rearranging existing partitions and keeping the ones that provide
mprovements (Landau et al., 2011). The steps in 𝑘-means clustering

are as follows:

1. An initial set of 𝑘 centroids are selected randomly.
2. All points in 𝐗 are assigned to their nearest centroids in terms

of Euclidean distance between the point and the centroids.
3. The cluster centroids are re-calculated with the points assigned

to the cluster.
4. The process is repeated until the partitions are stable, that is,

when the centroids of the previous rounds are close to the
centroids of the current round using a user-defined tolerance
value, or when the maximum number of iterations is reached.

Prior to clustering, the dataset was transformed by Cholesky decom-
position of the variance–covariance matrix of 𝐗, i.e. 𝐂 = 𝐋𝐋T where
𝐂 is the variance–covariance matrix of 𝐗 and 𝐋 is a lower triangular
matrix with positive diagonal values. The transformation was applied
by matrix multiplication of 𝐗 by 𝐋T so that 𝐘 = 𝐗𝐋T, where 𝐘 is the
transformed dataset. Clustering on 𝐘 using the Euclidean distance is
equivalent to clustering using the Mahalanobis distance calculated on
𝐗 (Anderson, 2003, p. 80).

We selected the optimal number of clusters with the elbow method
for a range of clusters between 5 and 200 by steps of 5 and between
500 to 1000 in steps of 50. The evaluation criteria of the clustering
quality were (i) the total within-cluster sum of square (WSCC), i.e. the
sum of the within-cluster sum of squares averaged over all clusters, (ii)
the variance explained, that is, the sum of the within-cluster sum of
squares averaged over all clusters divided by the total sum of squares,

and (iii) the Calinski–Harabasz statistic (Caliński and Harabasz, 1974),
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Table 1
List of soil maps used as input to the numerical classification system along with their short names, description and unit.
Source: Adapted from Poggio et al. (2021).

Variable Short name Description Unit

Bulk density Bulk density Bulk density of the fine earth fraction oven dry cg/cm3

Cation exchange capacity CEC Capacity of the fine earth to hold exchangeable cations cmol𝑐/kg
Clay content Clay Gravimetric contents of clay in the fine earth fraction of the soil percent
Silt content Silt Gravimetric contents of silt in the fine earth fraction of the soil percent
Sand content Sand Gravimetric contents of sand in the fine earth fraction of the soil percent
pH in water pH Negative common logarithm of the activity of hydronium ions in water unitless
Organic carbon concentration SOC Gravimetric content of organic carbon in the fine earth fraction of the soil percent
Ratio of cation exchange capacity to clay CEC/clay Index of clay mineralogy or of ‘‘CEC Activity’’ mol𝑐/kg clay
Ratio of organic carbon to clay SOC/clay Indicator of soil structure quality (Prout et al., 2021) unitless

Ratio of organic carbon to nitrogen SOC/N Indicator of the nitrogen immobilization or mineralization during organic matter
decomposition by micro-organisms (Swift et al., 1979)

unitless
Fig. 1. Representation of the transformed PCA space with indications on the nomenclature system.
which is the ratio of the sum of between-cluster dispersion and the sum
of within-cluster dispersion, for all clusters. With these three criteria,
the optimal number of clusters was decided heuristically by plotting
the number of clusters against the criterion value, and by selecting the
elbow of the criterion curve as the optimal number.

2.4. Principal component analysis

A principal component analysis (PCA) was used to investigate the
pattern of variation of the clusters in association with the soil property
maps of Table 1. PCA is a dimensionality reduction method designed
to transform a set of variables into a reduced number of uncorre-
lated variables called principal components, each of which is a linear
combination of the original variables. In PCA, it is expected that few
components account for most of the variation of the original set of
variables. PCA was applied on the set of ten attributes (Table 1) after
which the class-specific centroids were calculated for each component.

2.5. Space transformation and nomenclature

The locations of the individual class-specific centroids displayed
in the PCA biplot are likely to yield an uneven distribution, making
the development of a surface layer nomenclature challenging. Before
naming the classes, we performed a space transformation using the
spacebender algorithm of McBratney and Minasny (2013). The algo-
rithm aims at equalizing the space between observations by projecting
them onto a new 𝑡 space. Transformation is made by computing a
3

pairwise distance matrix between the transformed and original space
using a fat-ruler algorithm. The algorithm aims to make the observation
more equally distributed than the original observation (i.e. to equalize
the variance). It makes use of a user-defined parameter 𝑤 which is the
distance between two points. Next, a principal coordinate analysis is
applied on the distance matrix to convert it to a centred matrix.

The nomenclature is defined in the transformed space and has three
components (Fig. 1), two of which are obtained from the location of the
centroid in the transformed space of the PCA biplot. In the transformed
space, consider a series of five circles around the origin at coordinate
(0,0). The radius of the circles is obtained by taking the quintiles of the
transformed distance, and the area of the circles is named by a vowel:
-a for the smallest circle, followed by -e, -i, -o and -u. Both the x- and
y-axes are defined by a consonant, from left to right (x-axis) or bottom
to top (y-axis). The combination of letters (i.e. distance from the origin,
x- and y- axes) gives information to name the centroids.

The three-component nomenclature is defined as follows: The first
component is a consonant, either -b, -d or -f. The letter -b is used in all
cases, and if two classes have the same name, the -b is replaced by -d
and so on. For example, three classes called ‘‘buyton’’ become ‘‘buyton’’,
‘‘duyton’’ and ‘‘fuyton’’. The second component is a letter, one of the
three (i.e. in the order d, y and x) corresponding to the centroid
location on the graph: d is the distance from the origin associated to a
vowel (i.e. a, e, i, o, or u); y corresponds to a consonant of the y-axis; x
corresponds to a consonant in the x-axis. Finally, the qualifying suffix
of -on is added onto the word.
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Fig. 2. Contour plot of the soil properties values in the first two principal components space.
2.6. Practical implementation and computational aspects

To speed up processing, clustering was made on a subset of 106

locations obtained from the set of soil properties maps and using
a systematic random sampling. The clustering was performed with
a 𝑘-means++ initialization (Arthur and Vassilvitskii, 2007) with 50
repetitions, a maximum number of iterations set to 1000 and a tol-
erance value of 0.0001. Clustering was made with the KMeans_rcpp
function of the ClusterR package (Mouselimis, 2023). After clustering,
the centroids were used to assign each pixel to its closest centroids after
the transformation using the Cholesky matrix.

Principal component analysis was performed on the same subset of
106 locations described. The subset was centred at 0 and standardized
to unit variance before calculation. The centroids were taken as the
4

mean of the class-specific values of the property, assuming that the
sample is large enough to obtain a realistic estimate of the centroids.

The spacebender algorithm was implemented in MatLab. We tested
various window size from 2 to 50 by steps 2. The coefficient of variation
was plotted against the window size to select a window of size of 2.

3. Results

We applied the 𝑘-means classification algorithm to the data matrix
for a range of potential class sizes and calculated the three cluster
number metrics for the range of potential class sizes. These showed
a reasonably even monotonic change with class number for the three
criteria. This suggests that there might not be a natural number of
classes, and that we are potentially partitioning a very weakly clustered
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Fig. 3. Distribution of the 100 class centroids projected on to the transformed space of the first two principal components along with the class name. The colours refer to the
nomenclature from Fig. 1; the x-axis represents a gradient of red, the y-axis a gradient of green and the distance from the origin at (0,0) a gradient a blue.
continuum. We choose a partitioning such as a further increase in
number of classes resulted in relatively little gain for the three criteria.
Hereafter the number of classes was set to 100.

The principal component analysis on the set of ten soil property
maps (Table 1) showed that 6 components accounted for 97% of
the variation. The first and second components accounted for 49%
and 22% of the variance, respectively. Fig. 2 shows plots of the first
two components with a contour plot of the soil property values. All
properties have a clear pattern with detailed variation. Bulk density,
CEC, pH, SOC and SOC/clay have a gradient of increasing (bulk density,
pH) or decreasing (CEC, SOC, SOC/clay) values in the x-axis, whereas
CEC/clay, clay, sand and silt have a variation in a y-axis.

Fig. 3 shows the distribution of the 100 class centroids projected
on to the transformed space of the first two principal components. The
name of each centroid is given by the nomenclature (see Section 2.5).
The transformed space is occupied fairly well by the centroids of the
100 classes.

When the transformed space is collapsed on to the original space
of the first two principal components (Fig. 4) the contribution of the
soil properties to the location of the centroids appears more clearly.
The thin grey lines indicate the density of observations for densities
of 100,000, 10,000, 1000 and 10 values. The blue arrows are the
vectors projected on to the component axes. All properties but texture
contribute largely to the first component whereas clay, silt and sand
contribute to the second. Dynamic properties seem represented in one
dimension in the first component. The second component, uncorrelated
to the first, reflects differences in the surface layer brought by stable
properties. The distribution of the cluster centroids in the plane of first
two components shows strong clustering around the origin. Two modes
appear similarly in the first two components: most centroids have either
slightly negative or positive in the component axes.

We searched for class representants searching for the closest indi-
vidual to the centroid, for all centroids — these were called examplars
by McBratney (1994). A map of examplars is shown in Fig. 5. There is
great diversity in the density of such examplars globally. The northern
hemisphere has more examplars than the southern one. Areas in north
America, a large band spanning eastern Europe and Russia, and western
Australia are covered with a high density of examplars, some being
geographically close to each other. Africa, South America, and Southern
5

Asia have, conversely, a relatively low density of such examplars. There
are no examplars in the south of North America, in Antarctica, in
Oceania excluding Australia.

Fig. 6 shows the spatial distribution of the 100 surface layer classes.
There is a strong spatial patterning with a gradient of classes related to
the latitude. For example, Australia, the continents of Africa and Asia
have large bands of the same class spanning a longitudinal gradient.
While all classes have a clear spatial pattern and seem geographically
compact, some areas such as North America and Asia show a more
patchy distribution of classes. The number of classes and the global
scale make further discussion on the spatial distribution of the classes
a challenging exercise.

4. Discussion

The total WSCC, variance explained and Calinkski–Harabasz values
did not reveal a clear optimal number of classes. We clustered a weakly
clustered continuum, which is mostly due to the nature of the data
(i.e. maps of predicted properties presumably with some spatial and
attribute smoothing) which we used as input. In the absence of a
definite cut-off value, we used a number of classes that offered a
compromise between within-class homogeneity and ease of use of the
classification (i.e. tractability, see de Gruijter, 1977, Section 3.4.2.1).
While it would have been preferable to obtain this number with a
formal criterion, there are still advantages in partitioning a weakly-
clustered continuum since we reveal classes while all input maps of soil
attributes were originally predicted separately, and we do more justice
to the way soils behave and vary in space.

The soil surface layer class map shows a strong spatial patterning
without too much repetition from one place to another. Some classes,
however, repeat in different continents or hemispheres. This is the
case for the ‘‘bojwon’’ class, which occurs in eastern Africa, but also
in India, or the ‘‘bodhon’’ class which occurs in a large latitude band
covering Asia, North America and Africa (Fig. 6 and Supplementary
Material, Fig. 1). To reveal groups of classes with similar characteris-
tics, we further treated the class centroids as individuals and performed
an agglomerative hierarchical clustering. The dissimilarity between
centroids was assessed with the same distance as that described in
Section 2.3 using Ward’s method. The dendrogram (Supplementary Ma-
terial, Fig. 2) divided into 10 branches revealed two main groups of 55
and 21 surface classes, respectively, and 5 groups with more than 2 soil

layer classes, whereas the remaining 3 branches had only one centroid.
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Fig. 4. Distribution of the centroids in the first two principal component axes along with vectors showing the contribution of the original properties (blue arrows) and density of
observation (grey lines) for a densities of 100,000, 10,000, 1000 and 10 values.
This suggested that some layer classes have similar characteristics but
that some classes are very different. The map of the group of similar
classes (Supplementary Material, Fig. 3) showed that the two major
groups of classes repeat in continents with a strong climate gradient.
Comparison of Fig. 6 and Supplementary Material, Fig. 3 with grouping
of soil regions given by Nachtergaele (1999) based on the FAO world
reference base for soil resources (FAO/UNESCO, 2003) show strong
similarities in pattern in all continents.

More important than the boundaries, although seldom reported,
are the centroids and the examplars. They enable the transfer of in-
formation and knowledge between places and the allocation of new
individuals to an existing classification based on the actual value of the
centroid or examplar and taxonomic distance metrics. This approach,
advocated in Minasny et al. (2010), was used to compare classifications
systems (e.g. Láng et al., 2013; Van Huyssteen et al., 2014) and to
build transfer functions between systems (e.g. Michéli et al., 2016;
Hughes et al., 2017). Most classification systems, however, have a very
coarse classification of surface horizons. The WRB and ST, for example,
have 13 diagnostic surface horizons and 8 epipedons, respectively.
The WRB has the Mollic, Chernic, Umbric, Vertic, Plaggic diagnostic
horizons, and the Ochric qualifier. The FAO-Unesco Soil Map of the
World, similarly, contains four A horizons and one H horizon (FAO-
UNESCO-ISRIC, 1988; IUSS Working Group, 2015; Soil Science Division
Staff, 2017; Broll et al., 2006; IUSS Working Group WRB, 2022). Our
classification provides the first global-scale numerical classification of
topsoil (surface layer), from which distance between centroids can be
calculated with previous systems.

This work built on existing global maps of soil properties. This
brings additional challenges as maps are predictions and not measured
properties. This means that the maps usually contain more uncertainty
than measured values and that they are a smooth representation of the
soil properties. We were also unable to include some variables to better
capture the set of properties needed in usual classification systems,
such as rock content or colour. On these properties, colour is the
most important one, being a principal qualifier for diagnostic horizons
6

in most classification systems. The colour relates to the mineral and
organic composition of the soil, as well as to a number of moisture-
related characteristics. Despite a few attempts at regional (Poppiel
et al., 2020) and national (Liu et al., 2020) scale, there exists currently,
to our knowledge, no global map of soil colour. In a recent study, Rizzo
et al. (2023) made a global map of bare soil areas — mostly cropland,
including remote sensing imagery and ground-point spectroscopic data.
Further work is needed, however, to interpolate the colour at various
depth intervals and in vegetated areas. In future work, we would ideally
use the exhaustive set of 23 properties suggested by Hughes et al.
(2018), which next to colour and the set of properties used in this study
also encompass water and ice content, carbonate content, exchangeable
cations, acid saturation, exchangeable sodium percentage, electrical
conductivity, and gypsum content. Since several of these properties are
dynamic, that is, change over time in response to human activities,
including them in addition to the ones presented in Table 1 would
certainly increase the capacity of our natural classification to account
for temporal alteration due to land management.

To many, especially those interested in soil quality, health or secu-
rity (Karlen et al., 2003; Kibblewhite et al., 2008; Evangelista et al.,
2023), the properties of the surface horizon are important and most
subject to change over time in response to management. While current
conventional soil classification systems recognize surface layer classes,
of the order 10 or 20 (Broll et al., 2006) — it is too coarse for a realistic
interpretation for soil condition and capacity assessment. A detailed
classification of surface layers adds considerably to the potential un-
derstanding and monitoring of soil capacity and condition of surface
soils. This could be achieved by building a technical classification for
this surface layer natural classification. There are two main types of
classification that are widely recognized in the literature. The first
type are natural classifications and the second are technical classifi-
cations. Cline (1949) discusses the value of natural classification, from
which many possible technical classifications can be derived. The WRB
taxonomy, for example, attempts to be a natural classification that can
be the basis for interpretation for research on land use capability or soil
fertility. Our classification being natural, it could potentially be used for
practical and technical purposes to build a technical classification that
relate directly to soil health, quality and security assessment.
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Fig. 5. Map of location of examplars (i.e. individual the closest to the centroid) for
the 100 surface layer classes.

The next step is a horizon or layer classification of soils for all layers
followed by a profile classification based on the sequence of layers. A
comprehensive classification for all layers would enable a comparison
between systems. A first attempt was made with the dynamic Compre-
hensive Soil Classification System (CSCS, McBratney et al., 2022) by
merging existing soil taxa from several systems by sequentially adding
new centroids based on soil properties. While this approach has been
developed and tested (see, for example, Shahbazi et al., 2018), much
efforts remain to build a global representation of the soils. This was also
highlighted as one of the most pressing challenges of our discipline (see
Wadoux et al., 2021, Challenge 2).

5. Conclusion

We reported on the development and implementation of a numerical
surface layer classification system. A total of 100 surface classes were
obtained using maps of soil properties as input, and their centroids were
named with a nomenclature that accounts for their location in the two-
dimensional space of the principal components. A global map of the
newly created soil classes is provided as well as the location of the 100
class-representants known as examplars, i.e. individual the closest to
7

Fig. 6. Global map of the spatial distribution of the 100 surface layer classes.

the centroid. From the results and discussion we draw the following
conclusions:

• The 100 surface classes were obtained by clustering a weakly
clustered continuum. This might be due to the nature of the data
that we used as input (i.e. maps of soil properties).

• The pattern of the surface classes distribution followed well-
defined soil geographies, in particular similar to that from the
FAO world base resources map. Existing world soil maps, how-
ever, do not discriminate the surface layer in such detail.

• The nomenclature was based on the centroids. Centroids enable
the transfer of information and knowledge between places and
classification systems. The next step is a layer classification of
soils for all layers. This would enable building a representative
global soil classification system in which centroids from several
systems could sequentially be added.

• In this study, we found that three out of 100 classes were sig-
nificantly different from the rest of the classes, as shown by a
grouping of the class centroids using a distance metric.

• Such a detailed classification of surface soil has merit for soil
quality, health and security assessment.
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Future work should focus on the validation of this new topsoil layer
taxonomy. Focus should also be on the creation of a global soil tax-
onomy using a harmonized dataset of say 23 soil properties at various
depth intervals. The methodology presented here could serve as basis
for building such a global soil taxonomy. The use of fuzzy 𝑘-means and
the ‘‘akromeson’’ algorithm (Hughes et al., 2014) could be investigated
for this purpose.
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