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Abstract: This research analyzes the relationships between “soil” and “organisms” within the frame-
work of the Jenny equation, a fundamental expression in soil science that is the theoretical basis for
modeling the complex occurrence of soils on landscapes. This analysis is based on the interpretation
of the indeterminate function “f” of the equation as “statistical dependence between categorical
variables”. The categories of the “soil” component of the equation have been defined as “diagnostic
horizons”, and those of the “organisms” factor as synthetic types of “land cover”. After applying
these criteria to 424 soil profiles studied in a region with an oceanic climate in northern Spain, a
multiple correspondence analysis showed pedologically consistent groupings between diagnostic
horizons and categories of climate, land cover, relief, and parent material factors. Subsequently, a
bivariate analysis detailed pedologically consistent relationships between diagnostic horizons and
land cover categories. In the context the scarcity of quantitative information on soil and forming
factor relationships, this work provides criteria to statistically assess the role of land cover in such
relationships. This soil forming factor is the one whose spatial representation is more generalized
and detailed, hence its interest in the development of soil mapping models.

Keywords: Jenny’s soil factorial model; surface soil horizons; subsurface soil horizons; land cover
categories; MCA and bivariate dependency analysis; soils of temperate humid climate

1. Introduction

The first expression relating to soil formation, “S = f(c,0,p)t”, was formulated by
Dokuchaev in 1899; the term “S” refers to the soil, which is a mere function of the factors
“c” (climate), “0” (organisms), and “p” (parent material) that interact over time (t) and
determine its genesis [1]. This expression, and Jenny’s [2] subsequent formalization of
environmental components as “parameters that define the state of the soil system” [3],
requires for any kind of resolution that the indeterminate function “f” be replaced by some
kind of “quantitative relationship” [4]. In any case, Jenny’s equation (S = f (cl, o, 1, p,
t...), where “cl” is (climate), “0” (organisms), “r” relief, “p” (parent material), and “t”
(time) factors), provides a basis for the interpretation of soil attributes (physicochemically,
morphologically, or taxonomically expressed) in terms of the factors associated with their
genesis [5].

A clear separation between forming factors in such a way that one of them can be
considered a constant while the others behave as independent variables is only theoretical;
for example, soil evolution itself favors the development of plant cover, thus tending to
co-evolve [6]. The contributions of organic matter determine the development of the soil by
means of biochemical processes of weathering, humification, and cheluviation [7]; Simi-
larly, the root system increases the susceptibility of the parent material to weathering [8].
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Topography, together with the vegetation cover itself, determines the runoff-infiltration
relationships, thus influencing soil moisture conditions [9]. Soil, climate, and vegetation are
considered a coupled system: the climate affects soils and vegetation independently, while
soil and vegetation interact with each other. However, some factors can, under certain con-
ditions, exert a particularly strong influence on pedogenesis [10]. Vegetation is considered
an “active forming factor” [11], a variable capable of exerting certain climate-independent
effects [12], so that different vegetation cover types can determine different soil attributes
in the homogeneity of other factors. This links to the concept of biofunctions [13,14]. It
is important to highlight that this mutual association takes place between plant biomass
and soil as “natural bodies”, and not so much between specific attributes of the vegetation
cover and a selection of individual soil properties [15].

With the aim of establishing “quantitative relationships” between soils and soil-
forming factors, the problem that arises is how to define such factors precisely enough
for their statistical treatment. Organism factors, for example, cannot be feasibly treated as
parametric variables [9]. Jenny [14] defined the “organisms” factor specifically in terms of
vegetation, considering that it would have to be represented as “the vegetation currently
existing in the place under study”. This was assumed, for the purposes of this work, for the
concept of “land cover” [16]. Land cover is an easily recognizable factor through fieldwork
and/or remote sensing techniques [17], which would facilitate establishing precise rela-
tionships between soils and formation factors to develop models to explain soil-landscape
relationships, allowing soil mapping with greater precision and decreasing costs [9].

Likewise, any development of the Jenny equation (also called the “clorpt equation”)
requires an equivalent definition of the “soil” component. In this sense, it is possible to
consider soil taxa at different hierarchical levels as suitable candidates to represent such
a component. Soil taxa synthesize in their own definition a large amount of pedological
information and are widely represented worldwide in countless soil maps and studies;
however, the soil classification systems used worldwide, WRBSR-FAO [18] and Soil Taxon-
omy [19], show different criteria to define and name the soil taxa, or “soil taxonomic units”.
In this way, complex homogenization tasks are necessary when managing pedological
information from soil maps or studies based on different classification systems. However,
both WRBSR and soil taxonomy rely on the concept of “diagnostic horizons” [18,19], whose
definitions are largely compatible in many cases between both systems. Each diagnostic
horizon is synthetically defined by groups of quantitative, morphological, and physico-
chemical parameters. Similar to taxa, diagnostic horizons can be spatially represented to
pedologically describe a region, and according to Bockheim [20], even more consistently
than the cartography of high hierarchical levels such as suborders or great groups. In this
sense, this research raises the possibility of assimilating the concept of diagnostic horizons
to a simplified form of the “soil” component of the Jenny equation [21]. In addition to this
compatibility between both systems, the limited number of diagnostic horizons must be
considered in the face of a potentially unlimited number of statistical test. This represents a
practical advantage, particularly when applying statistical tools to pedologically analyze a
specific territory.

This study hypothesizes that the function “f” of the “clorpt” equation can be under-
stood as “statistical dependence between variables”. In this regard, “diagnostic horizons”,
understood as “categories of the soil variable”, are expected to show statistical dependency
relationships with the “organisms” factor, understood as “categories of a land cover vari-
able”. Specifically, it can also be hypothesized that the land cover factor contributes to
explaining the variance of the surface horizons to a greater extent than that of the sub-
surface ones. For the development of both hypotheses, a study region characterized by a
high variety of climate conditions, land covers, landforms, parent materials, and conse-
quently, soils, has been selected. Information on this set of factors comes from an extensive
soil survey previously carried out in the region. The specific objectives of this research
require the development of (i) a methodology that allows transforming both “soil” and
“soil forming factors” as components of the “clorpt” equation into categorical variables,
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(ii) to assess the influence of climate, organisms, relief, and parent material forming factors
in the prevalence of specific diagnostic horizons by means of a multivariate analysis, and
(iii) to specifically assess dependency relationships between land cover categories and soil
diagnostic horizons.

The soil horizons and forming factor dependency relationships assessed in the study
area are intended to provide objective criteria on the environmental factors associated
with the presence or absence of certain diagnostic horizons. In particular, the relationships
between diagnostic horizons and land cover were considered of special interest in the
advances towards the spatial representation of natural soils, due to the generalization and
high reliability of the information obtained on land cover, both by direct methods and by
means of remote sensors.

2. Materials and Methods
2.1. Study Area: Summary of Soil Forming Factors

The geographical scope of this study is the Principality of Asturias, in northern Spain,
in the context of a temperate-humid climate, whose physiographic characteristics determine
a wide variety of soils and land cover types. This region comprises a physiographically
complex territory with high lithological and geomorphological diversity. Altitudes range
from sea level to above 2000 m; therefore, steep slopes prevail [21].

The climate is characterized by mild temperatures and regular and high average
rainfall, ranging annually from 900 to 1800 mm [22], with notable differences mainly
depending on altitude and exposure. Such conditions allow biological activity during
most of the year, except at the highest altitudes. Certain local conditions associated with
lithological and geomorphological factors lead to variations in this general scheme (acidity,
rockiness, salinity, granulometry), as well as local drainage (excessive in rocky and/or
steeper areas; deficient in depressions) or micro- or meso-climatic features (valleys with a
rain-shadow effect and slopes exposed to windward).

2.2. Sampling Points: Soil Profiles and on-Ground Information on Soil Forming Factors

A soil survey was conducted in various field campaigns carried out in the years 2007,
2010, 2011, and 2012 with the participation of the corresponding author of this research.
Various additional field tasks were carried out occasionally until 2017, covering a total
of 424 sampling points [21], as shown in Figure 1. In each of them, a soil profile and the
physiographic characteristics of its immediate surroundings were described. The survey
of soil profiles was carried out with the criteria established by Schoeneberger et al. [23],
which allowed obtaining systematic and organized information on relief, organisms, and
parent material; on the other hand, factors such as altitude are key in the evaluation of the
climatic conditions of each sampling point. The wide distribution of these points along the
study area allows for a large part of the diversity of climate, land covers, landforms, and
lithologies of the territory under study to be covered. Whenever possible, soil profiles were
prepared in soil pits made with machinery, unless the conditions of the place (as frequently
happened in such steep territory) did not allow access. In that case, sufficiently deep cuts
in the ground along roads, paths, and other excavations were also used [24].

The classification of the soil profiles was carried out according to the Soil Taxonomy
classification system [19]. From the point of view of the diagnostic horizons established
by soil taxonomy, the ochric epipedon is dominant in the study area, with 54% of the soil
profiles. Umbric (31%) and Mollic (15%) epipedons characterize the rest of the profiles. On
the other hand, 55% of the profiles lack a subsurface diagnostic horizon, which highlights
the importance of the soils that show limitations to soil development in this territory. The
Cambic subsurface horizon is notably the most widespread; it is present in a third of the
soil profiles (32%); that is, 73% of the profiles that show some development of subsurface
horizons present such a horizon. Cambic horizons, together with the relative importance of
the Umbric and Mollic epipedons, define the studied territory within the domain of the
Inceptisols order as characteristic of temperate regions worldwide [25]. Regarding soils
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with higher degrees of evolution, argillic horizons are present in 21% of the soil profiles
(Alfisols and Ultisols Orders), while Spodic horizons have only local importance (Spodosols
Order) and are present in 6% of them.

The spatial distribution of the sampling points is presented below (Figure 1).

il

® Sampling points (soil profile description +land uses data)

Figure 1. Location of the Region (Principality) of Asturias (Northern Spain), with the soil and
land cover sampling points. Both base images obtained from Instituto Geografico Nacional (IGN);
https:/ /www.ign.es/iberpix/visor/ (Accessed on 3 August 2022).

2.3. Statistical Analyses: Definition of the Components of the Clorpt Equation

Throughout this section, a methodology was developed aimed at compartmentalizing
both “soil” and “soil forming factors” into variables and categories suitable for a statistical
analysis. The variables established to define climate, organisms, relief, and parent material
are those based on observable physiographical criteria at the location of each one of
the 424 soil profiles and whose importance in pedogenesis is sufficiently proven in the
literature. Given that the soil-forming factors are remarkably heterogeneous in terms of
the parameters that characterize them (quantitative in some cases, nominally qualitative
in others), it is necessary to compartmentalize such factors in order to obtain statistically
treatable categorical variables. In general, the establishment of categories has been carried
out with the aim of minimizing their total number.

For the purposes of this work, the time factor has not been considered, given the
impossibility of cartographic representation except in specific situations such as certain
chronosequences, that is, genetically related soils that evolved under similar conditions of
vegetation, topography, and climate [26]. On most surfaces, only relative dating between
contiguous landforms is possible, which limits the introduction of a quantifiable time factor
similarly to the rest of forming factors [20].

Regarding land cover types, field observations were categorized according to the
CORINE land cover inventory [27], although several modifications were considered for a
better adaptation of the inventory to the characteristics of the territory under study. Finally,
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for the purposes of this work, eight categories derived from six CORINE land covers were
established, as summarized in Table 1.

Table 1. Criteria for definition of land cover categories based on CORINE Land Cover classes.

Class Definitions

CORINE Land Cover
CORINE Cod ificati i
(CLO) Classes ode According to CLC (*) Specifications for ?he Territory
of Asturias
Cultivated land under rainfed
agricultural uses, for non-permanent Regularly tilled soils, commonly used
crops of annual harvest, normally as monophyte forage crops by mowing
Non-irrigated arable land 211 under crop rotation. It includes cereals, [28], with horticultural crops and
tubers, legumes, oilseeds, as well as orchards (frequently
forages (alfalfa, grass for silage or kiwifruit orchards).
hay production).
Permanent grasslands characterized by SO.W n polyphyte grasslands, evergreen
Pastures, meadows and . mixtures of grasses and legumes, used
agricultural use or heavy human . . .
other permanent . . by mowing or grazing [28], depending
231 disturbance, dominated by grasses.
grasslands under . on whether general slopes are greater
. Normally, for grazing (pastures) or o . .
agricultural use . . than 14% or not, which determines
mechanical grass harvesting (meadows). L .
mechanization capacity [29].
Mature and dense forest formations,
Pure or mixed stands of beech, oak, mostily of beech, oak.and mixed
. Atlantic forests according to Blanco
hornbeam, lime, maple, ash, poplar or .
. . L et al. [30]. Plantations of Eucalyptus,
Broad-leaved forest 311 birch species, as well as riparian and . .
. mainly constituted by E. globulus [31],
gallery woodlands; chestnut trees and idered . . hropi
lantations of Eucalyptus are considered apart given its anthropic
P ' character, which frequently supposes a
profound alteration of natural soils.
Include mature coniferous
. (needle-laned) .fo.rests of natural or Conifer plantations, mainly constituted
Coniferous forest 312 anthropogenic origin, as well as young . . .
. ; . by Pinus radiata and P. sylvestris [31].
plantations of coniferous trees reaching
5 m height.
Low productivity grasslands under no
or moderate human influence. Often
situated in steep slopes; frequently Semi-natural herbaceous communities
Natural grassland 321 including rocky areas or patches of of variable density, mainly used for
other (semi-)natural vegetation, with grazing [28].
sporadically (<30% surface) occurring
ligneous vegetation including shrubs.
Shrubby formations less than 2 m,
Dense vegetation covers of shrubs included in Cytzsetea scopur%o.—strmtz, and
(heathers, brooms, gorse and others) Calluno-Ulicetea communities [28]. It
Moors and heathland 322 ’ ! includes high altitude grasslands and

and herbaceous in Atlantic,
sub-Atlantic and sub-continental areas.

natural herbaceous communities mixed
with shrubs, exclusively dedicated to
seasonal grazing.

(*) Updated CLC illustrated nomenclature guidelines. European Environment Agency (version 10 May 2019).

In the case of climate, since there is no direct data available on the climatic conditions
of each soil profile location, it is necessary to establish relationships between climatic vari-
ables registered in meteorological stations (basically, precipitation and temperature) and the
factors that can be measured in the location of the soil profile. Among the physiographic fac-
tors analyzed, altitude is the one that is mostly associated with precipitation and, especially,
average annual temperature; linear regression models for precipitation and temperature vs.
altitude showed R-squared values of 0.21 and 0.84, respectively [21]. Regarding rainfall, the
regression model fits observed data in a very variable way when analyzing some specific
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river basins, obtaining r-square values ranging between 0.09 and 0.64. The influence of
factors such as the rain shadow effect is significant in this territory, although its precise
definition for the purposes of assigning a given sampling point is particularly complex [21].
Significance coefficients greater than 0.9 have been obtained by correlating the elevation of
the Asturian weather stations with a digital elevation model (ASTER GDEM), with respect
to official precipitation and temperature data [32]. The “distance to sea” factor has also
been considered to be linearly modeled with rainfall and temperature; the values of the
significance coefficient are 0.01 and 0.11, respectively. For the purposes of simplification, in
this analysis, altitude was selected as a variable associated with the climatic factor. Five
altitude categories have been considered for a range between 1 and 1957 m a.s.l.

Regarding the relief factor, three variables related to the geometry of the slope have
been evaluated for their role in the development of erosion and deposition processes, keys in
pedogenesis: slope value, slope shape, and relative position of the soil profile. These param-
eters were estimated in the field and corrected by digital cartography at 1:5000 (available
at: https://ideas.asturias.es/inicio/-/blogs/nuevo-wmts-mapa-base-topografico-1-5-000-
(accessed on 21 December 2017)). The slope value is a continuous quantitative variable
that was grouped into four intervals in order to be consistent with the rest of the variables.
Three nominal categories were defined for the variable “slope shape”. The relative position
of the sampling point was defined by means of four nominal categories.

The basis for assigning a certain type of parent material to each sampling point is
the lithology observed in the soil profile itself, which was later confirmed by means of
1:50,000 geological maps (available in: http:/ /info.igme.es/cartografiadigital /geologica/
Magna50.aspx (accessed on 21 December 2017)). The degree of consolidation or hardness
of the parent material, the mineralogy (in particular, in relation to the silica and carbonate
contents), and the granulometry, constitute key characteristics in pedogenesis. These
characteristics have determined the selection of the categories of this forming factor. To
optimize its statistical treatment in this work, the number of categories of lithological types
has been limited to six.

Each of the 424 studied soil profiles shows a certain combination of categories for each
of the 8 variables, which constitutes the basis of the statistical treatment.

2.4. Statistical Analyses: Methods

A multivariate exploratory data analysis has been carried out on all the established
categories of the different variables of soil and soil-forming factors through a multiple
correspondence analysis (MCA) [33]. MCA allows determining how similar the treated
objects are in order to identify relationships between categories. It includes a cluster
analysis for a total of 424 soil profiles. MCA allows for assessing relationships between the
8 variables as well as studying associations between the 37 established categories. For this
purpose, the FactoMineR package for multivariate data analysis with R [34] has been used
(4.2.1 version; available from https://cran.r-project.org/ (accessed on 16 December 2022)).

As an indicator of the contribution of each of the categories to dimensions 1 or 2,
the squared cosine was used [35]. In interpreting the results of the MCA, the proximity
between the categories in the two-dimensional map was taken into account [33].

The results are represented by the percentage of the total variance explained by
the two main contributing dimensions. The interpretation of the exploratory MCA has
been refined by using cos? as an indicator of the quality of the representation of the
treated categories. Later, a Chi-square test (SPSS® v.23) was implemented to determine
statistically significant relationships between the most contributing diagnostic horizons
and the land cover categories, and they were represented by means of cross-tabulation (or
contingency tables).

In order to evaluate the hypothesis based on the different roles that the forming factors
exert on the diagnostic superficial and subsurface horizons, the statistical study will be
carried out separately on each type of horizon.
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3. Results

According to the first objective of this work, a set of variables and categories from both
the “soil” and “soil forming factors” components of the “clorpt” equation were established,
and they are summarized in Table 2.

Table 2. Summary of variables and categories for soil and soil forming factors.

Clorpt

Variables Categories MCA Code n
Components

Surface hori Mollic MOL 62
e (ace .0“12)0“5 Ochric OCH 230
fomna Umbric UMB 132

SO Argilli ARG 40

S rgillic

© Sﬁbrsiurfﬁce Cambic CAM 140
(n(:)rr?i(r)lai) no subsurface horizon NOT 231

Spodic SPO 13

>50 ALl 61

50-200 AL2 92

LIMATE i

¢ pet ﬁ:‘etr‘ﬁ) 200-600 AL3 110
600-1000 Al4 99

>1000 AL5 62

crops CRO 99

Eucalyptus plantations EUC 24

pasturelands PAS 87

ORGANISMS Land cover pine plantations PIN 28
(0) (nominal) prairies PRA 58
mixed pasture/shrublands PSH 43

shrublands SHR 51

natural woodlands WOO 34

<2% SL1 44
Slope value 3-16% SL2 154

(interval) 17-50% SL3 180

>50% SL4 46

RELIEF Slope shape concave sil"pe 2L§ 225
(nominal) convex slope L 85
(x) straight slope SLS 114
floodplains POF 68

Relative position high slopes POH 132

(nominal) low slopes POL 182

summits POS 42

mixed alluvium PMA 70

clayey materials PMC 68

hfﬁl{;%l\EL Lithology mixed colluvium PMK 51
() (nominal) limestones PML 65

P quartzitic sandy materials PMQ 124
slates PMS 46

n = number of soil profiles within categories.

The results of multivariate (MCA) analysis are shown in Figure 2.

The explained variance for the first two dimensions is 27%; that of the first five
dimensions is less than 50%; and that of the first ten dimensions is still 72%. These values
give an idea of the complexity of the relationships between categories.

Cluster 1 grouped, by proximity, soil profiles with Umbric and Spodic horizons, as well
as the absence of other subsurface horizons. Similarly, it includes the soil profiles developed
at higher altitudes and under forest land covers (“pine plantations” and “shrublands”).
The reliefs are strong, with high slopes of convex shapes as well as summits, and lithologies
of “slates” and “quartzitic sandy materials”. Cluster 2 included the categories of Ochric
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surface horizons and Argillic and Cambic subsurface horizons, with three well-defined
categories of land uses: “prairies”, “natural woodlands”, and “pasturelands”. It includes
medium slopes (classes SL2 and SL3), concave shapes, and low slopes. The characteristic
parent materials are “limestone”, “mixed colluvial” and “clay”. However, it is a climatically
poorly defined group (heterogeneous altitudes: classes AL2 and AL5). Finally, Cluster 3
corresponded to soils developed at low altitudes, close to the coast, with straight, gentle, or

flat slopes in floodplains associated with alluvial deposits.

= cluster 3
]
(=}
L= NIRRT - {1} 11 i (SO " L. S iAW N |
(=)
n
(=)
]
=
Ll
I
v ,
o T f T T
-1 0 1 2 Dim 1
A "“"
1 PIN"“LAJMB
S pos
pms - EMQ g
—_ ip%Hm by : 1
Q i SHRSPQ SLS, SLY;
- AL4 POF
=) N S o’ A
S e Mo
= TALRT 4 S gROT 2
~ ALY, W00 , - AL1
g sy PMKs oAt
A ph, SLC CAY
POL.:| OCH
-1 RMC
ARG
-1 0 1 2

Dim 1 (16.43%)

Figure 2. Cluster factor map for soil profiles (a), and categories of “soil” and “soil forming factors” in
the plane of dimensions 1 and 2 (b). Illustrative variables are soil diagnostic horizons and land cover.

The squared cosine values of each of the categories, for dimensions 1 or 2, are shown
in Figure 3.

The variables associated with climatic factors (altitude) and biotic factors (land cover)
were those that, to a lesser extent, included categories that contributed significantly to
one of the two main dimensions of the MCA. This preliminary analysis highlighted the
importance of the relief factor. Among the land cover categories, “cropland” is the only
one that contributes, above the average value of cos?, to either of the two main dimensions,
specifically, Dim 1. Soil categories such as umbric (UMB) and ochric (OCH) epipedons,
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argillic (ARG), and cambic (CAM) endopedons, as well as the absence of any diagnostic
subsurface horizon (NOT), contribute above the average value of cos? to Dim 2.

Cos? diagnostic land parent

Dlomggo horizons _ altitude cover relief material

0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000

E

ALl I
CRO [

sL1 _
sLS _

uve

MoL
OCH
ARG
CAM
NOT
SPO
AL2
AL3
AL4
AL5
EUC
PAS
PIN
PRA
PSH
SHR
W00
POF
PMQ
PMS

Pl

Cos?
DIM 2

0.900
0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000

ocH I

o
S g
5 <

Figure 3. Cos? values for all categories of the variables used in the MCA. In reddish-brown, those

NOT
sic I

SLS

poL [

cAv N

six

POF

PoH [

pvc I

MoL
SPO
ALl
AL2
AL3
AL4
ALS
CRO
EUC
PAS

PIN
PRA
PSH
SHR

Woo

SL1

SL2

SL3

SLa
POS

PMA
PMK
PML
PvQ N
PMS

values above the average of each axis. Categories are organized according to soil and forming factors.

These five soil categories were then subjected to a bivariate analysis with the land
cover categories. The results of this bivariate Chi-square test (p < 0.05) are summarized in
contingency Tables 3 and 4.

Table 3. Contingency tables: coincidences of soil profiles with Ochric and Umbric surface diagnostic
horizons with land cover categories.

Land Cover Categories

(CORINE Equivalences)
Surf HOR Categories
CRO EUC PAS PIN PRA PSH SHR WOO
(211) (311) (321) (312) (231) (322) (322) (311)
Count 662 10 be 572 5d 392 15¢ 17 «d 212b
OCH Expected count 52 14 46 18 32 20 29 18
% Within Surf HOR 30 4 24 2 17 7 7 9
n=230 % Within Land_cover 83 45 75 18 78 47 37 72
% Total 19 3 15 1 11 4 5 6
Count 142 12 be 192 234 112 17°¢ 28 <d gab
UMB Expected count 30 8 27 10 18 12 17 11
% Within Surf_ HOR 11 9 14 17 8 13 22 6
n=132 % Within Land_cover 17 55 25 82 22 53 63 28
% Total 4 3 5 6 3 5 8 2

OCH: Ochric; UMB: Umbric; CRO: croplands; EUC: Eucalyptus plantations; PAS: pasturelands; PIN: pine planta-
tions; PRA: prairies; PSH: mixed pasturelands-shrublands; SHR: shrublands; WOO: natural woodlands. Subscript
letters a—d, denote subsets of land cover categories whose column proportions do not differ significantly from
each other at the 0.05 level.
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Table 4. Contingency tables: coincidences of soil profiles with Argillic, Cambic, and soil profiles
lacking any subsurface diagnostic horizons, with land cover categories.

Land Cover Categories

(CORINE Equivalences)
SubSurf_HOR Categories
CRO EUC PAS PIN PRA PSH SHR WOO
(211) (311) (321) (312) (231) (322) (322) (311)
Count 6 ab 3 bc 7 ab E 14 ¢ 4 abc 4 ab 2 ab
ARG Expected count 10 2 8 3 6 4 4 3
_ 10 % Within SubSurf_HOR 15 8 18 0 35 10 10 5
n= % Within Land_cover 6 14 8 0 24 9 9 6
% Total 2 1 2 0 3 1 1 1
Count 432 g abe 374 3d 212¢ 9 bed gbd 10 abed
CAM Expected count 33 8 29 9 20 15 15 11
139 % Within SubSurf_HOR 31 6 27 2 15 7 6 7
n= % Within Land_cover 44 36 43 11 36 21 18 31
% Total 11 2 9 1 5 2 2 2
Count 49 b 11 abe 42 244 23b 30 <d 32cd 20 2¢
NOT Expected count 55 12 49 15 33 24 25 18
e % Within SubSurf_HOR 21 5 18 10 10 13 14 9
n= % Within Land_cover 50 50 49 89 40 70 73 63
% Total 12 3 10 6 6 7 8 5

ARG: Argillic; CAM: Cambic; NOT: absence of any endopedon; CRO: croplands; EUC: Eucalyptus plantations; PAS:
pasturelands; PIN: pine plantations; PRA: prairies; PSH: mixed pasturelands-shrublands; SHR: shrublands; WOO:
natural woodlands. Subscript letters a—d, denote subsets of land cover categories whose column proportions do
not differ significantly from each other at the 0.05 level.

The land covers associated with agricultural and livestock uses (croplands, pasture-
lands, and prairies) showed a prevalence of the ochric horizon, contrasting with forest
land covers such as Eucalyptus plantations, mixed pasture-shrublands, shrublands, and
particularly, pine plantations, for the prevalence of the umbric horizon. Forest uses, both
with a strong anthropic influence (Eucalyptus plantations) and natural ones, did not show a
significant relationship with any of the superficial diagnostic horizons.

“Prairies” appeared as a category positively related to the presence of soil profiles with
an argillic horizon, the opposite case of “pine plantations”. The absence of any subsurface
horizon was, however, prevalent in “pine plantations”, unlike “prairies”. “Croplands” and
“pasturelands”, on the other hand, showed a prevalence of the Cambic endopedon, which
separated them from forest use categories such as “pine plantations”, “mixed pasturelands-
shrublands”, and “shrublands”. Once again, “Eucalyptus plantations” and “woodlands”
appeared as the worst-defined land cover categories in terms of their relationship with
subsurface horizons.

4. Discussion

The multivariate exploratory data analysis defines three groups or clusters of soil
profiles (Figure 2a), to which different categories of “soil” and “soil-forming factors” have
been associated according to the proximity criterion on 1 and 2 dimensions (Figure 2b).
However, when using this criterion, the relatively low explanation of the variance by
both dimensions should be considered. In any case, there were numerous proximity
relationships between categories that can be explained from a pedological point of view.

The presence of Umbric epipedons and Spodic endopedons in Cluster 1, as well as the
absence of any subsurface diagnostic horizon, are pedologically consistent with factors such
as forest uses (wooded or shrubby), high altitudes, lithologies that favor the development of
acidic and stony soils [36], and landforms associated with erosion and deposition processes,
such as steep slopes or high and convex slopes [37].

Cluster 2 included the Ochric and Cambic horizons; both were very close to the
category of “prairies” and, to a lesser extent, to “pasturelands”, similarly to the argillic
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endopedon. Lithologies such as “limestones”, “mixed colluvial”, and “clays” were included
in Cluster 2. Such categories are frequently linked to a high contribution of soil exchange
bases [38], as well as moderate to strong reliefs, which favor the development of erosive
and depositional processes. In limestone massifs, horizons such as Ochric, Mollic, Cambic,
and locally, Argillic, are closely linked to rocky outcrops in steeply sloping areas [21],
which are not suitable even for livestock land uses. Soils with Argillic horizons usually
have high cation exchange capacity as well as moisture retention; both properties may
be associated with high soil natural fertility; this fact would favor both agricultural and
livestock uses to a greater extent than categories in Cluster 1. However, clayey parent
materials, which are frequently associated with Argillic endopedons in the study area [21],
can lead to difficulties for tillage and crop rooting [39,40], favoring livestock uses over
strictly agricultural ones. These properties may explain the long distance observed between
“croplands” and “Argillic” in the MCA. The presence of a Cambic horizon, however, does
not generally pose specific limitations to tillage.

The categories of Cluster 3 are characteristic of surfaces of alluvial origin, of flat or
very gentle relief, dedicated mainly to agricultural uses, in which, however, there was no
clear proximity with categories of any diagnostic horizons except for the relative affinity
with the Mollic epipedon.

Clusters 1, 2, and 3 can be well defined from the point of view of the FAO’s Land
Suitability Classification [41]. Considering suitability for agricultural and livestock uses,
Cluster 3 represented the lands with the highest land suitability classes in the regional con-
text. Cluster 1, on the other hand, included the lands with the lowest classes of suitability:
null for agricultural uses, low or moderate for livestock uses, and feasible for forestry ones.
Cluster 2 represented an intermediate situation, with generally low agricultural suitabil-
ity and higher for livestock uses. In this sense, dimension 1 of the MCA discriminated
those categories associated with agricultural land covers (croplands) from those associated
with other uses. Dimension 2 could differentiate the categories mostly associated with
livestock uses, with frequently steep slopes and relatively fertile soils (cluster 2), from those
other areas also with high slopes but with acid soils and low or very low natural fertility
(cluster 1).

The results obtained in the multivariate analysis showed the importance of the cate-
gories associated with the relief-forming factor. This is coherent with the physiographic
characteristics of the territory of Asturias [21]. The slope variables “value” and “shape”
determined the soil cover since they are key factors for agricultural uses and the develop-
ment of erosive processes [37] This explains the high contribution of these two variables
to the observed variance. The geomorphological variables are conditioned by the parent
material, so it must be assumed that both variables act jointly to a large extent. The nature
of the parent material conditions the natural fertility of the soils, particularly in young soils
affected by erosion and deposition, and therefore, it conditions the land cover. It is worth
mentioning the relatively low importance of the climate, which can be explained locally by
the general abundance of rainfall and the moderated temperatures in the studied region.
In the study area, climate may be considered a determining factor of major differences in
soil development only at the highest altitudes (AL4 category), which may limit biological
activity, but even so, they are strongly conditioned in the study area by large existing reliefs.
Climate, relief, and lithology largely condition the soil cover, which explains why it appears
after the MCA as the factor with the lowest contribution to the variance.

In order to deepen the role of land cover as a soil-forming factor, the results of the mul-
tiple correspondence analysis were complemented with a bivariate dependency analysis
carried out between surface and subsurface diagnostic horizons and land cover categories.
The results indicated that the Ochric horizon was prevalent in soils under agricultural-
livestock uses: “croplands” “prairies”, and “pasturelands” (Table 3). This made them
significantly different from forest uses such as “pine plantations”, “shrublands”, and
“mixed pastureland-shrublands”. These results were largely consistent with the proximities
between categories observed in the MCA (Figure 2b). Ochric horizons are commonly asso-
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ciated with continued agricultural use that can degrade Mollic horizons towards Ochric
horizons due to net loss of organic matter and/or thickness (by erosion) [20]. In general,
the intense biological activity in humid and mild climates favors the rapid turn-over of
organic matter and the development of the Ochric epipedon [20]. Such climatic conditions
characterize the lowest coastal levels of Asturias [36]. Fanning and Fanning [11] indicated
the abundance of Ochric horizons in well-drained forest areas, as is the general case in the
territory studied. Additionally, some tasks associated with short-cycle Eucalyptus planta-
tions often involve the complete exposure to erosion of bare soil after felling [42], which
may be associated with the predominance of Ochric epipedons by the truncation of Mollic
or Umbric epipedons.

The analysis of the Umbric horizon and land covers (Table 3) indicates opposite be-
havior to that of the ochric horizon. Its frequency was significantly lower than expected
in the “crops” category. Bockheim [20] pointed out the presence of herbaceous vegeta-
tion, coniferous formations, and acidophilic mountain scrub as favorable factors for the
development of the Umbric horizon, which is consistent with what was observed in the
study area. Formations of various tree species (pine, Eucalyptus sps.) influence the different
acidification levels of the surface horizon [43]. In determining the humification conditions
in these soils, the role of frequent forest fires must also be taken into account [36]. The
characteristic acidity conditions of the umbric horizon and the scarce soil development
favor the association of these soils with uses that are less demanding in terms of natural
fertility; these are the cases of “pine plantations” or “shrublands”. In the Spanish Atlantic
area, cation leaching is intense in soils under Erica sps. and Calluna vulgaris [44]. Such
conditions favor the development of the Umbric epipedon [36]. Heathlands are in fact
a significant part of the “shrublands” category in the study area [36]. This is consistent
with the observed prevalence of Umbric horizons in “shrublands” and the high affinity of
both categories as shown in the MCA. However, when analyzing the differences regarding
humification between tree species, the results were not conclusive [45]. This is compatible
with the different behavior shown by the tree categories of “pine plantations”, “natural
woodlands”, and “Eucalyptus plantations”.

Mollic horizons are remarkably unspecific with respect to land cover categories. Mollic
horizons are worldwide associated with grasslands in continental temperate areas, char-
acterized by cold winters and humid-warm summers [46], with most of the plant growth
occurring in moist spring [47]. The region under study is outside the main manifestations
of this epipedon in the world [36]. The natural vegetation is commonly constituted by
deeply rooted perennial grasses and shrubs, which favor a high level of biological activ-
ity (bioturbation) in the warmer periods of the year [20], as well as the accumulation of
humified organic matter to a considerable depth [48].

In the study region, the presence of soil profiles with Mollic epipedon can be mostly
explained by the association of shrublands and pasturelands with shallow but relatively
fertile soils, developed on calcareous parent materials at different altitudes [21]. These
soils support extensive grazing despite the high rockiness and shallowness; hence, the
irregular shrubland-grass cover may differentiate this formation from “pasturelands” and
“shrublands”, which developed in more homogeneous soil units. This relative fertility
encourages livestock uses and restricts less productive forest uses (as “pine plantations”).

On the other hand, significant relationships were described between various land
cover categories and Argillic and Cambic subsurface horizons, as well as their absence
(Table 4). The results highlighted the prevalence of the Argillic horizon in the “prairies”
category. The low affinity of the Argillic endopedon with the “croplands” category is
consistent with the recent age of the alluvial sediments in which croplands mostly occur,
since this endopedon requires long periods for its development [49-51]. This low affinity
is extended to the relief categories of null or very gentle slopes (SL1), which characterize
alluvial sediments. The “Prairies” category is frequently associated with gentle to moderate
slopes, free drainage, and geomorphologically stable surfaces, where the development of
argillic horizons is often favored. At the same time, in the case of soils with argillic horizons
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and high base saturation (Alfisols [ST]), the high natural fertility and moisture retention
capacity allow for the most demanding livestock uses (prairies).

In the case of the Cambic horizon, its distribution in the “pasturelands” and “crop-
lands” categories (more than 40% of these profiles have Cambic) is significantly greater
than that in forest categories such as “shrublands”, “mixed pasturelands-shrublands”, and
“pine plantations”. The Cambic horizon is the most frequent of the endopedons in the
study area, which could suggest its low specificity with respect to the different vegetation
categories. Nevertheless, this subsurface horizon is prevalent over the “pastureland” and
“cropland” categories, where its frequency is significantly greater than in forest categories
such as “shrublands”, “mixed pasturelands-shrublands”, and “pine plantations”.

Two land-use categories showed significantly distinct behaviors regarding the absence
of any type of subsurface horizon (Table 4): on the one hand, “pine plantations”, in which
the absence of such horizons is prevalent; on the other, “prairies”. in which it is significantly
less frequent than expected. The absence of endopedons is, on the other hand, prevalent
in “mixed pasturelands-shrublands” which differentiates this category from others, also
for livestock use, such as “prairies” and “pasturelands”. This is consistent with generally
higher agricultural suitability (moderate available rooting depth) of soils with cambic
endopedon; in any case, to the best of our knowledge, the literature does not offer specific
relationships with land covers and Argillic and Cambic horizons; indirectly, however,
agricultural and forest erosion associated with tillage can favor the mixing of surface-
subsurface horizons [52] and even cause a complete solum truncation, particularly on steep
slopes. In the case of croplands, the relatively frequent absence of endopedons can be
explained by the strong association of these soils with recent alluvial deposits, in which no
development other than that of a generally Ochric epipedon has yet been possible.

Together with the Mollic epipedon, the Spodic epipedon lacked a significant contribu-
tion to any of the main dimensions of the MCA, so it has been discarded from the bivariate
analysis. In any case, the proximity of this endopedon to the characteristic categories of
Group 1 can be cited, in particular, to the categories of parent materials “quartzitic” and
“sandy”, land covers of “scrubland”, and landforms of “positions of high slope” (Table 4).
The proximity between all of them is consistent with the conditions for the formation of
Spodic endopedons in the temperate zone [36]. In particular, the “shrublands” category
is mostly acidophilic and frequently made up of heaths. In fact, podzol-type soils were
early defined as “moderately well-drained soils from cool regions developed under for-
est and/or heathland” [53], and they are favored by acidifying litter (heather and other
Ericaceae; conifers; or Eucalyptus sps.) [54] and mor-type humus [55]. Similarly, human
influence can accelerate the podsolization process by cultivating acidifying species [38].

Two categories of forest land cover, “Eucalyptus plantations” and “natural woodlands”,
are the ones that, to a lesser extent, show dependency relationships with subsurface
horizons. In general, the presence of natural woodlands in the study area is restricted to
soils that are excluded from agricultural use due to climate (high altitude) or steep slopes,
or due to their shallowness, high rockiness and/or stoniness, or their extreme acidity. On
the other hand, Eucalyptus plantations are limited to coastal areas (with milder winters),
where, due to similar edaphic limitations (shallowness, high rockiness or stoniness, acidity),
these soils are usually excluded from agricultural use [21]. It should be noted that these
soil properties are not directly expressed in the definition of subsurface diagnostic horizons
according to the Soil Taxonomy [19].

It can be considered that a precise definition of soil-land cover relationships is strongly
conditioned by the key influence of climate, relief, and lithology factors on the land cover
itself. The “soil-land cover” relationship can be reciprocal, in the sense that both can behave
as a “cause” and as an “effect” with respect to the other. The unique influence of plant
cover on the soil is mainly based on the contribution and biochemical evolution of fresh
organic matter. This influences soil morphological and physicochemical properties that
discriminate, among other horizons, Ochric, Umbric, or Mollic epipedons. On the other
hand, the influence of the “soil” in the “land cover” is based on the fact that the presence of



Soil Syst. 2023, 7, 31

14 of 17

certain horizons (always together with other environmental factors) determines the choice
of these soils for different types of agricultural or forestry uses. This refers especially to
subsurface horizons such as the Argillic or the Cambic. Their presence in soils generally
favors more demanding uses from an edaphic point of view, such as croplands or prairies,
since they tend to have higher natural fertility due to their relatively high cation exchange
and moisture retention capacities, among other parameters.

5. Conclusions

This work developed an approach for the application of Jenny’s equation to a real
scenario based on a statistical analysis of categorical variables. It was specifically oriented
to reveal and pedologically interpret objective relationships between diagnostic horizons,
as the “soil” product of the equation, and land covers, as the “organisms” factor. The
relationship between product and factor was attempted to be resolved by assuming the
function “f” of the equation in terms of statistical dependence.

The influence that climate, relief, and lithology exert on land cover, without this
variable reciprocally influencing them, can explain the limited role that land cover plays in
the multivariate analysis. The results of this analysis indicated, however, similar behaviors
between certain land cover categories and diagnostic horizons, which suggested the dual
role of land cover: as a “cause” of soil properties and as an “effect” of such properties. This
role was evaluated by means of bivariate analysis.

Land cover categories associated with farming use, such as “croplands”, “pasture-
lands”, and “prairies”, showed dependence relationships with Ochric epipedons. On
the other hand, categories associated with forest uses such as “pine plantations”, “mixed
pastures-shrublands”, and “shrublands” presented relationships with Umbric epipedons.
The pedological interpretation of such relationships allowed for considering the land cover
as a “cause” or determining factor of the presence of one or another type of surface di-
agnostic horizon. Other observed relationships can be interpreted based on the fact that
certain soil diagnostic horizons condition the land cover; in these cases, therefore, land
cover is assumed to be an “effect” of the “soil” variable. Thus, the presence of diagnostic
subsurface horizons such as Argillic or Cambic can be associated with the prevalence of
farming land uses. Specifically, this research verified the prevalence of Argillic horizons in
the “prairies” category, of Cambic horizons in “croplands” and “pasturelands”, and the
prevalence of soils without endopedon in forest land covers such as “pine plantations”,
“mixed pastures-shrublands”, and “shrublands”. The obtained relationships are mostly
consistent with the pedological literature and, to our knowledge, have not been previously
described by means of statistical tools.

This research demonstrates the potential utility of land cover, one of the environmental
elements whose spatial representation is more reliable and generalized, as an indicator of
the prevalence of different diagnostic horizons in a specific region. An accurate definition
of variables and categories, based on the information provided by the widely available
descriptions of soil profiles, allows for the adaptation of the methodology presented in
this work to other regions, thus contributing to the development of models oriented to the
challenging task of soil spatial representation.
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