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A B S T R A C T

A soil map (1:50,000 scale) was recently produced in Sardinia (Italy) using a cost-effective GIS approach. In this
study we aimed to verify, in two pilot areas and by means of statistical analysis, the effectiveness of the adopted
methodology in representing and predicting the spatial distribution of soil types and properties. We focused on
evaluation of 1) the influence of landforms and parent materials on soil types (WRB Reference Soil Groups) and
selected soil properties and 2) the suitability of the adopted methodology for calibrating a model to predict land
unit composition in terms of different soil types. Leptosols, Regosols and Cambisols were prevalent on slopes,
with Leptosols being more frequent on convex slopes and Regosols and Cambisols on concave slopes. In flat ar-
eas, soil types mainly depended on the type and age of parent material, with Regosols and Cambisols prevailing
on Holocene deposits and highly developed soils (mainly Luvisols) largely prevailing on Pleistocene deposits.
On hard rock, Leptosols were very frequent on terrigenous metamorphic rock and frequent on granite. Besides
Leptosols, Regosols occurred more frequently than Cambisols on both parent materials. Landforms strongly influ-
enced soil depth and available water capacity. Soils on plains were deeper than those on slopes, where convex
forms had shallower soils than concave forms. A similar trend applied to the available water capacity. The parent
material had a significant effect on topsoil properties (thickness, texture, pH and organic carbon content) of soils
belonging to the same WRB Reference Soil Group (analysis done on the most relevant WRB Reference Soil Groups,
i.e. Leptosols, Regosols and Cambisols). We calibrated and tested stepwise multiple linear regressions (MLR) and
general linear models (GLM) to predict the composition of map units in terms of different WRB Reference Soil
Groups. The two models gave very similar results, with distinct distribution patterns that were coherent with the
relationships observed between soil groups and specific combination of terrain attributes and parent materials.
Results showed that both models were more reliable in predicting the absence rather than presence of a given
soil type.

1. Introduction

There is an increasing demand for soil information, since the knowl-
edge and understanding of soil and how it is distributed across the land-
scape is considered essential for its effective use, management and con-
servation (Grealish et al., 2015). Consequently, soil information is
also essential to help decision makers in land planning and in drafting
environmental management policy (van Delden et al., 2011; Brun-
gard et al., 2015), and may even be required by law (Vacca et al.,
2014).

Soil information can be provided by soil maps, which are graphic
representations for transmitting information about the spatial distribu-
tion of soil attributes (Yaalon, 1989). In general terms, soil maps can
be produced in a conventional or in a digital way. Conceptually, con-
ventional soil maps and digital soil maps (DSM) are very similar (Kem-
pen et al., 2012), since both approaches use a soil-landscape model
to predict soil at unobserved locations (Hudson, 1992). The main dif-
ference is that in conventional soil maps the soil-landscape model is
a qualitative model based on soil surveyors’ expert knowledge, while

in DSM the soil-landscape model is quantitative. Comprehensive
overviews of DSM were provided by McBratney et al. (2003), Grun-
wald (2006), Minasny and McBratney (2016), and Arrouays et
al. (2020). Among the first conceptualizations of DSM, McBratney
et al. (2003) formalized the so-called scorpan model as “empirical
quantitative descriptions of relationships between soil and other spa-
tially referenced factors with a view to using these as soil spatial pre-
diction functions”. The possibility of producing DSM strongly depends
on the availability of ancillary data (Zeraatpisheh et al., 2017), in-
cluding existing soil data (e.g. polygon-based soil maps and soil pro-
file databases), which can serve as both training and validation datasets
(Zhang et al., 2017). Consequently, in areas with limited existing soil
data, producing an accurate DSM can be challenging (Stoorvogel et
al., 2009), so this method has rarely been used for routine produc-
tion mapping or addressing land management questions (Grealish et
al., 2015). In these areas, pragmatic and easy-to-apply relationships
for predicting soil properties under different environmental conditions,
and assist in soil data collection, are needed to provide answers for
the current issues that require a fast delivery of information (Gray et
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al., 2009; Grealish et al., 2015). Several different statistical ap-
proaches have been tested to generate quantitative predictions of cat-
egorical soil variables from limited samples with the general aim of
producing soil maps for unsampled or sparsely sampled areas at differ-
ent scales, from national to sub-regional (Minasny and McBratney,
2016). Grunwald (2009) provided a multi-criteria characterization of
digital soil mapping and modelling approaches, classifying DSM tech-
niques in three wide categories based upon predictor variables and mod-
elling approaches, which can then integrate data driven statistical ap-
proaches with pedotransfer functions and dynamic mechanistic model-
ling of soil properties.

In Sardinia (Italy), the use of soil information and maps in land use
planning is specifically required by law (RAS, 2006, 2008). Because
the scale of the three available soil maps covering the island (Arangino
et al., 1986; Aru et al., 1990; Madrau et al., 2006) was con-
sidered not adequate for local land planning strategies, a new project
was recently initiated for the production of a new soil map, at a scale
of 1:50,000. The general structure of the project and the methodology
used were described in Vacca et al. (2014). The existing soil dataset
(point data and maps) was considered insufficient and inappropriate to
produce a DSM without resorting to the support of ancillary variables.
Adopting a cost-effective approach, existing digital environmental data,
along with soil data, were therefore used to delineate homogeneous spa-
tial areas in terms of soil, geological substrate, landform, and land cover
in a GIS environment.

This paper aimed to verify, in two of the pilot areas and by means of
statistical analysis, the effectiveness of the adopted methodology (Vacca
et al., 2014) in representing and predicting the spatial distribution of
soil types and soil properties. This is considered crucial, as it affects the
reproducibility of the model. There appears to be a need for clarifica-
tion of the quantitative relationships between soil properties and envi-
ronmental covariates in order to reduce the uncertainty of the model
and allow better prediction.

The specific objectives of this paper were to (1) evaluate the influ-
ence of landforms and parent material on soil types; (2) evaluate their
influence on soil properties; and (3) evaluate if the adopted methodol-
ogy is suitable for calibrating a model to predict land units composition
in terms of principal soil types.

2. Materials and methods

2.1. Study area

This study was conducted in two pilot areas of Pula and Muravera,
located in southern Sardinia (Italy), as shown in Fig. 1. The two ar-
eas have similar geology, topography, climate and land use. There are
two distinct physiographic regions within each area: a hilly part and a
coastal plain. Geology of the hilly sectors consists mainly of Paleozoic
metamorphic rocks, which were deformed and affected by low-grade
metamorphism during the Hercynian orogenesis, and granitoids of the
Carboniferous (RAS, 2010). Quaternary slope deposits are also pre-
sent. In a small sector of the eastern study area, the Paleozoic rocks
are unconformably overlain by Eocene sediments made up of conglom-
erate and sandstone that pass to marlstone. In the western study area,
there are extensive outcrops of Oligo-Miocene andesite. Geology of the
coastal plains mainly consists of Quaternary fluvial and alluvial deposits.
In the hilly sector, the reliefs are characterized by deep valleys with
steep slopes that were cut by the main rivers and streams. These features
were mainly driven by the Plio-Pleistocene tectonic evolution, which
was responsible for the uplift of the areas and the present dissected mor-
phology (Carmignani et al., 2001; Barca et al., 2009). The valleys
follow these lineaments, the axis of schistosity, and tectonic contacts.
On the coastal plains, depositional glacis, alluvial fans and fluvial ter-
races are the main depositional landforms. Surface slope dynamics (ero-
sion/deposition) are the main geomorphic processes in the hilly sectors.
Streams are characterized by a torrential regime, with alternating peri-
ods of drought, or minimum flow, and floods.

The study areas have a warm temperate Mediterranean climate
(Mediterranean-subcontinental, sensu Finke et al., 2001). The pedocli-
mate is characterized by a thermic soil temperature regime associated
with a xeric soil moisture regime (sensu Soil Survey Staff, 2014).

The Mediterranean maquis, in its different stages of development/
degradation, and holm oak (Quercus ilex) and cork oak (Quercus suber)
woods are the most widespread land cover in the hilly sectors. Land use
in these areas is mainly related to recreation, but there is extensive pas-
turing of goats and pigs and coppicing for firewood production. On the
plains, the main land use is agriculture but, as a result of land abandon-
ment, there are also significant areas of natural vegetation.

Fig. 1. Study areas. Left, Pula pilot area; right, Muravera pilot area.
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2.2. GIS based soil mapping

A full description of the methodology used to produce a new soil
map, at a scale of 1:50,000, to support land use planning in Sardinia was
given in Vacca et al. (2014). The map was produced using a GIS-based
approach and applying the soil-landscape paradigm (Hudson, 1992).
The available digital data on soil-forming factors (land cover, geology
and topography) were processed and classified according to their influ-
ence on weathering and soil properties, to allow prediction of the soil
types and their spatial distribution or prediction of their properties. The
methods used in the interpretation were based on consolidated and gen-
eralized knowledge about the influence of geology, topography and land
cover on soil properties. Validated and standardized existing soil data
were input into a database specifically created for the project, which in-
cluded soil properties and soil classification according to the World Ref-
erence Base (IUSS Working Group WRB, 2015). Using expert inter-
pretation and applying GIS functions, all digital data were merged to
produce a first draft map, which was implemented with the existing soil
data and new soil data collected during a field survey. The survey den-
sity unit was of 1 observation per 50 ha, with at least 5% of the obser-
vations being soil profiles. Following soil data implementation and field
validation, the final map was produced.

In this study we used two of the scorpan factors (McBratney et al.,
2003), i.e. relief and parent material, to derive spatial soil prediction
functions in terms of occurrence of WRB RSGs.

For the landform classification, a DEM, year 2011, distributed in
ESRI GRID format, with 10-m pixel pitch and a vertical and horizon-
tal accuracy of 2.5 m was used. Landform was classified on the basis of
slope and curvature (sensu Zevenbergen and Thorne, 1987). These
two parameters can indicate, particularly the curvature, whether a cell
is prone to accumulate water (Shary et al., 2002; MacMilland and
Shary, 2009) and, consequently, can delineate the areas with poten-
tial sediment accumulation and soil development and those prone to
soil erosion. Four classes of slope were used, namely >35%, 15–35%,
2.5–15%, and <2.5%, based on the regional soil distribution model
(Arangino et al., 1986; Aru et al., 1990; Madrau et al., 2006;
Marrone et al., 2008). A description of the GIS based landform units
(LFU) is given in Table 1.

Using the 1:25,000 scale geological map of Sardinia (http://www.
sardegnageoportale.it/webgis2/sardegnamappe/
?map=mappetematiche), a map of parent material with 58 new units
was derived according to their influence on weathering processes and
soil properties. Lithology was the main criteria used for the grouping,
but genetic character, texture, structure, composition and age were
also used (Birkeland, 1999; Brady and Weil, 2008; Sierra et al.,
2009; Buol et al., 2011). Following the soil data implementation
and field validation, a final map with 48 soil mapping units was pro-
duced. Of these, 26 were present in the two pilot areas of this pa-
per.

2.3. Soil data: landforms, parent material and soil types

The dataset from the two pilot areas consisted of a total of 1461
georeferenced observations (minipits 75%, boreholes 7%, soil profiles
10%, roadcuts and other exposures 8%), 782 from the Pula pilot area
and 679 from the Muravera pilot area (Fig. 1). A table reporting the
occurrence of the observations in the different landform units for each
area is provided in the supplementary material. The following data
were available: site description (all observations), morphological de-
scription (soil profiles, minipits and boreholes) and a set of laboratory
data for soil profiles, including sand, silt and clay fractions, pH, organic
carbon content, and water content at field capacity (−33 kPa) and at
wilting point (−1500 kPa). Moreover, field estimated texture and an es

Table 1
The seven landform units used to compile the landform map.

Curvature Slope
Landform
unit Description

Concave >35% −3 Concave areas with slope >35%.
Depending on lithology, this includes
concave areas on mountain slopes and
upper parts of hillslopes.

Concave 15–35% −2 Concave areas with slope from 15 to 35%.
Depending on lithology, this includes
concave areas on mountain middle slopes,
hillslopes and upper parts of fans.

Concave 2.5–15% −1 Concave areas with slope from 2.5 to 15%.
Depending on lithology, this includes
concave areas on lower parts of hillslopes,
floodplains, fans and erosional surfaces.

<2.5% 0 Concave and convex areas with slope
<2.5%. Depending on lithology, this
includes alluvial plains, terraced surfaces,
planation surfaces, morphostructural
features, erosional and sedimentation
plains.

Convex 2.5–15% 1 Convex areas with slope from 2.5 to 15%.
Depending on lithology, this includes
convex areas on ridges, fans, erosional and
sedimentation surfaces located between
hillslopes and plains.

Convex 15–35% 2 Convex areas with slope from 15 to 35%.
Depending on lithology, this includes
convex areas on upper parts of ridges,
upper parts of fans, morphostructural
features.

Convex >35% 3 Convex areas with slope >35%. Depending
on lithology, this includes convex areas on
mountain ridges and edges of
morphostructural features.

timate of available water capacity calculated by pedotransfer functions
(Saxton et al., 1986) were available for each soil horizon of the minip-
its. To study the relationships between parent material and soil proper-
ties of functional relevance for the most widespread soil types, the fol-
lowing available data for the topsoil horizon were used: thickness (cm,
N = 1396), sand, silt and clay fractions (%, N = 532), pH (-, N = 512)
and organic carbon content (%, N = 315).

Based on the main lithological characteristics, the 26 parent materi-
als originally recognized in the two pilot areas were grouped in the fol-
lowing twelve groups (the abbreviations are given in brackets): terrige-
nous metamorphic rock (M); limestone and marble (K); marl, clay, and
lacustrine deposits (F); acidic vulcanite (P); basic vulcanite (A); granite
(Y); sandstone (D); colluvium deposits (DC); slope deposits (DV), which
were then classified according to age in Holocene slope deposits (DVO),
and Pleistocene slope deposits (DVP); Pleistocene deposits (DP); alluvial
deposits (AL).

The numerical consistence of the dataset in terms of parent material
is summarized in Table 2.

According to WRB (IUSS Working Group WRB, 2015) soils were
mainly classified as Regosols, Leptosols, and Cambisols (N = 406, 315
and 240 respectively, 75% of observations). Well developed soils (Luvi-
sols, Alisols and Lixisols) represented 13% of observations, with most be-
ing classified as Luvisols (N = 148). Other Reference Soil Groups (RSG)
were sporadic or linked to specific parent materials and landforms: Flu-
visols (3% of observations) were present on alluvial deposits of the main
rivers; Phaeozems (4.1% of observations) and Umbrisols (2.5% of ob-
servations) occurred on >15% slopes, where dominant land cover was
forest and/or pasture. For 185 observations a classification was not pro-
vided. A table reporting the occurrence of the different RSGs is provided
in the supplementary material.
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Table 2
Number of observations for the different parent materials in the two pilot areas.

Parent material Label
Number of
observations %

Basic vulcanite A 18 1.2
Alluvial deposits (Holocene) AL 318 21.8
Sandstone D 27 1.8
Colluvial deposits DC 52 3.6
Pleistocene deposits DP 116 7.9
Slope deposits (Holocene and
Pleistocene)

DV 210 14.4

Holocene DVO 155
Pleistocene DVP 55
Marl, clay, lacustrine deposits F 36 2.5
Limestone, marble K 20 1.4
Terrigenous metamorphic rock M 252 17.3
Acid vulcanite P 2 0.1
Granite Y 410 28.0
Total 1461

2.4. Statistical analysis

We used statistical significance tests (Tukey Kramer HSD for unequal
sample size) to highlight whether and to what extent landforms and par-
ent material affect soil properties, and to evaluate differences among soil
types in terms of their properties, and their occurrence in the observed
combinations of landforms and parent material. With the aim of assess-
ing whether available data could support predictive soil mapping, step-
wise multiple linear regressions (MLR) and general linear models (GLM,
Nelder and Wedderburn, 1972) were calibrated to assess the occur-
rence of soil groups as a function of parent material and landform. In
the case of MLR, we dummy-coded the parent material classes and the
landform units’ classes. The GLM, the popularity of which is increasing
in digital soil mapping applications due to its flexibility (Lane, 2002;
Evans and Hartemink, 2014; Mosleh et al., 2016), is a linear pre-
dictor that relates the mean of the response variable to a linear combi-
nation of the explanatory variables (Edward et al., 2012). The GLM is
a generalization of the linear regression model, as effects can be tested
for categorical predictor variables, as well as for continuous predictor
variables. Furthermore, designs can have a single or multiple dependent
variables. The relationship between response and predictors is not lin-
ear, and a link function provides a transformation of the response so that
the transformed response is linearly related to the predictors. A GLM
with binomial data, such as the presence/absence of a given soil order
(or other taxon), is called logistic regression. In this case, the link func-
tion is a logit function, which is the log of the odds ratio (probability of
presence/probability of absence).

Root mean square error (RMSE) and mean error (ME) were con-
sidered to assess the performance of the models. The statistical analy-
ses were performed using the Statistica 64 v.12 software (StatSoft Inc.,
2013).

3. Results and discussion

3.1. Relationships between morphometric parameters and parent material

Considering only the most common parent materials among those
described in Table 2 (AL, DP, DC, DV, M, Y; 1358 observations),
some relationships with morphometric parameters were found (Fig.
2). Metamorphic rocks, M, were significantly (p < 0.05) associated to
>15% sloping convex slopes (35% on landform unit 3, 28% on land-
form unit 2). The same trend was observed on granite even if a rel-
atively higher (and not statistically significant) percentage of observa

tions fell in areas with slope gradient between 15 and 35%. These rela-
tionships were coherent with the tectonic history of the area (Plio-Pleis-
tocene uplift and subsequent valley formation due to cutting by the main
rivers and streams) and with the stronger resistance to weathering and
erosion of metamorphic rock relative to granite. The higher percentage
of granite in the 1, 0, and −1 landform units reflected the presence of
erosional glacis between the hilly and plain sectors. These landforms
were not found on metamorphic rock.

Most of observations on slope deposits, DV, were on >15% sloping
concave areas (48% on landform unit −3 and 22% on landform unit −2),
while colluvial deposits, DC, were associated with generally gently slop-
ing (<15%) areas. Holocene alluvial deposits, AL, were in more than
80% of observed cases in flat areas (<2.5%). All these results were co-
herent with the well-known relationships existing between topography
and sediments (Huggett and Cheesman, 2002). Pleistocene deposits,
DP, were associated with flat to gently sloping areas. Some DP can also
be found in sloping areas associated with convex morphologies. These
relationships were consistent with the fact that large parts of DP were
present in the form of depositional glacis.

3.2. The influence of landform and parent material on soil types

To assess the influence of landform and parent material on the dis-
tribution of WRB RSGs (IUSS Working Group WRB, 2015) only the
most commonly found parent materials and soil groups were considered
(N = 1175). The slope deposits were distinguished between Holocene,
DVO, and Pleistocene, DVP, and the more developed soils, Luvisols, Al-
isols and Lixisols, were considered as a group (AliLuvLix); other sporadic
RSGs were not considered.

As regards the distribution of soil types on slopes (Fig. 3a), Leptosols
were much more frequent on convex (N = 223) than on concave slopes
(N = 90). On the contrary, the frequency of Regosols and Cambisols
was higher on concave slopes (206 vs 156 observations for Regosols and
118 vs 78 observations for Cambisols). Consequently, there was a clear
indication that shallower soils (Leptosols) were more frequent in areas
with a predominant erosional character (convex slopes), while deeper
soils (Regosols and Cambisols) were more frequent in areas where depo-
sitional processes predominate (concave slopes), similarly to what found
by Catani et al. (2010). As expected, Fluvisols were mostly present in
flat areas (N = 29), together with Regosols, Cambisols and highly de-
veloped soils (Luvisols, Alisols and Lixisols). The preferential distribu-
tion of these highly developed soils on landforms with slopes not greater
than 15% (N = 120) reflected their more usual development on stable
landform positions (Scarciglia et al., 2011). Arenosols, being mainly
formed on Holocene alluvial deposits, AL, and on colluvial deposits, DC,
(Fig. 3b), were mainly found in flat areas (N = 10). As regards Um-
brisols and Phaeozems, their absence or lower presence, respectively, in
flat areas was due to intensive agricultural activity and the consequent
reduction of organic carbon content in soils of these areas.

The relationships between WRB RSGs and parent material are shown
in Fig. 3b. On Holocene alluvial deposits, AL, only 41% of the 318
observations were classified; of these 28% (N = 38) were Fluvisols,
and 39% Regosols (N = 54). The other observations were mostly Cam-
bisols (N = 37). On colluvial deposits, DC, the observed soils (N = 51)
were classified in 70% of cases as Regosols and Cambisols (35% each).
Phaeozems represented 20% of observations (N = 10). On Pleistocene
deposits, DP, 95% of observations (N = 109) were of highly devel-
oped soils, mainly Luvisols (N = 91), Alisols (N = 16) and Lixisols
(N = 2). These soils were occasionally associated to Cambisols (N = 4)
and, more rarely, to Regosols, in more eroded sites, and to Phaeozems,
in areas with denser natural vegetation cover. The soils observed on
Holocene slope deposits, DVO (N = 156), were mainly Cambisols and
Regosols. Umbrisols were sporadic (N = 18) associated
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Fig. 2. Relationships between landform units and main parent materials: AL, Alluvial deposits (Holocene); DP, Pleistocene deposits; DC, Colluvial deposits; DV, Slope deposits; M, Terrige-
nous metamorphic rocks; Y, Granites. For landform unit’s description see Table 1.

Fig. 3. Relationships between WRB RSGs and landform units (a) and parent materials (b). For landform unit’s description see Table 1. AL, Alluvial deposits (Holocene); DP, Pleistocene
deposits; DC, Colluvial deposits; DV, Slope deposits; M, Terrigenous metamorphic rocks; Y, Granites.
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to forests and uncropped areas. On Pleistocene slope deposits, DVP, 96%
of observations (N = 52) were classified as Luvisols. On terrigenous
metamorphic rocks, M, the observed soils (N = 253) were Leptosols in
58% of cases (N = 146). They were significantly (p < 0.05) more com-
mon on convex slopes with >15% slope. Regosols (20% of observa-
tions) were more common on concave slopes with slope between 15%
and 35%. About 10–20% Cambisols occurred in all landform units, with
a relatively higher occurrence on unit 2.

The distribution of soils on granite parent material, Y, was dom-
inated by Regosols (47%, N = 191) and Leptosols (33%, N = 137).
It is interesting to note that the relative proportions of Leptosols and
Regosols were significantly inverted (p < 0.05) as compared to soils de-
veloped on M. As for landform units, no significant difference was ob-
served in soil type distribution on different morphologies, even if Lep-
tosols were more frequent on convex slopes.

Two groups of most common parent materials were recognized in
the area: sediments (AL, DC, DP, DVO and DVP) and hard rocks (M and
Y). On sediments, Leptosols were very rare and limited to areas where
the sedimentary cover, over hard rock, is very shallow, or where the
volume of fine earth was <20% (soils where rock fragments were dom-
inant). On the contrary, Leptosols were very frequent on M and fre-
quent on Y, which are both hard rocks. As most of M in the area was
represented by siliceous meta-sandstones, which are very resistant to
weathering (Brady and Weil, 2008), Leptosols were more frequent
on this parent material than on Y, where mineralogy and crystal grain
size favored deeper weathering (Graham et al., 1997; Mareschal et
al., 2015). Nevertheless, on both hard rocks, soil development was
generally very weak: besides Leptosols, Regosols and Cambisols can be
found, with a prevalence of the former. The apparent inconsistency of
the degree of soil development with the old age of the substrates (both
M and Y are Paleozoic), clearly highlighted a strong rejuvenation of

the weathering front by morphodynamic processes, as M and Y were
mainly associated to steeper slopes. The distribution of Phaeozems and
Umbrisols was related to areas with denser natural vegetation cover. On
sediments, the distribution of major WRB RSGs was related to the time
factor (age of parent material). On Holocene deposits (AL, DC and DVO),
very weakly developed soils (Regosols) and soils with at least an in-
cipient subsurface soil formation (Cambisols) prevailed, while on Pleis-
tocene deposits (DP and DVP) highly developed soils (mainly Luvisols)
were more common. This is in agreement with the results of Carboni et
al. (2006) and Scarciglia et al. (2011), who reported, for other areas
of Sardinia, clay translocation and a high degree of weathering in soils
formed on Pleistocene detrital deposits and their absence in soils formed
on Holocene detrital deposits.

Fig. 4 shows the occurrence, on the different landform units, of Lep-
tosols (presence of continuous hard rock within 25 cm from the soil sur-
face) and soils with the following qualifiers: i) Lithic (continuous hard
rock within 10 cm from the soil surface, only used for Leptosols), ii) Lep-
tic (continuous hard rock within 25–100 cm from the soil surface), iii)
Epileptic (continuous hard rock within 25–50 cm from the soil surface),
and iv) Endoleptic (continuous hard rock within 50–100 cm from the
soil surface). Soil profiles having a continuous rock layer within 50 cm
from the surface (Epileptic) characterized concave surfaces with slope
>5%, and represented 50% of the described profiles. The occurrence
of Epileptic soil profiles decreased slightly with increasing slope, with a
39% frequency on slopes >35%. On convex surfaces with slopes >35%
more than 50% of the profiles had a continuous rock layer within 25 cm,
and the occurrence was >40% in the remaining two slope classes. The
corresponding occurrences on concave surfaces were always below 30%,
and decreased with increasing slope. These results confirmed, as already
noted, the clear influence of slope curvature on soil depth and, conse-
quently, on soil type.

Fig. 4. Occurrence of Leptosols and soils with Lithic, Leptic, Epileptic and Endoleptic qualifiers on the different landform units. For landform unit’s description see Table 1.
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3.3. The influence of landforms on selected soil properties of functional
relevance

We analyzed the influence of landforms on soil thickness and avail-
able water capacity (AWC), since both properties have a strong im-
pact on functional aspects (e.g. biomass production and water storage,
Fig. 5). In the study areas, soils were generally shallow to moderately
deep (avg. depth 54 ± 1 cm) depending on landform and parent mate-
rial and the main land uses. Soils on convex forms with slopes >15%
were significantly (p < 0.05) shallower (avg. depth 38 ± 2 cm) than
soils on other landform units. Accordingly, they had a lower AWC (about
30 mm), which significantly differed from that of soils on flat or gen-
tly sloping surfaces (about 60 mm on average). Soils on concave slopes
were generally significantly deeper than those on convex ones with the
same gradients, but the differences in AWC were not statistically signif-
icant (about 40 mm) as compared to all the other landform units, ex-
cept that of soils on the plains (average AWC 71.5 ± 2.5 mm). These
were significantly deeper (avg. depth 68.1 ± 2.3 cm) as compared to all
the other landform units and had higher AWC that did not differ sig-
nificantly from those on gently rolling areas (mean of about 58 mm for
landform units 1 and −1).

These results confirmed the expected trend: soils on plains, where
more deposition of material can take place, were deeper than soils on
slopes, where soil development was counterbalanced by soil erosion
(Scarpone et al., 2016). It was also confirmed that convex forms had
a predominantly erosional character, and therefore had shallower soils
than concave forms, which were associated with depositional processes
and, consequently, deeper soils (Catani et al., 2010). A similar trend
applied to AWC, which strongly depended on soil depth.

3.4. Relationships between parent material and soil properties of functional
relevance for principal WRB RSGs

Considering only the most relevant WRB RSGs, namely Regosols
(N = 382), Leptosols (N = 299) and Cambisols (N = 237), we ana-
lyzed four properties of functional relevance in the topsoil horizon, i.e.
thickness, texture, pH and organic carbon content, in terms of parent
material. A table summarizing the descriptive statistics for the soil prop-
erties of each RSG is available in the supplementary materials; since
not all soil profiles had analytical data available, the descriptive statis-
tics refer to datasets that were smaller than those presented in Table 2.

As for Regosols, the dataset composition was rather imbalanced, with
only four types of parent material adequately represented (AL, DVO,
M and Y). The thickness of the topsoil horizon (avg. 22.9 ± 1.7 cm)
was significantly greater for the soils developed on alluvial deposits
(AL, avg. 34.4 ± 6.5 cm) than for those formed on terrigenous meta-
morphic rock (M, avg. 23.7 ± 4.1 cm) or on granitic rock (Y, avg.
17.2 ± 1.7 cm). Moreover, it was also significantly thicker on Holocene
slope deposits (DVO, avg. 27.2 ± 5.6 cm) than on terrigenous meta-
morphic rock. Regosols’ topsoil sand content (avg. 67.2 ± 2.9%) was
significantly lower on metamorphic rock (M, avg. 50.9 ± 7.4%) with
respect to sandstone (D, avg. 75.7 ± 4.7%), Holocene slope deposits
(DVO, avg. 65.6 ± 9.1%), granitic rock (Y, avg. 71.3 ± 9.1%) and al-
luvial deposits (AL, avg. 70.0 ± 8.4%). Instead, topsoil clay content
(avg. 10.8 ± 1.5%) was significantly higher on metamorphic rock (M,
avg. 15.3 ± 3.3%) than on granite (Y, avg. 7.9 ± 1.4%). The same
was observed for silt content (avg. 22.1 ± 2.2%), being significantly
lower on granite (Y, avg. 20.8 ± 2.2%) and alluvial deposits (AL, avg.
16.8 ± 5.9%) than on metamorphic rock (M, avg. 33.7 ± 6.8%). The
same trend was observed in terms of organic carbon content (avg.
2.56 ± 0.6%), with topsoil content being again significantly higher
on metamorphic

Fig. 5. Average soil depth and AWC for landform units (vertical bars: standard errors). For landform unit’s description see Table 1.
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rock (M, avg. 2.92 ± 0.9%) than on granite (Y, avg. 1.89 ± 0.4%) and
alluvial deposits (AL, avg. 1.24 ± 0.6%). pH values (avg. 6.64 ± 0.17)
were significantly lower on sandstone (D, avg. 6.00 ± 0.44). As ex-
pected, higher pH values were related to basic vulcanite (A, 8.40), lime-
stone and marble (K, avg. 7.40 ± 0.99), but the very low number of
data on these parent materials (N = 3) did not allow any statistical com-
parison with data from the others.

Leptosols were numerically relevant only on two types of parent ma-
terial, i.e. M and Y; topsoil thickness (avg. 14.8 ± 1.7 cm) and organic
carbon content (avg 2.88 ± 0.46%) did not differ significantly between
the two. However, all three textures were significantly different, with
topsoils on granite having a higher sand content (Y, avg. 67.1 ± 2.7%)
than those on metamorphic rock (M, avg. 51.8 ± 3.3%), and lower
silt (24.1 ± 3.4% vs. 34.2 ± 3.4%) and clay contents (5.8 ± 6.2% vs.
14.0 ± 3.4%). As regards pH values, there were no significant differ-
ences between topsoils formed on the two above parent materials (M
and Y), with pH values on Y (avg. 6.39 ± 0.19) slightly lower than those
on M (avg. 6.65 ± 0.20).

The dataset for Cambisols was numerically more balanced among
parent materials. The topsoil horizon was significantly thicker in soils
developed on alluvial deposits (AL, avg. 28.7 ± 4.3 cm) than on meta-
morphic rock (M, avg. 18.4 ± 3.7 cm), Holocene slope deposits (DVO,
avg. 17.3 ± 3.1 cm), limestone and marble (K, avg. 15.6 ± 5.5 cm),
acid vulcanite (P, avg. 13.8 ± 3.7) and granite (Y, avg. 11.9 ± 1.6 cm).
For soil texture, we observed the same trend as that for Leptosols: all
three textures were significantly different, with topsoil horizons on gran-
ite having a higher sand content (Y, avg. 69.0 ± 3.7%, N = 20) than
those on metamorphic rock (M, avg. 46.4 ± 3.1%, N = 12), and lower
silt (23.1 ± 3.5% vs. 38.1 ± 3.9%) and clay contents (7.9 ± 1.5% vs.
15.5 ± 1.8%). The two substrates also differed significantly in terms
of organic carbon content, which was higher in soils developed on
metamorphic rock (M, avg. 4.09 ± 1.1%) than on alluvial deposits
(AL, avg. 1.51 ± 0.3%). As for pH, soils developed on granite (Y, avg.
6.61 ± 0.20) and on Holocene slope deposits (DVO, avg. 6.28 ± 0.28)
were significantly more acid than those on alluvial deposits (AL, avg.
7.53 ± 0.36).

These results confirmed that, within the same WRB RSG, parent ma-
terial had a significant effect on topsoil properties (thickness, texture,
pH and organic carbon content) that have a strong impact on func-
tional aspects (e.g. physical-hydrological properties and organic carbon
stock). As expected, the topsoil horizon thickness was always signifi-
cantly greater for soils developed on sediments with respect to those
developed on hard rocks. The significantly higher clay and silt content
and lower sand content in the topsoil horizons developed on M with re-
spect to those on Y may be due to two reasons: i) although most of M in
the area was represented by siliceous meta-sandstone, minor outcrops of
meta-siltite, meta-pelite and phyllite were also present, and ii) coarser
grain size of Y (Mareschal et al., 2015). As regards the organic car-
bon content, interpretation of results was limited by the important role
of other soil forming factors, especially vegetation cover and land use,
on this property. In general, lower organic carbon contents characterize
parent material whose soils, for their depth and topographic position,
are or were used for intensive agriculture (e.g. AL and DC). Detected pH
changes agree with previous knowledge on the influence of parent ma-
terial on this soil property (Reuter et al., 2008; Fabian et al., 2014).

3.5. Predicting soil groups occurrence in landform units

With the aim of providing a statistical model of the relationship
among environmental variables, we calibrated stepwise multiple linear
regressions (MLR) and general linear models (GLM). The aim of this
analysis was to investigate the possibility of estimating the occurrence
of the major WRB RSGs as a function of parent material and land

form units. This would allow the soil mapping units to be associated to
an estimate of their composition in terms of frequency of different soil
types.

In the case of MLR, prior to calibration the data (N = 1263) were
dummy-coded: as each category of landform unit and parent material
was coded (0, 1) to indicate the presence or absence of the variable, this
resulted in a set of 19 dummy variables (Table 3). Along with mean
values, Table 3 reports the correlation coefficients between WRB RSGs
occurrence, landform units and parent material.

The multiple regression coefficients obtained using a forward step-
wise procedure are presented in a table provided in the supplementary
material, while Table 4 summarizes regression statistics.

We calibrated GLM using both landform units (7 classes) and par-
ent material (12 classes) as categorical predictors; the design had eight
dependent variables. Table 4 gives the GLM statistics, while the sup-
plementary materials contain a table with the GLM coefficients. The
two approaches provided very similar results, and in terms of error sta-
tistics it was not possible to observe significant differences in any WRB
RSG, as GLM resulted in an RMSE reduction of between 0.3 (AliLu-
vLix) and 0.01% (Fluvisols). In both approaches, predictions in terms
of root mean square error (RMSE) were more accurate for those WRB
RSGs occurring mostly on specific landform or parent material units,
or on certain combinations of the two. This was the case, for exam-
ple, for Arenosols (RMSE = 0.097), Fluvisols (RMSE = 0.147) and the
Alisols-Luvisols-Lixisols group (RMSE = 0.102). The opposite was ob-
served for those WRB RSGs which are likely to occur on different parent
materials and in different landform units, e.g. Leptosols (RMSE = 0.37),
Cambisols (RMSE = 0.37) and Regosols (RMSE = 0.44).

In order to assess the prediction capacity of the training models, we
tested them in a sub-area (106.6 km2) of the Pula pilot area (Fig. 6)
characterized by a high degree of soil variability, in terms of both land-
form units and parent material, with a total of 62 soil mapping units
given by the combination of parent material and landform units. Fig.
6 shows the distribution of landform units and parent material in the
sub-area. There were 168 classified soil observations representing 27
mapping units for a total of 92.2 km2 (86.5% of the area); these were
the basis for calculating the observed occurrence of the different WRB
RSGs in each of the mapping units. Table 5 summarizes the error sta-
tistics for each mapping unit in terms of RMSE, and mean absolute error
(MAE).

Models showed MAEs between 2.2 and 21.3%, and RMSEs between
4.2 and 34.9%. Absolute average differences were 0.4 and 0.2% for
RMSE and MAE, respectively. The two approaches provided very simi-
lar results in all mapping units with the exception of two small ones on
limestone and marble in convex areas with slope >35%, where misclas-
sification errors were higher for GLM (RMSE 33.0%, MAE 18.7%) than
for MLR predictions (RMSE 19.1%, MAE 11.3%). The opposite was ob-
served in concave areas on the same parent material, but the differences
in misclassification with the two methods were 5.1% in terms of MAE
and 3.5% in terms of RMSE.

In terms of WRB RSGs, observations in the sub-area had the fol-
lowing distribution: Leptosols 30.6%, Ali-Luvi-Lixisols 19.7%, Cambisols
19.1%, Regosols 16.8%, Phaeozems 10.4%, Umbrisols 1.7%, Fluvisols
1.2% and Arenosols 0.6%. Table 6 reports detailed results in terms of
WRB RSGs’ occurrence in the most representative mapping units of the
test area. In all mapping units, with the exception of AL 0, the higher
observed occurrence was reproduced by the models’ results, while sec-
ond and third ranks were often inverted, with the models giving results
closer to the observed marginal probabilities in the whole dataset.

Differences in the estimation of the second and third ranks with re-
spect to observations had different origins. In DP 1, the overestima-
tion of Leptosols was related to the presence, in the whole calibra-
tion dataset, of observations made in the apex area of the depositional
glacis. Such observations were lacking in the pilot area. In DP −1,
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Table 3
Descriptive statistics of the dummy-coded variables (N = 1263); significant coefficients are in italics and bold. Mean: mean occurrence fraction. LFU, landform unit: for description see
Table 1. Parent material: for description see Table 2.

WRB RSG AliLuvLix Arenosols Cambisols Fluvisols Leptosols Phaeozems Regosols Umbrisols

Mean 0.131 0.011 0.191 0.030 0.249 0.042 0.321 0.025

Correlations
Mean

Landform unit
LFU −3 0.159 −0.060 −0.046 0.072 −0.077 −0.081 −0.026 0.081 0.081
LFU −2 0.157 −0.077 −0.025 0.075 −0.076 −0.047 0.018 0.053 0.027
LFU −1 0.109 0.149 0.011 −0.066 0.057 −0.108 0.015 0.025 −0.024
LFU 0 0.138 0.130 0.177 0.059 0.320 −0.220 −0.038 −0.059 −0.064
LFU 1 0.092 0.201 −0.007 −0.084 −0.040 0.013 −0.026 −0.060 0.001
LFU 2 0.186 −0.138 −0.051 −0.028 −0.084 0.204 0.001 −0.024 0.001
LFU 3 0.159 −0.124 −0.046 −0.050 −0.077 0.199 0.049 −0.026 −0.029
Parent material
A 0.014 −0.047 −0.013 −0.007 −0.021 0.023 0.141 −0.026 −0.019
AL 0.109 −0.136 0.084 0.071 0.503 −0.184 −0.061 0.052 −0.056
D 0.019 −0.003 0.318 −0.052 −0.025 −0.027 −0.029 0.028 −0.022
DP 0.091 0.765 −0.034 −0.125 −0.056 −0.182 −0.053 −0.212 −0.051
DC 0.040 −0.080 0.017 0.086 −0.036 −0.081 0.158 0.014 −0.033
DVO 0.122 −0.138 −0.017 0.189 −0.066 −0.204 −0.018 0.094 0.216
DVP 0.042 0.515 −0.022 −0.081 −0.037 −0.121 −0.044 −0.144 −0.034
F 0.021 −0.053 −0.014 0.146 −0.024 −0.010 −0.029 −0.043 −0.022
K 0.016 −0.049 −0.013 0.020 −0.022 0.029 0.100 −0.033 −0.020
M 0.200 −0.183 −0.053 −0.060 −0.088 0.379 0.014 −0.128 −0.005
P 0.002 −0.015 −0.004 −0.019 −0.007 0.023 −0.008 0.015 −0.006
Y 0.324 −0.270 −0.057 −0.085 −0.122 0.136 −0.019 0.214 −0.026

Table 4
Error statistics for MLR and GLM estimates (ME, mean error; RMSE, root mean square error; MAE, mean absolute error).

WRB RSG Multiple R Multiple R 2 Adjusted R 2 p ME RMSE MAE

MLR
Arenosols 0.366 0.134 0.129 0.00 −0.0020 0.0973 0.0210
Fluvisols 0.504 0.254 0.250 0.00 −0.0018 0.1475 0.0453
AliLuvLix 0.953 0.909 0.908 0.00 −0.0009 0.1021 0.0217
Regosols 0.359 0.129 0.121 0.00 −0.0024 0.4358 0.3824
Cambisols 0.324 0.105 0.097 0.00 −0.0007 0.3706 0.2753
Leptosols 0.516 0.266 0.259 0.00 −0.0053 0.3703 0.2799
Phaeozems 0.255 0.065 0.060 0.00 0.0000 0.1939 0.0752
Umbrisols 0.227 0.051 0.048 0.00 −0.0007 0.1530 0.0476
GLM
Arenosols 0.367 0.135 0.122 0.00 −0.0027 0.0972 0.0216
Fluvisols 0.504 0.254 0.244 0.00 −0.0019 0.1474 0.0455
AliLuvLix 0.953 0.909 0.907 0.00 −0.0016 0.1020 0.0225
Regosols 0.360 0.130 0.117 0.00 −0.0023 0.4355 0.3819
Cambisols 0.331 0.109 0.096 0.00 −0.0007 0.3696 0.2740
Leptosols 0.517 0.267 0.257 0.00 −0.0051 0.3699 0.2792
Phaeozems 0.257 0.066 0.053 0.00 −0.0005 0.1937 0.0756
Umbrisols 0.228 0.052 0.038 0.00 −0.0007 0.1530 0.0475

the overestimation of Regosols was related to the presence, in the cal-
ibration dataset, of observations made in small depressions filled with
new sediments. These observations were lacking in the pilot area. In
M 3 and M −3 the overestimation of Regosols and underestimation
of Cambisols could have been due to other soil forming factors than
those considered, such as a denser wood cover in the pilot area with re-
spect to the whole study area. This could also explain the underestima-
tion of Umbrisols and overestimation of Cambisols in Y 3 and Y −3. In
M 3 and M −3, Ali-Luv-Lixisols, formed in small Pleistocene slope de-
posits within the terrigenous metamorphic rocks, were more frequent in

the pilot area. As for AL 0, MLR overestimated the presence of Regosols
and underestimated the Cambisols.

Fig. 7 a-d shows maps of the MLR estimated occurrences for the four
most widespread WRB SRGs in the area, i.e. Regosols, Leptosols, Cam-
bisols and Ali-Luv-Lixisols. The patterns were clearly distinct and co-
herent with the relationships observed between soil groups and specific
combination of terrain attributes and parent materials. The Ali-Luv-Lix-
isols occurred on depositional glacis and fluvial terraces on Pleistocene
deposits (DP). Cambisols were mostly estimated on Holocene alluvial
deposits (AL) and Holocene colluvial deposits
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Fig. 6. Occurrence of parent material (left) and landform units (right) in a sub-area of the test area Pula. For landform unit’s description see Table 1. A, basic vulcanites; AL, Alluvial
deposits (Holocene); D, sandstones; DP, Pleistocene deposits; DC, Colluvial deposits; DVO, Holocene Slope deposits; K, limestones; M, Terrigenous metamorphic rocks; Y, Granites.

Table 5
Error statistics (RMSE, root mean square error; MAE, mean absolute error) for the map-
ping units (MU) in the Pula validation sub-area.

MU Num
Area
(km 2) RMSE_GLM RMSE_MLR MAE_GLM MAE_MLR

AL
0

7 7.6 13.40% 16.20% 11.50% 11.00%

DP
0

7 3.7 5.90% 5.40% 3.50% 3.10%

DP
1

7 5.3 12.50% 12.10% 7.10% 7.10%

DP
−1

8 4.2 4.20% 4.20% 2.30% 2.20%

DP
−2

3 0.7 29.20% 29.10% 16.10% 16.10%

DC
1

7 1.8 10.50% 10.20% 8.50% 8.30%

DC
−1

9 3.2 21.60% 22.10% 15.60% 16.00%

DC
2

3 0.1 9.80% 9.30% 6.00% 5.80%

A 2 6 2.5 9.70% 9.70% 5.60% 5.70%
A
−2

4 1.7 22.30% 23.60% 13.10% 13.80%

A 3 4 1.5 16.70% 16.10% 9.90% 9.60%
A
−3

2 0.8 33.10% 34.90% 20.30% 21.30%

M 2 6 1.9 24.82% 24.81% 16.17% 16.07%
M
−2

4 1.6 12.10% 12.20% 7.80% 7.50%

M 3 36 20.3 9.14% 8.76% 5.42% 5.38%
M
−3

27 14.5 12.22% 12.27% 8.02% 8.03%

K 3 3 2 33.00% 19.10% 18.70% 11.30%
K
−3

4 1.7 16.20% 19.70% 8.80% 13.90%

Y
−1

3 0.6 16.00% 15.20% 11.00% 10.30%

Y 2 3 3.2 11.40% 11.60% 6.90% 7.00%
Y
−2

3 2.6 16.30% 16.80% 11.60% 11.80%

Y 3 6 5.1 13.10% 13.40% 9.70% 9.80%
Y
−3

6 5.7 13.10% 12.90% 8.00% 7.90%

All 168 92.2 17.82% 17.39% 10.05% 9.94%

(DC). They also occurred, in the hilly sector and, with a lower estimate,
on terrigenous metamorphic rocks (M), limestone and marble (K), ba-
sic vulcanite (A) and granite (Y). Leptosols were estimated in the hilly
sector and mostly occurred on terrigenous metamorphic rock (M) and,
with a lower estimate, on limestone and marble (K), basic vulcanite (A)
and granite (Y). Regosols were estimated in both the hilly and plain sec-
tors. They mostly occurred on Holocene alluvial deposits (AL) and sand-
stone (D) and, with lower occurrence, on granite (Y). They were also
estimated, with lower values, on basic vulcanite (A), Holocene colluvial
deposits (DC), limestone and marble (K), and terrigenous metamorphic
rock (M).

In general, both MLRs and GLMs led to poor results whenever
soil-classes overlapped in the feature space, or if the correlation between
soil-classes and predictors was low. This agreed with the findings of
Hengl et al. (2007) who compared four semi-automated interpolation
methods to produce soil-class maps from 4125 profile observations in
Iran using multiple auxiliary predictors such as terrain parameters and
remote sensing indices. In our study, the data had a density of 2 ob-
servations per km2, which was coherent with a cartographic scale of
1:100,000. In this case, soil units were necessarily associations or com-
plexes and mapping units identified pedolandscapes, which could not be
detailed any further without increasing sampling density in the field or
trying to include more predictors in the model. For example, Grinand
et al. (2008) used a classification tree analysis to predict soil distrib-
ution in unvisited locations using terrain factors, spectral reflectance as
derived from LANDSAT ETM imagery, land cover and lithology maps as
predictors at regional scale.

Regardless of sampling density, the predictive capacity of training
models remained quite low when extrapolated to an independent vali-
dation area. At national scale, Lorenzetti et al. (2015) assessed the class
frequencies for WRB RSGs on the 1:5,000,000 map of Italian soil regions
using different data mining techniques and 10 predictors, and found
that the most reliable approaches were better at predicting the absence
rather than presence of a given soil type. In the case study presented in
this work, we tested at a finer scale the possibility of defining the class
frequencies for WRB RSGs for land units automatically derived with a
semi-automatic geomatic approach. Our results showed that both mod-
els were more reliable in predicting the absence rather than presence of
a given soil type, with an average agreement with observed non-occur-
rences in the test area equal to 54 and 61%, respectively, for GLMs and
MLRs.

4. Conclusions

In the two pilot areas of Pula and Muravera, the distribution of soil
types varied with landform and parent material. The relationships be-
tween soil types and landforms reflected the influence of slope gradi
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Table 6
Observed (OBS) and GLM and MLR estimated relative percentage of the WRB RSGs in some of the mapping units (MU) of the test area.

MU N WRB AliLuvLix Arenosols Cambisols Fluvisols Leptosols Phaeozems Regosols Umbrisols

AL 0 7 OBS 0.00 0.00 0.43 0.29 0.00 0.00 0.29 0.00
GLM 0.16 0.08 0.28 0.04 0.14 0.07 0.22 0.02
MLR 0.00 0.12 0.24 0.04 0.00 0.01 0.60 0.00

DP 1 7 OBS 0.71 0.00 0.29 0.00 0.00 0.00 0.00 0.00
GLM 0.90 0.00 0.00 0.00 0.09 0.00 0.00 0.01
MLR 0.88 0.00 0.00 0.00 0.10 0.00 0.00 0.01

DP −1 8 OBS 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
GLM 0.91 0.00 0.00 0.01 0.00 0.01 0.08 0.00
MLR 0.91 0.00 0.00 0.01 0.00 0.01 0.08 0.00

M 3 36 OBS 0.08 0.00 0.17 0.00 0.67 0.00 0.08 0.00
GLM 0.01 0.00 0.13 0.00 0.61 0.06 0.18 0.02
MLR 0.01 0.00 0.14 0.00 0.60 0.06 0.17 0.02

M −3 27 OBS 0.19 0.00 0.26 0.00 0.37 0.07 0.11 0.00
GLM 0.01 0.00 0.16 0.00 0.49 0.03 0.29 0.02
MLR 0.01 0.00 0.15 0.00 0.50 0.04 0.29 0.02

Y 3 6 OBS 0.00 0.00 0.00 0.00 0.17 0.00 0.67 0.17
GLM 0.00 0.00 0.13 0.00 0.37 0.06 0.44 0.01
MLR 0.00 0.00 0.14 0.00 0.36 0.05 0.42 0.02

Y −3 6 OBS 0.00 0.00 0.00 0.00 0.17 0.00 0.50 0.33
GLM 0.00 0.00 0.16 0.00 0.26 0.02 0.55 0.02
MLR 0.00 0.00 0.15 0.00 0.26 0.03 0.55 0.02

Fig. 7. MLR estimates maps of occurrence for WRB RSGs: a) Leptosols; b) Regosols; c) Ali-Luv-Lixisols; d) Cambisols.

ent and curvature. On steeper slopes, due to morphodynamic processes,
mainly very weakly (Leptosols and Regosols) and weakly (Cambisols)
developed soils were present. Leptosols (shallow soils) were more fre-
quent where a predominant erosional character prevailed (convex
slopes), whilst Regosols and Cambisols (deeper soils) occurred

more frequently where depositional processes predominated (concave
slopes). Many different soil types may be present in flat areas, mainly
depending on the type and age of parent material. In these areas,
Regosols and Cambisols prevailed on Holocene deposits, while more
developed soils (mainly Luvisols) largely prevailed on Pleistocene de
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posits. On hard rocks, soil development was generally very weak and
Leptosols were very frequent on terrigenous metamorphic rock and fre-
quent on granite. In addition to Leptosols, Regosols were more wide-
spread than Cambisols on these parent materials.

Landforms strongly influence soil depth and available water capac-
ity. Indeed, soils on plains are deeper than soils on slopes, where convex
terrain forms have shallower soils than concave terrain forms. A sim-
ilar trend applied to the available water capacity, which strongly de-
pended on soil depth. In Regosols, Leptosols and Cambisols, which were
the most common WRB Reference Soil Groups in the two pilot areas, the
parent material had a significant effect on topsoil properties (thickness,
texture, pH and organic carbon content) of soils belonging to the same
WRB RSG. Consequently, since these properties have a strong impact
on functional aspects (e.g. physical-hydrological properties and organic
carbon stock), it is essential to differentiate these soils according to the
parent material.

The orders of occurrence of the different WRB RSGs in the map units,
defined with the geomatic approach, were very similar for the two ap-
proaches tested. The patterns obtained were in both cases coherent with
the relationships observed between soil groups and specific combination
of terrain attributes and parent materials, with higher accuracy for those
units where WRB RSGs were more tightly associated with specific com-
binations of the two pedogenesis factors considered. In such cases, the
probability of occurrence of specific WRB RSGs was estimated with a
greater reliability, while in the presence of more complex response pat-
terns, according to our results, both models were more reliable in pre-
dicting the absence rather than the presence of a given soil type.
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