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The coverage of detailed soil maps is commonly limited in Italy, and
the available regional soil inventories are not adequate for local land plan-
ning strategies. The aim of this research is to map the soil units in Portofino
Natural Park using a Geographical Information System (GIS) approach.
Soil micromorphology is used in conjunction with routine laboratory
analyses to study several representative benchmark profiles in order to de-
termine their genesis and to assess their palaeoclimatic significance. The
spatial distribution and variability of the most extensive soil types were
analysed using a GIS approach and were plotted in a 1:10,000-scale soil
map with a descriptive legend. We identified six Reference Soil Groups:
Cambisol, Regosol, Leptosol, Luvisol, Acrisol, and Umbrisol. The GIS da-
tabase was then used to produce three derived maps: soil erodibility fac-
tor, spatial distribution of soil organic carbon (SOC) and Hydrologic Soil
Groups. Deep and highly weathered soils were identified on an ancient
erosional surface. These soils are relict palacosols: they were generated
through long-term pedogenesis but are no longer affected by active pro-
cesses. The polygenetic development of these palaeosols was highlighted
by micromorphological studies showing relict features that reflect climate
conditions typical of past interglacial periods, which were warmer and
more humid than today. (IT ISSN 0391-9839, 2017).
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R1ASSUNTO: RELLINI 1., OLIVARI S., ScOPESI C. & FIRPO M., I suoli
del Promontorio di Portofino (NW Italia): distribuzione, genesi e implicazi-
oni paleoambientali. (IT ISSN 0391-9838, 2017).

In Ttalia, generalmente, gli studi pedologici e le relative carte di dis-
tribuzione dei suoli non raggiungono il dettaglio applicativo necessario
per la pianificazione e la gestione del territorio, se non limitatamente a
corredo di singoli interventi o di specifici progetti esecutivi.

L’indagine complessiva e dettagliata dei suoli presenti nei circa 1300
ettari dell’intero territorio del Parco naturale regionale di Portofino,
condotta secondo il rilevamento pedologico tradizionale, supportato dai
Sistemi Informativi Geografici (GIS) e dalle analisi micromorfologiche,
ha consentito I’elaborazione di una carta delle unita di suolo individuate
e descritte, che fornisce nuove conoscenze scientifiche e indirizzi d’uso
del territorio.

La variabilita e la distribuzione spaziale dei tipi di suolo & stata rap-
presentata su carta tecnica regionale a scala 1:10.000, completa di leg-
enda. Sono stati individuati 6 gruppi pedologici della World Reference
Base for Soil Resources: Cambisol, Regosol, Leptosol, Luvisol, Acrisol,
and Umbrisol. Il database del GIS ha consentito ’elaborazione di pitt
carte derivate: la carta dell’erodibilita dei suoli, la carta della distribuzi-
one del carbonio organico, la carta dei gruppi idrologici. Infine, sono
stati individuati dei suoli relitti fortemente alterati, evoluti su un’antica
superficie di erosione, recanti peculiari figure pedologiche. Le evidenze
micromorfologiche suggeriscono un’origine poligenetica dei suoli, inter-
essati da diversi processi sovrapposti, riconducibili a condizioni climat-
iche pitl calde ed umide delle attuali tipiche dei passati periodi intergla-
ciali. (IT ISSN 0391-9839, 2017).

TERMINI CHIAVE: Cartografia pedologica, Paleosuoli, Paleosuperfi-
cie, Micromorfologia, Carbonio Organico, Erodibilita del suolo.

INTRODUCTION

The mapping of soils is one of the most challenging and
thought-provoking aspects of the soil science discipline.
The process of developing a soil map forces one to under-
stand the fundamentals of the soils, including how they
formed, how they occur across the landscape, and how they
might respond to use and management (Hartemink & alz,
2012). Approximately two-thirds of countries around the



world are mapped at a 1:1 million scale or larger, but more
than two-thirds of the total land area has yet to be mapped
at even the 1:1 million scale (Nachtergaele & Van Ranst,
2003). Great differences in the status of mapped area exist
among countries (in both extent and scale), but the national
coverage of exploratory soil maps (>1:250,000) is generally
higher in developed countries. The coverage of soil maps,
especially those of sufficient detail, is usually limited, and
the cost of extending this coverage is high (McKenzie &
alii, 2000).

At present, the only informative soil maps of Liguria
in Northern Italy include the following: a) soil regions
at a scale of 1:5,000,000, b) soil sub-regions at a scale of
1,000,000 and c) soil systems at a scale of 1:500,000. The
soil information was collected and harmonized from dif-
ferent sources (Costantini & a/zz, 2004; Costantini & Dazzi,
2013). The scale of these maps is not adequate for local land
planning strategies, but they are useful tools for soil cor-
relation at the national level. Moreover, a large amount of
soil data, mostly stored in documents and not always freely
available, is scattered among public offices.

The aims of this research are to (a) map soil units us-
ing conventional soil surveys, laboratory analyses and a
GIS approach in Portofino Natural Park, a typical natural
coastal area characterized by a mosaic of small rural settle-
ments and different vegetation types; (b) compare the phys-
ical and chemical soil properties to assess the suitability of
the soils for most types of field crops, the effects of erosion
and hydrological processes, and the spatial distributions of
soil organic carbon (SOC) fractions to provide information
and tools for effective decision making and land use man-
agement/planning to the natural park administration. Soil
erosion is the most widespread form of soil degradation in
many Italian soil regions (Costantini & Lorenzetti, 2013).
SOC plays an important role in the overall C cycle, and
even small changes in the SOC stock can influence the
greenhouse gas concentrations in the atmosphere (Breun-
ing-Madsen & alzi, 2009; Brevick, 2012). For this reason,
the Kyoto Protocol accounts for this important element in
the management of greenhouse gas emissions (Ruiz Sinoga
& alii, 2011). An additional goal is to ¢) discuss the soil
processes of the different soil groups in order to explain
their genesis and assess their palaeoclimatic significance in
the framework of the Quaternary climatic fluctuations in
the Ligurian region.

The Quaternary history of this area of Liguria is almost
unknown, but the pedogenetic bodies may represent a very
useful tool for reconstructing the past environments due to
their sensitivity to ecosystems changes, as discussed by Rel-
lini & alii (2015, 2014, 2007) for this area. Previous events
affected the soil in different ways, and most of the trans-
formation was recorded at the microscopic scale. Conse-
quently, soil micromorphology is used in conjunction with
routine laboratory analyses to study several representative
palaeosols.

STUDY AREA

The Portofino Promontory lies in the Eastern Lig-
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urian Riviera in the north-western part of Italy, between
latitudes 44°20'47.897"N - 44°17°52.549”N and longitudes
9°9’18.457”E - 9°13°9.585”E. The promontory extends ap-
proximately 3 km out into the sea, interrupting the other-
wise even coastline. The promontory has an area of approx-
imately 18 km?. The elevation of the area ranges between
0 and 600 m a.s.l. (fig. 1a), and the highest peak (610 m) is
Monte di Portofino.

The bedrock is dominated by sedimentary rocks, which
are known in the regional geological literature as the Cre-
taceous “M.te Antola flysch” and the Oligocene “Conglom-
erate of Portofino” (fig. 1c). The flysch is composed of marly
limestone layers ranging in thickness from decimetres to
metres. The marly limestones are intercalated with blackish
grey layers of clayey shales with thicknesses in the centime-
tre-decimetre range. Alternating layers of calcarenites and
sandstones are present but less common (Marini, 1981).
The conglomerate consists mostly of clasts of marly lime-
stone, sandy limestone, and sandstone, with less common
clasts of ophiolitic rocks, gneisses and granites. The matrix
is sandy and contains calcitic cement (Giammarino & alz,
1969).

The lithological characteristics and the morphology of
the high-gradient slopes, which contain steep narrow rocky
valleys (fig. 1b), are conducive to instability phenomena,
characterized by landslides with complex kinematics and
other types of mass movement (rock falls, rock slides, de-
bris flows, etc.). Additionally, the undercutting produced
by the continuous action of waves is responsible for the
presence of high active cliffs along large stretches of the
coastal sector (Brandolini & a/zz, 2007).

The orographic and geologic structure of the promon-
tory is responsible for creating different vegetation zones
(fig. 1d) due to the influences of exposure, slope and el-
evation (Girani & Olivari, 1986). This natural variability
therefore results in the simultaneous presence, sometimes
within a distance of a few tens of metres, of species and
plants that are typical of both cold-temperate environments
(mainland) and Mediterranean environments. The summit
areas and most high-elevation areas are characterized by
woods. In fact, mesophyllic mixed forests (Ostrya carpin-
ifolia, Fraxinus ornus, Quercus pubescens, Quercus ilex,
Castanea sativa, etc.) are present on the uppermost slopes
or north-facing exposures and were historically exploited
for timber (Battola, 2008). The maximum human pressure
occurred at the end of the 1800s due to the demand for
raw materials needed to meet the various requirements of
an economic system based primarily on agricultural areas.
This agriculture occurred along terraced bands supported
by stone walls extending along the slopes of the promon-
tory. These terraces were built up to the point where the
slopes became too steep and were primarily located along
the lowest and intermediate parts of the northern, eastern
and western sides. Mediterranean maquis prevails on the
steep slopes exposed to the south and tends to evolve nat-
urally towards woody Quercus ilex communities if exposed
to forest fires. Broad-leaved forests dominate the close
small valleys.

The region is located within the Mediterranean humid
macroclimate and features hot summers, temperate winters
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FIG. 1 - Study area: a) digital elevation model; b) slope map; c) geological map. A - landslides bodies and slope deposits constituted of pre-weathered

soil material; B - landslides bodies and slope deposits; d) land use types.

and long periods of insolation, although factors such as el-
evation, exposure, air humidity and vegetation cover create
different topoclimates (Girani & Olivari, 1986).

Rainfall is highest in autumn and lowest in summer,
with mean annual rainfall ranging between 900 and 1300
mm, depending on the orographic features. The mean an-
nual temperature is 12-13°C (Faccini & a/zz, 2005). The soil
moisture regime is udic (Costantini & Dazzi, 2013), with a
thermic soil temperature regime, according to Soil Taxon-
omy (USDA, 2006).

This costal sector in Liguria represents a region of great
environmental value and has been under the protection of
Portofino Natural Park since 1935 (Law 1251/1935). The
seaward area became a marine reserve in 2001. The entire
study area is approximately 1250 ha and lies within the lim-
its of three municipalities: Portofino, Camogli, and Santa
Margherita Ligure (see map). The purpose of the Portofino
Natural Park is to protect and preserve the natural land-
scape.

MATERIALS AND METHODS

Soil Mapping

The map in this study was developed following a strat-
egy based on the concept of soil formation factors coupled
with soil-landscape relationships (Hudson, 1992) and using
a GIS approach. In these terms, the local patterns of to-
pography or relief, parent material, and time, along with
their relationships to vegetation and microclimate, can be
used to predict the types of soils in small areas (Soil Survey
Division Staff, 1993). The GIS approach provides a power-
ful tool for the integration of large and complex databases
and models and is thought to improve the process of soil
mapping. ArcGIS 9.2 Desktop (ESRI, Redmond, USA)
was used to process 5-m-resolution digital elevation model
(DEM) data. The DEM was based on an interpolation of
contour lines from a 1:5,000 topographic map (Carta Tec-
nica Regionale Ligure, 2007) using a thin plate spline al-
gorithm proposed by Hutchinson (1996). The DEM was
preprocessed with low-pass filtering to extract artefacts
and errors, such as local noise and terraces (Vorpahl & alzz,
2012), using ARCGIS 9.2 (ESRI, 2004). The DEM was then
hydrologically corrected to eliminate sinks using the algo-
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rithm proposed by Planchon and Darboux (2001). Then,

derived attributes, such as slope gradient and wetness in-

dex, were analysed.

To create the first draft of the Map Units (MUs), we
superimposed the topographic information layer derived
from the DEM and all the layers related to the accessory
information traditionally collected in soil surveys and now
available in digital form (such as vegetation patterns, geo-
morphology, geology, and land use).

The used data are as follows:

e A geological and geomorphological map of the Por-
tofino Promontory at a scale of 1:10,000, which was
created in 2008 by the Regional Project (De Stefanis
& aliz, 1983). In this map, both bedrock and surficial
Quaternary deposits are distinguished.

® A vegetation map at a scale of 1:5,000, which was
drafted and digitalized by the authors.

e Orthophotos captured during several air surveys at dif-
ferent times and at different spatial resolutions (tab. 2).
Each orthophoto mosaic is georeferenced according to
the WGS84 (EPSG code: 32632) datum and UTM pro-
jection system.

After linking the soil information to the first draft of
the MUs, the second draft of the MUs was produced. Thus,
the spatial distribution and variability of the most exten-
sive soil types were reproduced in GIS and presented in a
soil map at a scale of 1:10,000, with a descriptive MU leg-
end based on World Reference Base (WRB) classification.
The modern and international classification system of the
WRB (FAO, 2006) was the natural choice when drafting
the map. A two-tier system was used for the qualifier level,
i.e., prefix and suffix, which are the formative elements for
second-level WRB classification. The WRB system is well
suited to our objectives and guarantees the reproducibility
and longevity of our interpretations. The MUs used in the
soil map are soil consociations or associations. The conso-
ciations represent areas dominated by a soil type. In accor-
dance with the share of its distribution in a given MU, a soil
is defined as dominant when it covers more than 85% of
an MU. A soil association is defined by proportions of less
than 65% within an MU (USDA, 1993).

Therefore, a map unit can contain one or more soil
typological units (STUs) characterized by significant dif-
ferences in analytical aspects and properties important for
management, such as particle size, depth, reaction and or-
ganic carbon content. STUs are named after the location
where they were first identified. Finally, the soils are also
grouped into Land Capability classes (LCCs, Klingebiel &
Montgomery, 1961) to provide a tool to assess the potential
of a soil to support a range of sustainable land uses and
land management practices. The LCCs were divided into
subclasses (represented by a suffix and lower-case letters)
according to the major conservation problem: erosion (e),
excess water (w) and root-zone limitations (s).

Sotl Survey

The soil survey of the 18 km? study area involved dig-
ging 67 pits. Each of the 67 reference pits was described
in terms of morphological features and was sampled. The
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accurate and reliable descriptions and analytical results en-
abled the full characterization of all the soil horizons to a
maximum depth of 125 cm (Schoeneberger & alzz, 2012).
Complete soil analyses were carried out for each horizon in
the pits (see below).

A sufficient number of samples were collected via au-
guring to increase the sampling density in order to define
the limits between units and to meet the recommendations
for a map published at a scale of 1:10,000 (Avery, 1987).
The auguring locations were chosen as the compilation of
the soil map progressed. Moreover, soil data (point data
and map data) stored in archived records were also incor-
porated (Olivari, 1981). For this project, a database created
by Consiglio per la Ricerca e la Sperimentazione in Agri-
coltura, (CNCP 3.0; Costantini, 2007) was used to compile,
view and export data from soil surveys.

Laboratory soil analyses

The laboratory soil analyses were performed by the Re-
gional Soil Analysis Laboratory in Sarzana (Spezia, Liguria)
(ISO 9001 certified). For each soil sample from each horizon,
the following routine laboratory procedures and analyses
were performed according to the Ministero delle Politiche
Agricole e Forestali (2000): the soil samples were air dried;
particle size distribution analysis of the coarse fraction (>50
pm) was conducted via wet sieving; the composition of the
fine fraction (<50 pm) was determined via the pipette pro-
cedure after dispersion of the sample with sodium hexamet-
aphosphate, (NaPO,); the pH was measured by the poten-
tiometric method in a 1:2.5 soil:water suspension; the total
carbonate content was determined using the Dietrich Friiling
calcimeter; the active carbonate content was determined with
ammonium oxalate; the total organic C was determined
using an elemental analyser based on the Dumas methods
(1831); the cation exchange capacity (CEC) and exchangeable
bases were determined with BaCl-triethanolamine at a pH
of 8.2; and the concentrations of extracted chemical elements
were determined via flame atomic absorption spectrometry
(FAAS). To interpret laboratory analytical results, the de-
scription classes of the agronomic report, obtained by CNCP
3.0 software (Costantini, 2007), were considered.

Thin sections (100x60 mm) were prepared from un-
disturbed samples impregnated with polystyrene diluted
with acetone under vacuum after air drying (Benyarku &
Stoops, 2005) and were observed using a polarizing micro-
scope. The thin sections were described using the terms
and methods of Stoops (2003). The interpretation of mi-
cromorphological features was performed according to
Stoops & aliz (2010). The redness rating (R.R.) index was
calculated on the basis of the matrix colour using Munsell
notation (Torrent & aliz, 1980).

SOC Calculation

The total SOC was calculated from organic carbon
(OC) concentrations using the following formula (Garlato
& alii, 2009):

SOC tot =¥ (OC*Bulk Density*depth*(1-frag)*10) horizon



The OC concentration was analysed using an elemental
analyser in compliance with the proposed Italian methods
(Ministero delle Politiche Agricole e Forestali, 2000). The
bulk density was obtained differently for the organic and
mineral horizons. For the mineral soil, we used the equa-
tions of Saxton & aliz (1986) to calculate the bulk density
from the texture, whereas for the organic horizons, we used
the Hollis pedofunction (Hollis & a/iz, 1989). We calcu-
lated the OC concentration of each horizon in each profile,
and the total profile SOC is the sum of the SOC in each
horizon. Because the OC concentration is representative of
each soil, its distribution was calculated by associating it
with each cartographic unit. In other words, the SOC value
of the benchmark profile was used for each MU. For soil
associations, the SOC value was calculated based on the
weighted average of the profiles.

K-factor calculation

The soil erodibility factor (K-factor) refers to the aver-
age long-term soil response to the erosive power of rainfall
and runoff and is considered to be the rate of soil loss per
unit of rainfall for a specific soil (Alexakis & a/zz, 2013). In
this study, we calculated the K-factor values for the top-
soils (soil erodibility is a characteristic strictly related to the
surface horizons affected by water erosion) based on the
soil sample analyses using the Wischmeier & Smith (1978)
formula:

K=[21%10-4(12 - OM) * 1.14M + 3.25(s - 2) + 2.5 *
(p-3)1/100 * 0.137

where OM is the percentage of organic matter in the sur-
face horizon (equal to 4 in cases where the OM is greater
than 4%); M is given by the textural equation:

M= (% sand + % silt) * (100 - % clay);

and s and p are the soil structure class and soil permeabil-
ity class, respectively.

The distribution of K-factor values was determined by
associating a representative value (benchmark profile) with
each cartographic unit. For soil associations, the K-factor
value was calculated based on the weighted average of the
profiles.

Hydrologic Soil Groups

The Natural Resource Conservation Service classifies
soils into four Hydrologic Soil Groups based on runoff po-
tential: A, B, C and D. Group A generally has the lowest
runoff potential, whereas group D generally has the great-
est runoff potential.

Based on the Soil Survey Division Staff classification
(USDA, 1993), we assigned each soil MU a Hydrologic Soil
Group. We took into account the soil proprieties of the
reference pit of each mapped soil unit and considered the
texture, compaction (bulk density), soil structure strength,
clay mineralogy and organic matter content. Finally, we
used standard tables to relate the saturated hydraulic con-
ductivity (Ksat) to the Hydrologic Soil Group.

RESULTS
Soil type mapping and identification

The map showing the spatial distribution of the differ-
ent soil units across the Portofino Promontory is presented
in the appendix. We defined 27 MUs. The benchmark pro-
file of each STU is briefly described in the legend, and the
physical and chemical properties of the main horizons are
presented in tables 1, 2 and 3. We identified six Reference
Soil Groups (RSGs) among the 67 soil profiles, i.e., Cam-
bisol, Regosol, Leptosol, Luvisol, Acrisol, and Umbrisol,
with detailed descriptions based on the WRB classification
(FAO, 20006).

CAMBISOLS - Cambisols include soils with at least incip-
ient subsurface soil formation. They are characterized by
moderate weathering of the parent material, early stages of
horizon differentiation and evident changes in soil struc-
ture, colour and clay content.

Cambisols are the most common soils in Italy and are
the most extensive RSG in the study area (40%). Cam-
bisols are the dominant soils on most of the slopes, both
on conglomerate and limestone parent materials, but
they are also found on colluvial residual deposits, typi-
cally under forest. These soils are found in 12 MUs and
occur in association with Regosols or Leptosols on very
steep slopes. They are often moderately deep (50-100 cm)
and differ in the type of reaction (tab. 1). The Cambisols
on upper slopes with steep gradients under chestnut for-
est (MU 9 - MU 6) and on landslide material composed of
pre-weathered soil material (MU 18) are predominantly
acidic and strongly desaturated. In contrast, the Cam-
bisols on intermediate slopes under mesophyllic broad-
leaved trees (MU 16) or maquis and holm oak forest (MU
2-MU4 - MU 7 - MU 21) are slightly acidic and eutric.
They have loam and sandy loam textures and are gravelly
when developed on conglomerate bedrock or colluvial
deposits. In contrast, they feature a clay loam texture
with scarce to common stones when developed on marly
limestone bedrock. The nitrogen content is high, ranging
from 0.8 to 10 g/kg. The topsoils of this group generally
have moderate available P and high CEC values, whereas
the subsoils feature low CEC values, except for MU 16
on marly limestone, where the CEC is always high, most
likely due to a higher active clay content at depth. The
Cambisols display a complete leaching of carbonate, with
the exception of some soils (UC 2 - UC 11) that have
traces of carbonates (values < 2%)

REGOSOLS - Regosols are very weakly developed soils
in unconsolidated material originating from different
rocks types and have no diagnostic horizons. Regosols
(37%) are a common soil type within the study area.
They are found on the terraced slopes and in highly
eroded areas in the upper parts of small catchments, of-
ten in association with the plots of charcoal burners. This
soil type is found in 10 MUs. These soils are often deep
and gravelly and exhibit significant textural differences
(tab. 2). They feature silty loam, loam, silty clay and sandy
loam textures.
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The soils are slightly alkaline and rich in basic compo-
nents and exhibit signs of secondary carbonate accumula-
tion, as evidenced by the common presence of soft pow-
dery lime, probably due to the dissolution of the limestone
parent material or interactions with groundwater, which
contains dissolved carbonates. The N content is high,
whereas the available P content varies considerably among
the different land uses. Very high values were observed in
the holm oak forest (MU 4 - MU 26) and in some terraced
soils (MU 12 - MU 14 - MU 24), which probably indicates
the addition of organic residues or fertilizers. The CEC val-
ues range from medium to high. In particular, the soils on
parent material consisting of base-poor colluvial deposits
(UC 23), consisting mainly of pre-weathered soil material
and material partially reworked by humans, show low pH
values and CEC values ranging from low to medium. The
available P content was found to be medium, whereas the
N content is always high.

LEPTOSOLS - Leptosols are very shallow soils with con-
tinuous rocks very close to the surface or soils that are ex-
tremely gravelly (e.g., on a talus slope). Leptosols are also
common (8.0%) in the study area, where they are often found
in areas with very steep slopes with severe erosion, which in
turn results in further decreases in soil depth in common
rock outcrop areas or an increase in stoniness. Some Lep-
tosols are present on stony talus slopes. These types of soils
are found in 5 MUs. The Leptosols found in the study area
primarily have loam and clay loam textures. The pH varies
between neutral and moderately alkaline (tab. 3). The soils
are also characterized by incomplete carbonate leaching (cal-
caric), with a total CaCO, content that varies from 1 to 7%,

5
and a high base saturation (equal or close to 100%). They
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have high N and CEC values, mostly due to the higher OC
contents in the enclosures. The available P contents of these
soils are low to medium, except for the surface horizon sam-
ple of the holm oak soil, which has a high P content.

Some Leptosols that were examined but not mapped
developed on relicts of stratified deposits that are deeply
dissected by erosion in small linear valleys at the base of
escarpments (fig. 2). From a palaeoenvironmental perspec-
tive, the shape of the fragments, grain size, sedimentary
structures (repetition of open-work beds), and the relation-
ships with the different topographic locations suggest that
the stratified slope deposits are éboulis ordonnées (Tricart
& Cailleux, 1967; Francou, 1988). They often contain ce-
mentation in the matrix-supported layers and reprecipi-
tated calcite crystals in voids.

LuvisoLs - Luvisols are soils characterized by increas-
ing clay content with depth without marked leaching of
base cations (high base saturation at some depth) and by
eluviation of the topsoil. Luvisols (3%) are relatively com-
mon in 2 MUs and predominantly appear on north-facing
scarps of conglomerate on the promontory (MU 5) and on
limestones in the lowlands of the terraced slopes (MU 14).

The texture is silty or sandy loam at the surface, with
increasing clay content with depth (tab. 3). The soils show
low to medium values of CaCO, and high base saturation
(equal or close to 100%). The pH values of the surficial ho-
rizons are slightly acidic, while the pH values of the deeper
horizons are neutral or moderately alkaline. The CEC val-
ues of these soils are the highest within the study area. The
soils in this group have medium to high available P, OC
and N contents, with very high values in the cultivated soils
found in MU 14,

FIG. 2 - Several outcrops of stra-
tified slope deposits are present
along the western coast of the
promontory. Note the alternation
of clast-supported layers and ma-
trix-supported layers. Backpack
for scale.
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FIG. 3 - View of well-developed coarse angular blocky/prismatic struc-
ture in an illuvial horizon (2Bt,) at the transition to the marly limestone
parent rock (Cutanic Vertic Luvisol Novic, Hypereutric, MU 14). Ham-
mer for scale.

Moreover, particular attention was paid to the soil
features of these cultivated soils (MU 14) in order to ob-
tain information about the nature of palacoenvironmental
changes. Vertic properties are observed at the transition
to the marly limestone parent rock (fig. 3). The benchmark
profile is located on an old terraced area at the foot of a
north-facing slope.

The main morphological, physical and chemical data
are reported in tables 4 and 5. The data characterize a trun-
cated and well-structured soil (2Bt;-2Bt,-2C) with a vertic
field appearance, including a clayey texture and a well-
developed coarse angular blocky/prismatic structure
(fig. 3). This soil is buried by weakly pedogenic and re-
worked deposits (mainly A-AC horizons), with a charcoal
layer related to human activity. Notably, an abrupt textural
change occurs between the two units. High P and CEC
values, low base saturation values and acidic pH values
are present in the AQO, likely due to long-term continuous
tillage and manuring. The very high CEC value in the 2Bt,
horizon may be related to the presence of high-activity clay
(smectite). The pH is alkaline and can be related to the in-
fluence of carbonate.

The soil micromorphological observations generally
support the field morphological observations and indicate

that the most representative and typical micromorphologi-
cal features are those of the buried B horizons. At the micro-
morphological level, it was possible to distinguish a dense
and heterogeneous groundmass due to materials of con-
trasting colour and composition (fig. 4a). Dark aggregates
of material from the surface horizon featuring an undiffer-
entiated b-fabric are incorporated into the reddish ground-
mass with a striated b-fabric, mainly in the lower part of
the profile (fig. 4b, 2Bt,). Angular and subangular blocky
microstructures with large planar voids are observed.

In some cases, scattered yellowish zones in the ground-
mass and along the planar voids due to weak hydromorphic
iron depletionare described. The Bt horizons correspond
to the strongest clay accumulation in the soil (tab. 4), re-
sulting from different phases of clay illuviation, with two
generations of thick juxtaposed clay coatings and infill-
ings occurring along interpedal fissures (i.e., ped surfaces,
fig. 4e). The younger, yellowish-brown generation is char-
acterized by layerless dusty clay mixed with a considerable
amount of organic material, while the older reddish gener-
ation has a weak orientation, laminated internal fabric and
a crescent shape. Moreover, silt/organic coatings often al-
ternate with the laminated reddish clay coatings/infillings
(layered) (fig. 4d). The older generation is often deformed
or incorporated into the groundmass by shrink and swell
processes related to the presence of swelling clay, which
also favours the development of various striated b-fabrics
and slickensides (fig. 4c). Other relevant features include
iron-manganese concretions, intense bleaching and Mn-in-
filled inter-aggregate cracks.

ACRISOLS - Acrisols are soils that have a higher clay con-
tent in the subsoil than in the topsoil and a low base satu-
ration at certain depths due to the humid environment and
advanced degree of weathering. Acrisols (5%) are prevalent
in the summit areas and are distributed in 2 MUs. They
seem to be restricted to a certain combination of relief and
deep weathering.

The Acrisols on the Portofino Promontory are moder-
ately acidic (5.0<pH<5.5). They primarily have silty clay
loam textures when developed on marly limestone (MU17,
tab. 3) and sandy clay loam textures when developed on
conglomerate. These soils have high CEC values in the sur-
face horizon but low values at depth (5-15). The exchange-
able P contents are low, while the N contents are medium
to high.

The MU 8 benchmark profile, which is developed on
conglomerate, consists of an AB horizon and a illuvial ho-
rizon (Bt) overlying a thick weathered zone of soft rock that
retains the geologic structure (i.e., a saprolite, Crt), testi-
fying to the fairly deep geochemical weathering. This soil
exhibits abundant and thick clay coatings on the rock frag-
ment surfaces (fig. 5), even at depth, and reddish colours
due to Fe-oxide staining.

Particular attention was paid to the soil features of these
soils (MU 8) to obtain information on the nature of the
palacoenvironmental changes. The results of the chemical
and physical analysis (tables 4 and 5) indicate that the par-
ticle-size analysis results are consistent with the field de-
scription: the percentage of sand and stones increases with
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FIG. 4 - a) Flatbed scan of thin section showing the general fabric of a 2Bt, horizon (Cutanic Vertic Luvisol Novic Hypereutric, UM 14) and some
micrographs. Note the dense and clayey groundmass with a bleached area and heterogeneous composition. The frame length of the thin section is 5
cm. Photomicrographs: b) heterogeneous groundmass with dark aggregates of material originating from the surface horizon and a strongly developed
granostriated b-fabric (the frame length is 8 mm; XPL); ¢) parallel-striated b-fabric due to presence of clay coatings that are deformed and incorpora-
ted into the groundmass (the frame length is 3.1 mm; XPL); d) layered infillings consisting of layers of silt/impure clay (white arrow) alternating with
microlaminated pure clay (the frame length is 3.1 mm; PPL); e) juxtaposed yellowish and reddish thick clay coatings (the frame length is 8 mm; PPL).

FIG. 5 - Thick clay coatings on rock fragment surfaces in saprolite (Cuta-
nic Acrisol Hyperdystric Abruptic, MU 8).

depth, reflecting the presence of ancient sandy conglomer-
ate layers. The highest clay content is present in the illuvial
horizon (Bt), where clay films exist on the face of peds and
rock fragments. The coarse rock fragments in the horizons
primarily consist of granitoids, gabbros, quartzites and
marbles, which are consistent with the compositional litho-
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facies (fmB, see fig. 6B) of the conglomerate bedrock (Corsi
& aliz, 2014). As expected for an old soil, the pH values
are acidic, and all the horizons are completely leached of
carbonates (i.e., decarbonated). Organic carbon is concen-
trated primary in the surface horizons (O-AB), even when
the underlying horizon contains a significant amount (1%).
The CEC values significantly decrease from the upper ho-
rizons to the deeper horizons and appear to be directly
correlated to the organic matter content. The very low val-
ues of the CEC in the B horizons support the dominant
occurrence of little or no or expandable clays (kaolinite)
as a whole. The adsorbing complex is always undersatu-
rated (the base saturation percentage ranges between 14.3
and 38.7%), and the concentrations of exchangeable bases
are very low, excluding those of the deep saprolite (Crt).
These properties are presumably related to the acidic soil
environment and indicate very intense leaching conditions
in agreement with the (palaeo)climatic and topographic
position.

The results of the micromorphological analysis per-
formed on three horizons (Bt, BCrt, and Crt) allow us to
observe some soil features not always recognizable at the
field scale.

Among the main micromorphological features identi-
fied in the three horizons, the presence of illuvial pedofea-
tures is the most important. Clay coatings and infillings
occur on mineral grains and in pores, and these features
are particularly thick in the deep horizons (BCrt and Crt),



Table 4 - The main field features of the benchmark profiles of the soil typological units Monte Pollone (MU 8) and Allega (MU 14). See map photos.

Horiz. Depth (cm)  Colour ? RR? Grair.l size Structure © Stones Clay coatings
sand silt clay
ucCs Cutanic Acrisol (Hyperdystric, Abruptic)
o) 0-3 (+)
AB 3-30 75YR 4/4 25 40.1 43.0 16.9 mSB ++
Bt 30-60 5YR 4/6 7.5 41.4 20.9 37.7 mAB ++ +
BCrt 60-75 25YR4/6 11.25 53.4 16.2 30.4 mAB +++ ++
Crt 75-200 2.5YR4/6 11.25 60.2 20.8 19 M +++ +
UC 14 Cutanic Vertic Luvisol (Novic, Hypereutric)
AO 0-3 10YR 3/2 - 58.7 30.9 10.4 mG +
AC 3-40 10YR3/3 - 26.6 51.1 223 G +++
2Btl 40-65 10YR 4/3 - 10 51.1 38.9 cAB ++ +
2Bt2 65-80 10YR 4/6 - 6.7 429 504 cAB - ++
2C 80-100 25Y5/2 not sampled +++

2 Colour: recorded in the dry condition; ® R.R. = redness rate (sensu Torrent et al., 1980); ¢ Structure: AB = angular blocky; SB = subangular blocky,
M = massive, ¢ = coarse, m = medium; -, (+), +, ++ and +++ indicate increasing abundance of certain soil features: absent, scarce, common, frequent

and abundant, respectively.

Table 5 - The main chemical features of the benchmark profiles of the soil typological units Monte Pollone (MU 8) and Allega (MU 14).

Horis pH Caco, 0.C N P Cocnd. CECS Exchangeable bases (meq/100 g) BSe
H,0 KCL (%) (%) (g/kg)  (mg/kg) (dS/m) meg/100g)  Ca Mg K Na o
UucCs Cutanic Acrisol (Hyperdystric, Abruptic)
O 5.4 4.1 - 26.7 5.6 5 0.4 35.8 11.1 2.1 0.4 0.3 38.7
AB 5.0 3.8 - 6.2 22 4 0.35 225 2.4 0.5 0.1 0.2 14.3
Bt 5.2 4.0 - 1.0 0.7 3 035 15.6 1.4 0.8 0.02 0.2 15.6
BCrt 5.1 4.0 - 0.7 0.4 3 035 7.5 1.2 0.7 0.03 0.3 29.6
Crt 53 4.1 - 0.2 0.2 5 032 75 6.4 0.6 0.03 0.2 96.9
uC 14 Cutanic Vertic Luvisol (Novic, Hypereutric)
AO 6.6 6.0 54 129  10.6 64.1 1.06 46.8 113 24 0.1 0.1 29.8
AC 7.8 6.4 1.1 1.5 22 43 22 23.6 18.9 0.7 0.1 0.3 84.7
2Btl 8.1 6.4 6.3 0.5 0.7 43 0.7 13 18.8 7.0 1.5 0.8 100
2Bt2 8.0 6.3 6.8 0.5 0.7 43 0.7 31.7 17.3 3.9 0.8 0.8 71.7
2C not sampled

40.C.: organic carbon; ¢ Cond.: electrical conductivity; { C.E.C.: cation exchange capacity; 2 B.S.: base saturation.

where two distinct generations can be clearly observed.
The coatings show marked differences in colour, tex-
ture, and extinction pattern. In particular, the older fine
clay coatings appear laminated and crescentic. They usu-
ally show sharp extinction bands between crossed polars

(XPL) and are often observed in the pores that cross the
rock fragments or on their surfaces (fig. 7b-7c). In contrast,
the later clay coatings are not easily recognizable because
they are broken and assimilated into the soil matrix. These
coatings show a diffuse band of extinction in XPL. More-
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FIG. 6 - A) Geological sketch map of the Portofino Promontory and surrounding areas showing the main tectonic lineation (dashed line), the trace of the
geological section and the seismicity map. Some earthquake epicentre positions (circles) are aligned and located either on land or on the continental shelf.
B) Geological section passing through the highest elevations of the paleosurface and highlighting the normal faults that dismembered the paleosurface
into several parts and the main conglomerate lithofacies. The Paraggi Lithofacies (fP) is characterized by the dominance of carbonate clasts and less
common volcanic and metamorphic clasts. The Monte Pallone Lithofacies (fmP) is characterized by less abundant carbonate and more abundant quartz,
metabasic, metamorphic and crystalline clasts. The Monte Bocche Lithofacies (fmB) is characterized by the absence of carbonate clasts, the dominance
of marble/dolomite and non-carbonate sedimentary clasts, and the subordinate presence of intrusive igneous clasts (Corsi & a/iz, 2008, redrawn).

FIG. 7 - a) Flatbed scan of a thin section showing the general fabric of a Crt horizon (Cutanic Acrisol Hyperdystric Abruptic, MU 8) and some photomi-
crographs. The fabric of the saprolite is related to the original lithic fabric of the conglomerate, and the weathering of primary minerals caused voids to
develop and the break-up of the lithic fabric. The frame length of thin section is 5 cm. Photomicrographs: b) abundant illuvial clay infillings in fracture
planes (the frame length is 3.1 mm; XPL); ¢) infillings of pedoplasmated material derived from a higher layer covering clay coatings are observed in
voids (the frame length is 3.1 mm; XPL); d) fragments of clay coatings incorporated into silty clay groundmass in a Bt horizon (the frame length is 1250
pm; PPL); d) example of a mineral grain replaced by an Fe-rich secondary product (the frame length is 1250 pm; PPL).

over, the abundant silt or pedoplasmated material derived  distributed in the groundmass and feature sharp to diffuse
from the higher horizons is often mixed with the clay coat-  extinction bands (fig. 7d). In addition, other relevant fea-
ings (fig. 7¢). In the Bt horizon, subangular fragments of  tures observed in the thin sections include passage features
clay coatings (papules, sensu Brewer, 1976) are randomly  and loose continuous infilling of channels with mineral-or-
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FIG. 9 - Deep weathering in fissures and cracks at the base of an terraced
soil. Note the abrupt contact between the residual soil material and the
reworked terraced infill. Trowel for scale.

ganic excrement, indicating a high degree of biological ac-
tivity in these horizons. In the saprolite horizons (fig. 7a),
the weathering degree of the primary minerals is higher:
grains exhibit severely etched surfaces and are character-
ized by abundant clay neogenesis and iron staining (fig. 7e).

Coatings/infillings of limpid authigenic clay occur in
some voids in the lower saprolite. Furthermore, the quartz
grains are fractured, and mica flakes appear to be intensely
weathered, often to kaolinite, and split apart along cleavage
planes.

UMBRISOLS - The soils in this group are found in areas
with undisturbed organic matter accumulation within the
mineral surface horizon under low base saturation condi-
tions. These soils are a less common soil group, covering
only 0.5% of the whole area, and they are located in a single
map unit (MU 22).

These soils occur in a small valley filled with uncon-
solidated material at higher elevations on an upper south-
facing slope under deciduous oak trees (Quercus rubra),
where precipitation is relatively high. In particular, the
environmental conditions created by this land use type
and microclimate appear to be favourable for the develop-
ment of Umbrisols. The texture of these soils is dominantly
loamy. The analysis results (tab. 3) confirm that the soils
in this group have deep and acidic organic horizons with
high CEC values and medium to high N and available P
contents. These values naturally decrease with depth, and
the CEC values in particular become low.

Soil-based thematic maps

Three thematic maps were derived from the produced
soil map and contain basic soil data that are important for
soil management. We produced SOC (t/ha), soil K-factor
(Mg h/MJ mm) and Hydrologic Soil Group distribution
maps of the area (see, appendix).

In the study area, the values of SOC range from 3 to
34%, with an average of 12.2%. Approximately 25% of the
soils are classified as the lowest SOC class (from 3 to 6%
SOC in the soil profile), whereas less than 20% of the soils
are classified as the high SOC class.

The soil erodibility is quite high. The annual value of
soil loss ranges from 0.031 to 0.083 Mg h/M] mm, with

225



an average of 0.06 Mg h/M] mm. Approximately 20% of
the soils fall in the most erodible soil class, whereas more
than 50% of them fall in the medium-low erodibility class.
Moreover, we correlated the mean SOC and K-factor val-
ues for each soil group (fig. 8). In the studied area, the SOC
decreases from Acrisols to Umbrisols, whereas the K-factor
decreases from Luvisols to Acrisols. The graph clearly con-
firms that an increase in SOC content is correlated with a
decrease in soil loss, likely because SOC has a significant
effect on the physical characteristics of the soil (such as the
structure and bulk density). Therefore, the SOC content
can be used as an indicator of the state of preservation or
degradation of a soil (Conforti & a/zz, 2013)

DISCUSSION
The general patterns of soil formation

In the map and in the previous chapter, the soil char-
acteristics were extensively described. This section focuses
on some general aspects, such as the major soil forming
processes and the influence of the various soil forming
factors. A soil is a result of the combined action of differ-
ent soil forming factors (Jenny, 1941). The parent material
is recognized as a key component of most soil formation
models, and many studies confirm the strong influence of
lithology on soil distribution (Gray & a/iz, 2016). In fact, the
soil features and general trend of soil genesis on the Porto-
fino Promontory were also found to be strongly related to
the nature of the parent material. Thus, the soil map legend
is primarily based on the soil parent material.

In soils on consolidated pre-Quaternary clastic rocks
(conglomerates and sandstones), clay translocation and
rubefaction are important processes, as evidenced by the
presence of Luvisols, Acrisols and Cambisols. In the study
area, rubefaction is distinctly associated with good drain-
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FIG. 10 - Fossil travertine depo-
sits at Cala dell’Oro (see map).
The age of the travertines is
uncertain. The possibility that
the deposit is associated with
flowing spring water during co-
oler, more humid Quaternary
stages cannot be excluded.

age (both external and internal) and is a prominent process
in soils with coarse textured material (tab. 2). The occur-
rence and intensity of rubefaction also depend strongly on
the age of the soil (see Relict features).

In these soils, the clay contents are initially low, and
the soils are highly permeable (see the discussion of the
hydrologic groups). Cambic horizons, with evidence of car-
bonate removal, are more common (MU 9). Upon weather-
ing, clay is commonly formed and is rapidly translocated,
usually either from an overlying horizon (vertical illuvia-
tion; Acrisols, MU 8) or from a horizon upslope (lateral
illuviation; Luvisols, MU 5). Consequently, permeability
decreases, even if there is a general absence of pseudog-
leying and stagnation features. The soils, with increasing
age, have better developed and redder argillic horizons. In
these older and highly evolved soils (Acrisols, MU 8), illuvi-
ation coatings are thick and common, and a deep saprolite
is present in the lower part of the solum.

The soils on marly limestone first form non-vertic cambic
horizons. The internal drainage may initially be rather good,
but upon further release of expandable 2:1 clays, the perme-
ability rapidly decreases and vertic processes become active
(MU 14). Generally, because of their instability and topo-
graphic position, these soils do not reach the Vertisol stage
(MU 16). The residual soils in the summit and footslope po-
sitions are mostly considerably older than the soils on the
slopes. These are relict soils marked by distinct clay translo-
cation and subsoil clay contents but not by high rubefaction
(RR. = 0). These soils, occurring in areas with low mean
slope gradients, are associated with stagnation in the lower
horizons (MU 14 and MU 17). The low mean slope gradient
decreases the lateral drainage of the soil, resulting in a shal-
low water table, which, in turn, increases the soil redoximor-
phic features. In particular, the footslope context also affects
the soil clay mineralogy by concentrating water, cations and
sediments, which influences the hydrolysis processes and the



development of vertic features (MU 14). In fact, the abun-
dance of released and leached cations in the seepage or run-
off water induces both chemical saturation and the cessation
of hydrolysis. This process favours smectite formation and
the shrinking and swelling of the subsoil. Therefore, after
an early stage as a Cambisol (or Vertisol), clay translocation
becomes an increasingly influential process.

The Quaternary slope deposits (colluvia and landslides)
mainly consist of transported soil aggregates and are there-
fore characterized by the colour and other characteristics
of the soils from which they are derived. For instance, the
base-poor, acidic and reddish soils on marly limestone bed-
rock at the bases of north-facing slopes (MU 19 - MU 20)
consist mainly of pre-weathered soil material related to the
destruction of an older surface (MU 8, see above) located
at a higher topographic position on conglomerate. Clay il-
luviation in these soils is absent or too weak to meet the
requirement of an argic horizon. Therefore, this soil can be
classified as a Cambisol due to the presence of soil struc-
ture and evidence of the removal of carbonates. The soils
found in recent colluvia derived from limestone soils (MU
24-27) are weakly developed and show less pronounced
decalcification phenomena, as evidenced by the common
presence of soft powdery lime, the high total carbonate
content and the alkaline pH values (calcaric Regosol). The
same characteristics were shown by few soils developed on
extremely gravelly deposits, probably due to thermoclastic
or cryoclastic phenomena on conglomerate slopes (see Lep-
tosols, éboulis ordonnées) that lack a pedogenic matrix.

Human activities have also been an important driving
factor in the evolution of the soil on the Portofino Prom-
ontory. In this context, the human impact interfered with
soil formation processes through vegetation changes caused
by fire and reforestation, relief modification and soil redis-
tribution. In some cases, the soil redistribution and move-
ment of earth related to terracing (introduced to minimize
erosion and expand the cultivated area) on both conglom-
erate and limestone slopes contributed to soil rejuvenation
(Regosol, MU 12) by forming soils with a higher percentage
of coarse elements and lower organic matter contents. The
abandonment of the terraces affected their stability, increas-
ing the risk of mass movement events. Terracing is certainly
an important anthropogenic factor affecting the Portofino
soils, but the intense activity of the charcoal burners (Oli-
vari, 2007) also contributed to soil redistribution and reju-
venation, primarily due to the preparation and management
of plots before, during and after the production phase.

The indispensable contribution of vegetation, often the
result of profound man-made changes over the centuries
and directly linked to the microclimate, must be considered.
In fact, some pedogenic processes are influenced by vege-
tation and the resulting humus. For instance, the thicker O
and A horizons (umbric, see map, MU 22) in the deciduous
Quercus rubra oak forest reflect both greater organic carbon
inputs associated with a more mature and better established
vegetation community and a presence of easily mineralized
humus, which improves the melanization processes and ac-
cumulation of organo-mineral colloids. Apart from this ex-
ception, the soils of the Portofino Promontory mostly have
poorly developed A horizons (<20 cm) overlain by a thin lit-

ter (O horizon, 2-3 cm), composed of leaves and twigs. Gen-
erally, the C/N ratios of these soils are near 10, indicating a
Mull humus form, characterized by well-humified organic
matter rich in stable mineral-organic complexes. In some
cases (Chestnut soils), the acidic pH of the organic horizons
induces a decrease in litter decomposition rates and is rein-
forced by slow humification (C/N ratios of approximately
20) with formation of the Moder humus form. Thus, decom-
position and humification are active processes, but many of
the soils have lost a significant thickness of the surface hori-
zon due to erosion, likely induced by forest fires or cutting
and harvesting of the vegetation in areas traditionally used
as coppices. Recently, the development of outdoor and rec-
reational activities (trekking and mountain biking) and the
presence of wild boar have led to an increase in vegetation
removal and soil erosion processes (due to concentrated run-
off), thereby increasing the loss of SOC.

Organic carbon

SOC is sensitive to a range of factors, including climate,
topography, soil and vegetation management, among other
anthropogenic factors (Tan & aliz, 2004). Several studies
have estimated differences in SOC in relation to vegetation
and topography, land use, and climate.

In the study area, in accordance with the findings of
Paustian & alii (1997), the SOC content decreases with in-
creasing soil disturbance, as evidenced in soils developed
on slope deposits rearranged for agricultural purposes (ter-
races, MU 12). Higher SOC concentrations are present in
areas with little soil disturbance and in forested environ-
ments (holm oak) or maquis.

Moreover, the SOC storage is influenced by tempera-
ture and moisture regime, in accordance with Fantappi¢ &
aliz (2010). The SOC sequestration decreased from the field
sites with humid conditions to the field sites with semiarid
conditions, and the highest SOC values were observed in
small valleys with N-facing aspects (MU 27 and MU 17).
These soils are characterized by colluvial parent material,
and the high SOC stock could also be due to the deposition
of soil eroded from higher topographic positions (Fernan-
dez-Romero & alii, 2014).

The SOC stock is also related to soil age, as our study
confirms. The SOC stock is high in older soils (palaeosols)
under forest (Acrisol, MU 8).

In summary, a protected environment with a thick and
mature forest that encourages soil preservation and litter
development is the best environment for SOC preservation
and formation. Forest fires represent an extremely serious
environmental issue in the Mediterranean region. Ade-
quate landscape-level planning policies that integrate the
assessment of forest fire risk should be considered because
the burning of the surface biomass could lead to the loss of
the SOC stock (litter and humus) and promote soil erosion.

Sotl erodibility

One key parameter for the evaluation of soil erosion is
the soil erodibility, expressed as the K-factor in the widely
used Universal Soil Loss Equation (USLE, Wischmeier &
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aliz, 1978) and in the Revised USLE (RUSLE, Renard &
aliz, 1997). The K-factor, which expresses the susceptibility
of a soil to erosion, is only related to soil properties, such
as organic matter content, soil texture, soil structure and
permeability. The K-factor, expressed in Mg h/MJ mm,
represents an integrated annual value of the soil profile re-
action to soil detachment and transport by raindrops and
surface flow (Renard & aliz, 1997).

Due to the relationship between the K-factor and the
soil texture, soil erodibility is therefore strictly related to the
geologic substrate. In the study area, the direct relationship
between the geologic substrate and the K-factor distribu-
tion is clear (see map). For instance, high K-factor values
correspond to soil horizons on the conglomerate, which are
more sandy and much more permeable, whereas low values
correspond to soil horizons on the marly limestone.

Soil erodibility, together with the other USLE factors,
such as management practices (P-factor), vegetation cover
(C-factor) and morphological conditions (LS-factor), can
also be influenced by agricultural practices and human
intervention in land management. The MU with the high-
est K-factor value (MU 10) has favourable morphological
conditions for soil conservation but lacks adequate vegeta-
tion cover protection (olive grove). Consequently, this MU
is one of the most at risk for soil erosion. In contrast, the
other MUs with high K-factor values have excellent vege-
tation cover protection, such as the Quercus ilex forests in
MU 4 and MU 7 or the mixed forests in MU 5 and MU 23,
but they feature unfavourable morphological conditions,
such as very steep slopes. These observations are important
for the present land cover preservation strategies. Possible
cutting of the forest would cause serious consequences in
terms of soil erosion. Therefore, the K-factor dataset can
serve as a guide for the application of better conservation
practices (e.g., increasing or preserving SOC in areas prone
to high levels of soil erosion or adapting soil management
methods in areas of high risk).

Soil hydrology

The geologic substrate plays a important role in de-
termining the hydrologic soil type. A direct relationship
between the geologic substrate and Ksat is observed (see
appendix). The effect of the geologic substrate can be ex-
plained by the hydrodynamic properties of the bedrock
and its weathering products. For instance, weathering of
marly limestone produces silty clay, leading to clay soil ho-
rizons (tab. 1, 2 and 3) with restricted drainage and redox-
imorphic features. In contrast, the soil horizons developed
on conglomerate are more sandy and much more perme-
able and do not exhibit lower redoximorphic features.

Therefore, the characteristics of the conglomerate-de-
rived soils favour the infiltration of overland flow, limiting
its evaporation rate. The water flowing through the thick
soils at higher elevations (MU 8) can reach the cracked
conglomerate, forming deep groundwater and a long-term
‘reservoir’ in the natural water cycle (Olivari,1981).

Groundwater percolation through cracks in the con-
glomerate leads to morphologically karst-like phenomena
known as “pseudokarst” (Eberhard & Sharples, 2013). The
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percolation of water loosens the bonds between mineral
grains, causing carbonate enrichment in the flowing water.
When this water flows out at the surface, carbonate depos-
its (travertine) precipitate (fig. 10).

Moreover, this process permits preferential pathways to
develop, which gradually become enlarged and can form
small caves, although the most significant caves are the
wave-excavated sea caves that develop along joint fractures
close to the coast (Faccini & alzz, 2008).

The groundwater formation process supplies the numer-
ous perennial springs that occur both at high altitudes along
the conglomerate-limestone contact and under the sea (Oli-
vari, 1981). These springs feed the aqueducts of the munici-
palities of Camogli, Santa Margherita Ligure and Portofino.

Therefore, the presence of a thick and broad pedologic
cover plays a key role in the capture and supply of clean
water, makes water available for uptake by vegetation and
mitigates hydro-geologic risks.

Relict features

Some features of the Acrisols (MU 8) and Luvisols (MU
14) identified in thin sections were been interpreted as rel-
ict features. These features allow us to regard these soils as
polygenic palaeosols, i.e., they are related to pedogenetic
processes active during the Pleistocene under different
palaeoclimates and are not in equilibrium with present-day
climatic conditions. Polygenetic soils occur when climate
changes are large enough to produce new soil properties
without obliterating the existing properties (Chadwick &
aliz, 1995). These soils formed in a earlier landscape and
were subsequently truncated to varying degrees and influ-
enced by later soil forming processes.

For instance, clay illuviation is the main soil-forming
process in Mediterranean soils, although clay cutans are
generally rare or appear only as thin coatings on mineral
surfaces or peds (Fedoroff, 1997). Usually, thin and undis-
turbed textural features that coat or infill apparently active
voids are considered as signature of recent particle translo-
cation. Therefore, these features can be tentatively ascribed
to the lower-middle Holocene (Rellini & a/:z, 2014; Khiin,
2003; Van Vliet-Lanog, 1990). Thus, the presence of polycy-
clic clay illuviation with thick juxtaposed clay-silt coatings
is incompatible with the present-day climate and may be
indicative of older phases of clay illuviation and complex
pedologic processes in a single soil (Fedoroff & a/zz, 2010).

The argillic horizons of MU 8 and MU 14 probably
record the imprint of a palaecoclimate characterized by wet
conditions (required for water percolation and clay illuvia-
tion) but also by a marked seasonal contrast, possibly with
higher temperatures that allowed capillary water evapora-
tion and deposition of suspended clays that adhered to ped
and pore surfaces (Scarciglia & aliz, 2006; Fedoroff, 1997).
Such conditions are typical of past interglacial periods (Rel-
lini & aliz, 2015; Catt, 1989), which were warmer and more
humid than today. Additionally, the development of large
planar voids and slickensides, such as those described in
the lower Luvisol horizons (MU 14), is favoured by warm,
humid, seasonally contrasting conditions that enhance wet-
ting-drying cycles and the resulting shrink-swell (vertic)



dynamics (Coulombe & aliz, 1996). The vertisolisation in
the vertic Luvisols (MU 14) on marly limestone has been a
partially functional process that has not been able to over-
shadow the most important long-term and recent clay illu-
viation process. Analogous considerations, in terms age and
palaeoclimate, may explain the intense rubefication (high
R.R., Torrent & aliz, 1980) recorded in the soil horizons of
UC 8 because the reddening of a soil matrix requires similar
environmental conditions (Schwertmann & Taylor, 1989).
Additionally, the specific presence of kaolinite in these soils,
accounting for the low CEC values and micromorphological
features, may indicate soil-forming conditions that were par-
ticularly humid (but well drained), prone to hydrolysis and
leaching phenomena, possibly warmer than today, and/or
experienced a longer duration of pedogenesis (Dixon, 1989).
Rellini & alzi (2015) described certain pedofeatures (i.e.,
juxtaposed compound coatings) that were very similar to
the features of the Acrisols (MU 8) and Luvisols (MU 14)
in other palaeosols along the Ligurian coast, indicating
changes in the local or environmental conditions during
the Pleistocene. Moreover, thick juxtaposed coatings were
found in an early Pleistocene palaeosol characterized by a
deep argillic horizon covering an intensely weathered sapro-
lite with illuviated clay in fissures and voids on the Manie
Plateau, located approximately 100 km west of the site along
the Ligurian coast (Rellini & aliz, 2007; Trombino, 1996).
Frost activity probably also intensely affected these soils.
Fragments of microlaminated clay coatings (papulae) are
commonly present in the Bt horizons of the Acrisol (MU
8, fig. 7d). These features can be regarded as markers of
environmental changes from interglacial periods to glacial
periods (Simon & a/zz, 2000). Moreover, we cannot exclude
the possibility that silty-clay and dusty coatings alternating
with pure clay coatings in these palaeosols reflect the rapid
particle translocation due to freeze-thaw cycles during gla-
cial periods (Van Vliet-Lanog, 2010; Scarciglia & alzz, 2006).
The presence of thick stratified slope deposits that lack a
pedogenic matrix (see Leptosols, fig. 2), produced by fre-
quent freeze-thaw cycles or thermal changes, suggests that
cold and dry periglacial conditions also occurred in this
coastal sector of northern Italy at the beginning of the Late
Pleniglacial, as already observed by Rellini & a/iz (2013).

Palacosurface and deep weathering

The Portofino Promontory is a zone of tectonic uplift
(seismic activity) that has led to the development complex
relief. The tectonic activity is evidenced by recent seismic-
ity (Regional Seismic Network of Northwestern Italy, Fer-
retti & aliz, 2008), which affects the Ligurian continental
margin and is characterized by earthquakes (fig. 6A) with
a Richter magnitude of generally less than 4 (Castello &
alii, 2004). A portion of the top of the promontory is quite
wide and gently slopes to the eastern sectors (Monte Pol-
lone, see map). This area forms a sort of high, disarticulated
erosional plain formed on the Oligocene conglomerate
bedrock. The palacosurface is dismembered into several
parts with different sizes and elevational positions (fig. 6B).
These surfaces are the remnants of an older, more exten-
sive subaerial erosional surface that was probably already

exposed during the early Pliocene transgression and is
recognizable in many other sectors of the Ligurian coast
(Carobene & Cevasco, 2011; Biancotti & Motta, 1998).
During the early Pliocene, the Ligurian Basin continued to
subside, and the inner part of the continental shelf began
to experience uplift (Fanucci & a/zz, 1984; Fanucci & Nicol-
ich, 1986). The relic paleosurface is now reduced to several
residual relics located on top of the local relief due to ear-
ly-middle Pleistocene block faulting (normal fault activity,
see fig. 6B). During the Quaternary, this sector of the Lig-
urian coast continued to experience uplift (Fanucci & aliz,
1980). This notably transformed the previously planated
landscape, creating the main morphological features pres-
ent in the range today. This successive stepping of tectonic
pulses likely also led to the development of a new surface at
a lower position (MU 10, see map).

The relics of the ancient land surface are covered by a
thick saprolite and characterized by a palaecosol (Acrisol,
MU 8). Moreover, relicts of deep weathering are found in
fissures and cracks in the conglomerate at lower elevation
(fig. 9). Here, the erosion has been severe, and the residual
soils can be considered erosional remnants. These rem-
nants are also relatively common in the littoral zone.

Due to the presence of the saprolite, the large-scale
morphogenesis of the top surface of the Promontory must
have taken place before the Quaternary during a hotter and
wetter period than the present one. In fact, a long period
of ground surface stability (geomorphological and possi-
bly climatic) under biostatic conditions was likely neces-
sary to generate the observed deep weathering (saprolite)
and intense pedogenesis (Scarciglia & aliz, 2005; Thomas
& alii, 1999). The environmental conditions during the
Quaternary, with its climatic cooling and repeated glacia-
tions, was not optimal for the weathering layering (Migon &
Lidmar-Bergstrom, 2002), although deep weathering (and
rubefaction) was likely favoured by the characteristics of
the conglomerate bedrock, which contains abundant clasts
(basalt, metabasite, and gabbro) with easily weatherable and
Fe-rich minerals (facies fmB, Corsi & a/iz, 2014, fig. 6B).

The hypothesised age of the soils presented here is
quite uncertain but is consistent with and in no way con-
trasting with the existing understanding of the genesis of
similar pedofeatures and soils in Italy (Bartolini & aliz,
1984; Carnicelli & Costantini, 2013) and with the evolution
of palaeosurface. Moreover, more intensely weathered pa-
laeosols from the early Pleistocene suggest a climate with
more humid phases and geomorphodynamic stability in
the Mediterranean region (Wagner & aliz, 2014; Giinster
& Skowronek, 2001; Cremaschi & Ginesu, 1990), thereby
favouring deep weathering.

In particular, the Acrisol shows relict features that are
very similar to those observed in a relict paleosol on the
Manie Plateau (see Relict features). A quantitative geo-
morphologic study (Biancotti & Motta, 1998) found that
most of large-scale morphogenesis of the top surface of the
Manie Plateau, which is responsible for development of the
largest karst sags, occurred during the interglacial Alpine
period in the eatly Pleistocene. The archaeological finding
of an archaic Acheulean bifacially worked tool (Lower Pal-
aeolithic) discovered in this relict paleosol (Vicino, 1982)
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confirms this hypothesis. Thus, the good relationship be-
tween the two paleosols suggests an early Pleistocene age
for the Portofino Promontory paleosols. The early Pleis-
tocene period appears to have been wetter and hotter, re-
sulting in more extensive leaching and weathering of the
palaeosols on the conglomerate and more significant devel-
opment of vertic features on the marly limestones.

Analogous geomorphological and climatic consider-
ations (i.e., warm and humid interglacial conditions) may
explain the intense, polycyclic clay illuviation in the pal-
aeosol subsoil (Catt, 1989; Fedoroff, 1997, Scarciglia & ali,
2005). In fact, the Quaternary climatic change caused poly-
pedogenesis in the soils that formed on the stable surface
(Rellini & a/zz, 2015). Exogenic processes (together with the
tectonic generation of relief) then modified the promon-
tory landforms during the Quaternary. For instance, the
fluvial network dissected the erosional surfaces and overall
led to intense denudation processes with mass movement
events, erosion of the palaeosols and subsequent accumula-
tion of thick sequences of sediments.

CONCLUSIONS

Detailed soil mapping of the Portofino Promontory re-
quired intensive field investigation and sampling due to the
complex environmental setting. The landscape approach
to soil surveying is well developed. The completion of the
detailed survey of the Portofino Promontory took approxi-
mately three years, making this one of most valuable plan-
ning datasets in existence for the Liguria region. The spatial
distribution and variability of the most extensive soil types
were reproduced in GIS and presented in a soil map at a
scale of 1:10,000 with a descriptive legend. We identified
six RSGs: Cambisol, Regosol, Leptosol, Luvisol, Acrisol,
and Umbrisol. The GIS dataset was used to produce three
derived maps (soil erodibility factor, spatial distribution of
SOC and soil hydrological groups) for decision making in a
region that is threatened by soil degradation. Moreover, our
dataset will also contribute to the existing tools associated
with national soil mapping and soil OC/OM datasets and
will support the European Soil Bureau (ESB), based at the
Joint Research Centre (Ispra), by validating new records as-
sociated with the soil and OC maps of Europe.

Due to its complex geologic and climatic history, the
time, landscape stability (preservation of the palacosurface)
and parent material factors are major contributors to the
extent of pedodiversity on the Portofino Promontory. Since
the Last Glacial Maximum, the soils have experienced in-
cipient soil formation, with at least the beginning of ho-
rizon differentiation, humus accumulation and carbonate
removal (Regosol and Cambisol), while the clay illuviation
horizons likely formed only in special morphological con-
ditions. Soil development is distinctly more advanced after
polycyclic weathering. Polygenic and strongly weathered
soils exist in the study area and have not yet been affected
by erosion (Acrisols and Luvisols). These soils are relict
palaeosols (Ruellan, 1971): they were generated through
long-term pedogenesis but are no longer affected by ac-
tive processes. In particular, the formation of the Acrisols
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is directly related to the development and preservation of
an extensive ancient erosional surface (palaeosurface) that
enabled rates of weathering to exceed those of erosion and
favoured saprolite development. The palaecosol features
suggest the existence of a warmer and wetter climate in
northern Italy during the Early Pleistocene. The soil devel-
opment episodes during the Quaternary were not continu-
ous and were instead governed by pulses of tectonic uplift
and climatic change, giving rise to soil erosion.

Land use planning to preserve the cultural and nat-
ural heritage of the landscape (geosites) should take into
account the presence of the described palaeosols, which
are currently included in the currently existing Portofino
Natural Park, because these palaeosols preserve a large
amount of information about the environments of the past
and because they are important SOC pools and a long-term
‘reservoir’ of natural water.
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