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ABSTRACT

Soils perform several functions in delivering ecosystem services and soil thematic maps are
useful for environmental modelling, landscape planning, and management optimization. This
study aimed at producing the first soil rooting depth map of Italy at 1:250,000 scale based
on the legacy soil maps, soil data and benchmark profiles, combined with the auxiliary data.
The map highlights that moderately deep (33%) and deep (25%) soils are predominant and
mainly distributed in hilly areas, while very deep soils (18%) are prevalent in the fluvial and
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coastal plains. The validation procedure showed that 87% of the soil rooting depth map
classes fall within the same and adjacent classes of the measured soil profiles database. The
soil rooting depth map of Italy at 1:250,000 scale can be a useful tool to support land
management and spatial planning in terms of agro-environmental measures, making reliable
assessments for ecological sustainability studies, and for environmental territorial analyses.

1. Introduction

Soils play a fundamental role in protecting, restoring
and promoting sustainable use of terrestrial ecosystems
(Arnold, Szabolcs, & Tasgulian, 1990). They perform
many functions in delivery of ecosystem goods and ser-
vices (Bouma, 2010; Dominati, Mackay, Green, & Pat-
terson, 2014) such as food production and biomass,
water and nutrient cycle, climate regulation, energy
provision, and biodiversity (Benedetti, Dell’ Abate, &
Napoli, 2013; MEA, 2005). The number of scientific
publications stressing on the importance of soil func-
tions in ecosystem services is increasingly growing
(Haygarth & Ritz, 2009; Grét-Regamey, Weibel, Kie-
nast, Rabe, & Zulian, 2015; Greiner et al., 2017). Main-
streaming ecosystem services and soil functions into
policies planning and decision-making (Grét-Regamey,
Weibel, Kienast, Rabe, & Zulian, 2015) is important for
supporting the sustainable use of soil resources
(Bouwma, Schleyer, Primmer, Winkler, & Bezak,
2018; van der Biest et al,, 2013) at global, national,
regional and local scales.

In this context, soil mapping is essential to under-
stand how soils contribute to human well-being and
to support policies which have an impact on natural
resources. Traditionally, soil mapping is achieved
through a soil survey inventory carried out by experts
who understand interactions between soil-forming
factors (Lagacherie, McBratney, & Voltz, 2007) and
represents a discrete model of spatial variation (Kem-
pen, Brus, Stoorvogel, Heuvelink, & de Vries, 2012).

Thus, it extended relationships directly observed at
limited locations, with relatively few samples, to pro-
duce useful soil maps at the landscape scale (Miller,
2017), by simply applying the principle of spatial
association (Hole & Campbell, 1985). In the last dec-
ades, local knowledge, data availability, and the use of
database have increased exponentially, improving the
quality of the maps produced (Miller, 2017). More
recently, alternative approach as the Digital Soil
Mapping techniques (e.g. regression kriging and
machine-learning) employ geographical information
systems to analyse and combine environmental cov-
ariates with observed points to improve maps quality
(Hengl et al., 2015; McBratney, Mendonca Santos, &
Minasny, 2003), and require digital data sources as
input variables for the quantitative models, well dis-
tributed over geographic- and feature space (Leenaars
et al.,, 2018). Nevertheless, at wide scales traditional
soil maps are still widely used in areas where great
diversity of climate, geology, landscapes, and soil-
forming processes exists, or where limited and not
homogeneously distributed soil observations are
available. In these situations, Digital Soil Mapping
techniques — mainly based on the correlation
among land covariates and soil properties — may
not produce satisfactory results.

Soil maps and derived thematic maps efficiently
communicate complex spatial information and consti-
tute a very important tool for environmental model-
ling, landscape planning, and management
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optimization (Miller, 2017; Pereira, Brevik, Muiioz-
Rojas, & Miller, 2017). Particularly, thematic soil
maps show the distribution of soil property and quality
connected with a specific area. Among soil quality
maps, the rooting depth map is one of the most impor-
tant because it represents the volume of soil potentially
explorable by plant’s roots to effectively extract water
and nutrients for growth (Arrouays, McKenzie, Hem-
pel, Richer de Forges, & McBratney, 2014; Global Soil
Map, 2015).

In 1997, the Terrestrial Observation Panel for Cli-
mate of the Global Climate Observation System ident-
ified the 95% rooting depth as a key variable needed to
quantify the interactions among climate, soil, and
plants features. Vertical root distributions significantly
influence soil productivity through the water, carbon,
and nutrients fluxes as well as the distribution and
activities of soil fauna. Roots transport nutrients and
water upwards, but they are also pathways for carbon
and nutrient transport into deeper soil layers and for
deep water infiltration (Jarvis, 2011) and affect the
weathering rates of soil minerals (Yang, Donohue, &
McVicar, 2016). Generally, when no root-restricting
zone is identified, a depth of 150 cm can be used to
approximate the root zone depth (Dobos, Sinclair, &
Robotham, 2012). Conversely, when limiting factors
exist the rooting depth can be shorter than the entire
soil profile. The main limiting factors influencing root-
ing depth are: underlying rocks, coarse fragments con-
tent exceeding 80% of the penetrable volume (e.g.
hardpan and plowpan), abruptness of textural change
over depth, horizon compaction and cementation,
pH extremely acidic and or alkaline, and other physical
and chemical properties (FAO, 2006; Leenaars et al.,
2018).

Despite the importance of rooting depth in the con-
trol of terrestrial hydrological and biogeochemical pro-
cesses, its distribution and its relationships with plant
physiology and pedo-climatic characteristics remain
largely unknown. This is mainly due to the difficulties
in the direct quantification of rooting depth using field
approaches. To overcome the lack of direct obser-
vations, several combined approaches, based on model-
ling, use of primary soil profile data, and various
scientific hypotheses, have been proposed to estimate
the soil rooting depth (Leenaars et al., 2018; Wang-
Erlandsson et al., 2016). For instance, Musters and Bou-
ten (1999) used inverse model to indirectly estimate
rooting depths in a forested stand by quantifying spatial
variability in soil water dynamics, while Schenk and
Jackson (2002a, 2002b) and Zeng (2001) assembled
observations of root profiles from the literature to
yield a global dataset of root biomass with depth for
different biomes in order to construct maps of global
ecosystem rooting depths (Schenk & Jackson, 2009).

This study aimed at producing the first unified soil
rooting depth map of the whole Italian territory at
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1:250,000 scale based on the based on the legacy soil
maps, soil data and benchmark profiles available at
regional administrative scales, combined with the
auxiliary data to further fill the gaps in areas without
soil data.

2. Materials and methods
2.1. Study area

The study area covers the whole Italian territory (20
administrative Regions plus South Tyrol as auton-
omous province), sizing about 302,073 km® and ran-
ging from sea level to 4810 m a.sl. (Mont Blanc in
Aosta Valley Alps, the highest elevation of geographic
Europe). A remarkable morphological variability of
the Italian territory is reflected by its geologically
young land, with great variety of lithological compo-
sition and landscapes. Orography is mainly character-
ized by hilly areas (42%), followed by mountains (35%)
and plains (23%). As reported by Costantini et al.
(2013), all these factors affect the pedodiversity of Italy.

Italian climates are strongly influenced by both oro-
graphy (mainly Alps and Appennines rough mor-
phology) and Mediterranean Sea (important reservoir
of heat and humidity for the inland). On average, the
long-term mean annual air temperature is 12.6°C (ran-
ging from 8.7°C to 16.5°C), while the cumulated mean
annual rainfall is 785 mm (https://www.reterurale.it/
agroclima).

In terms of land cover, Italy is mainly characterized
by agricultural lands (about 51%) and woodlands and
semi-natural environments (about 41%), whilst artifi-
cial surfaces do represent only 5% of total surface
area, with a very irregular distribution over the national
territory due to the orographic features and the differ-
ent level of urbanization (ISPRA, 2012; Marras et al.,
2018). More details on the most widespread land uses
are given by Costantini and Dazzi (2013).

2.2. Data Sources

To date, in Italy the highest detail soil map of major
soils distribution at national coverage is available at
1:1,000,000 scale (Costantini et al., 2012; Filippi,
2005). This resolution is not good enough for a detailed
model assessment. Thus, in 1999 the Italian Ministry of
Agricultural, Food and Forestry Policies funded the
national systematic soil survey programme to construct
a soil map of Italy at 1:250,000. At present, several
administrative regions have produced pedological
data as maps, catalogues, atlases, and database using
this scale (Costantini et al., 2014), but the whole
national territory is not yet covered at this scale. There-
fore, in the present study, soil data observation points
and pedological maps at 1:250,000 scales were used
as main data sources to produce the first soil rooting
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depth map of Italy at this scale. Soil data observation
points refer to all georeferenced soil profiles (24,502)
database available at CREA — Research Centre for Agri-
culture and Environment, while pedological maps to all
maps, both in digital- and in paper-based format, avail-
able at CREA — Research Centre for Agriculture and
Environment or collected from administrative regions
(see Table S1 for list and references).
The auxiliary data used were:

 Digital Elevation Model (DEM; ASTER GDEM) of
Italy with a 30 m resolution cell, used to derive
slope raster (Zevenbergen & Thorne, 1987), reclas-
sified in classes according to Field Soil Survey and
Data Entry Manual (Costantini, 2007).

e Geological maps of Italy at 1:100,000 (http://
www.isprambiente.gov.it/it/cartografia/carte-geolo-
giche-e-geotematiche/carta-geologica-alla-scala-1-
a-100000) and 1:50,000 scales (http://www.ispram-
biente.gov.it/it/cartografia/carte-geologiche-e-geote-
matiche/carta-geologica-alla-scala-1-a-50000), used
to derive the parent material maps.

e CORINE land cover (CLC) map of Italy 2012
(http://www.sinanet.isprambiente.it/it/sia-ispra/
download-mais/corine-land-cover/), used to sup-
port video-photointepretation to distinguish differ-
ent cartographic units (CU) by land use, typical
climate and parent material association.

e Bioclimatic map (http://www.soilmaps.it/download/
csi-BrochureSR_a4.pdf), used to support video-
photointepretation to distinguish different CU by
bioclimatic regions.

If soil maps at 1:250,000 scale missed (e.g. Molise,
Umbria, Liguria, Aosta Valley, and South Tyrol) — or
were incomplete (e.g. Friuli Venezia Giulia and
Umbria), the following maps at different scale were
used (see Table S1 for list and references):

e Pedological maps at higher scale than 1:250,000
(mainly 1:25,000 and 1:50,000; Table SI).

e Soil Italian map at 1:1,000,000 scale (Costantini
et al., 2012).

e Soil Regions of Italy at 1:5,000,000 scale (http://
www.soilmaps.it/download/csi-BrochureS-
R_a4.pdf), used to support traditional video-photo-
intepretation to  distinguish  different CU,
characterized by typical climate and parent material
association, by soil cover.

¢ Eco-pedological map at 1:250,000 scale by European
Soil Bureau on behalf of Italian Ministry of Environ-
ment, between 1998 and 2001 (European Commis-
sion, 1998; Filippi, 2005).

e Atlas of areas at risk of desertification (Costantini
et al,, 2009; Costantini, Urbano, Bonati, Nino, &
Fais, 2007).

2.3. Data processing

The soil rooting depth map of Italy at 1:250,000 scale
was processed and edited using ESRI ArcGIS 9.2,
using to the Universal Transverse Mercator WGS84
fuse 32 (EPSG 32632). Data processing followed five
steps:

1. Digitalization of all the paper-based maps in vector
layers.

2. Building the soil subsystem vectorial layer at
1:250,000 scale for the regional areas where soil
maps missed or were incomplete. This was per-
formed using an ad hoc traditional video-photoin-
terpretation of the landscape in a GIS
environment, by combining the existing soil maps
at more detailed scales (Table S1) with the above-
mentioned auxiliary data (i.e. DEM, CORINE land
cover, geological and pedological maps).

3. Import all regional soil subsystem vectorial layers
and soil data profile in a geodatabase.

4. Geographic union of all regional layers in one soil
subsystem national layer, and geographic harmoni-
zation at administrative boundaries with auxiliary
data.

5. Characterization of the soil subsystem layer of each
CU at geographic level, using the most representa-
tive and frequent soil type.

At this purpose, an integrated approach was used to
link soil CU (3260) to the representative soil profile
properties and qualities (Table 1). Depending on the
available data and information, the following
approaches were chosen: (i) if soil typological units
were available (e.g. Abruzzo, Lazio, Tuscany, and Apu-
lia), we selected the most frequent one and its bench-
mark profile; (ii) if soil typological units were
unavailable (e.g. Campania, Emilia Romagna, Marche,
Molise, Sardinia, Sicily, Umbria, Veneto), we selected
the representative profile of the most frequent land
component inside the CU, by choosing the best soil
observation correlated with the specific combination
of morphological class, lithology, and land cover (Cost-
antini et al., 2014; (iii) if neither the soil typological
units nor the soil profile were available, we used general
information reported in soil system map (e.g. Aosta
Valley and Liguria) to derive a soil type dataset as
dominant.

Table 1 shows the summary of the work done to fill
the gaps both for geographic level, by harmonizing the
available soilscapes maps and eventually building news,
and for soil information gathering and processing, as
results of the three above-mentioned approaches.

Since in some soil regional layers the no-soil areas
were lacking or not updated, a further harmonization
procedure was necessary according to the following
CLC classes:
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Table 1. Summary data used to evaluate the final soil rooting depth map for each ltalian administrative region with the

corresponding area.

Geographic layer

Soil profiles and minipits data

Regions 250K (%) <250K (%) >250K (%) CU (n) STU (n) LC (n) ST (n) Area (km?)
Abruzzo yes 0 0 104 104 10,856
Aosta Valley na. 0 100 18 5 13 3269
Apulia yes 0 0 213 213 19,586
Basilicata yes 0 0 75 75 10,097
Calabria yes 0 0 156 156 15,260
Campania yes 0 0 223 80 143 13,703
Emilia Romagna yes 0 0 148 148 22,240
Friuli Venezia Giulia na. 85 15 52 52 7879
Lazio yes 0 0 185 185 17,270
Liguria na. 0 100 55 55 5420
Lombardy yes 0 0 64 34 30 23,921
Marche yes 0 0 113 113 9756
Molise na. 25 75 197 197 4472
Piedmont yes 0 0 432 115 2 315 25,451
Sardinia yes 0 0 33 33 24,146
Sicily yes 0 0 538 538 25,895
South Tyrol (Alto Adige) n.a. 0 100 13 13 7416
Trentino yes 0 0 148 148 6218
Tuscany yes 0 0 151 151 23,043
Umbria na. 50 50 131 131 8482
Veneto yes 0 0 211 3 208 18,469
Total 3260 1261 1368 631 302,073

Geographic layer columns: 250K — Presence or not of the soil subsystem maps, <250K (%) — Achieved from existing more detailed soil maps, new
250K (%) — Built as new, CU (n) — Total number of final harmonized Cartographic Units. Soil profiles and minipits data columns: Number of soil dataset
retrieved from Soil Typological Unit (STU), correlated with most representative Land Component (LC), and recovered from soil map at smallest scales

(Soil System Level - ST).

o Artificial areas: Codes 1.1 and 1.2 (urban areas).

o Uncovered areas: Codes 1.3 (mine, dump and con-
struction site) and 3.3 (beaches, dunes, sands, bare
rocks, sparsely vegetated areas, and glaciers and per-
petual snow)

o Wetlands and water bodies: Codes 4.1 (inland wet-
lands), 4.2 (maritime wetlands), 5.1 (inland waters),
and 5.2 (marine waters).

Finally, the Soil Rooting Depth map was derived,
adopting the official USDA root-restricting depth
classification (Soil Survey Manual, 2017):

e Class 1: Very shallow (less than 25 cm depth)

o Class 2: Shallow (between 25 to less 50 cm depth)

e Class 3: Moderately deep (50 to less than 100 cm
depth)

e Class 4: Deep (100 to less than 150 cm depth)

e Class 5: Very deep (over 150 cm depth)

The attribute of each rooting depth class was
reported in each CU.

Figure 1 shows the flow chart of the processing pro-
cedures used to build the soil rooting depth map of
Italy at 1:250,000 scale.

A validation process was applied to compare the root-
ing depth classes derived with the measured rooting depth
of soil profiles for the whole Italian territory. Among all
CU (3289), 1150 were excluded because there were
neither soil profiles (1121) nor soil areas (29). Thus, for
the validation process we selected the 2168 CU (66% of
the total CU) where soil profiles data (24,502) were pro-
vided. More details are reported in Table 2.

3. Results and discussion

In this work, for the first time, we produced the first
unified soil rooting depth map for the whole of Italy
at 1:250,000 scale (Main Map). To this aim — in a
GIS environment — we processed the soil subsystem
layer using an integrated approach based on the avail-
able legacy soil maps, soil data, soil profiles, and auxili-
ary data, filling the gaps in the no covered areas.

The soil subsystem layer — used to derive the soil
rooting depth map — is composed by 3289 CU,
30,045 polygons, and 24,502 observation sites with
analysis (profiles) widespread in all national territory
(302,084 km?). This soil layer greatly increases the
detail of soil map in Italy (from 1:1,000,000-
1:250,000 scale).

The soil rooting depth map shows that 1% of the
total area is classified as uncovered areas, urban
areas, and wetlands and water bodies (CLC, 2012),
while the 99% (287,368 km?) is soil area, split in five
rooting depth classes: Very shallow (class 1), shallow
(class 2), moderately deep (class 3), deep (class 4),
and very deep (class 5), according to USDA classifi-
cation (Soil Survey Manual, 2017).

At the national level, the soil area falling in the mod-
erately deep class is predominant (33%), followed by
deep (25%), and very deep classes (18%). The soil
areas covered by very shallow and shallow rooting
depth counts together for 24% (Main Map). This
map highlights that 3-5 classes (from moderately
deep to very deep) are mainly distributed in coastal,
fluvial and hilly areas, while 1-2 classes are scattered
in mountain chain areas (Appenine and Alps). The
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Figure 1. Flow chart of the processing procedures used to build the soil rooting depth map of Italy at 1:250,000 scale. Conversion of
all map images in vectorial layers, processing of regional map gaps, import in a geodatabase all regional layers of soil data (maps

and profiles).

Table 2. Type, number of cartographic units, polygons, and soil
profiles, and surface for the whole of Italy.

Table 3. Matching of rooting depth classes (1-5) between soil
rooting depth map at 1:250,00 scale and soil profiles data for

CU  Polygons  Soil profile  Surface whole of Italy, number of cartographic units (CU), polygons,
Type (n) (n) (n) (km?) and soil profiles, and surface area covered.
No soil areas 29 4980 - 4,076 Soil
No soil profiles 1,121 1906 - 45,596 Matching of rooting depth U Polygons profile Surface
Area covered by soil 2168 25,144 24,502 252,400 class (n) (n) (n) (km?)
profiles Com .
plete equivalence 836 10,805 10,109 107,938
Total 3289 30045 25402 302073 pdjacent class 991 11,089 11,005 112,116
No adjacent class 341 3250 3388 32,346
Total 2168 25,144 25,402 252,400

soil rooting depth distribution confirms the high
environments and soilscapes variability of the whole
territory. However, the spatialization of rooting depth
was less reliable at administrative boundary level of
Liguria, Aosta Valley, and South Tyrol regions, where
soil profiles are lacking (Table 1).

On average, the number of soil profiles per CU is 11,
ranging from 1 (366 records, over an area of 17,656
km?) to 395 (1 record, over an area of 1356 km?).
The weighted average of number of soil profiles per
surface unit area (km?) is 0.24 with a standard error
of 0.02. For the validation procedure, we compared
the soil rooting depth map with the measured rooting
depth of soil profiles. As reported in Table 3, the 41%
of soil profiles showed an equivalence of soil rooting
depth with the map. This equivalence covers 43% of

polygons, 39% of CU, and 43% of surface area. Similar
percentage of coverage was observed for adjacent
classes (Table 3). The complete class equivalence
together with the adjacent class covered the 87% of
the surface area. The validation showed that only
14% of soil rooting depth profile classes were not
equivalent with the classes reported on the map. Adja-
cent classes were considered in a good way in the vali-
dation process because soil rooting depth is normally
considered as a ‘functional’ soil characteristic, that is
not concurring to define directly the membership to
different Soil Typological Unit (STU). As important
consequence the STU groups similar soils that could
have functional characteristics straddling different



adjacent classes (i.e. rooting depth from shallow to very
shallow).

4, Conclusions

The soil subsystem layer at 1:250,000 allows a better
previsions of the soil pedological characteristics and
qualities, improving the environmental planning for
future ecological sustainability studies. In fact, the
soil rooting depth map at 1:250,000 scale for the
whole of Italy is of crucial importance for land policies
because it can be a useful tool to support land manage-
ment and spatial planning in terms of agro-environ-
mental measures, and to make reliable assessments
for ecological sustainability studies, and for environ-
mental territorial analyses (e.g. regulation services).

For instance, this map can be combined with the
drainage class layers and soil texture to extract the
potential water storage, useful to produce the available
water capacity of the soil profile.

Finally, even though approximate, the soil rooting
depth map — produced in this study — is easy to under-
stand and rapid to produce using GIS tool to store,
retrieve and manipulate the huge amount of data
needed to compute and map soil properties and quality
by intersections, reclassifications, and summarizing
operations on attribute data.

Software

The soil rooting depth map was imported, processed
(unioned and dissolved), and edited using Esri ArcGIS
9.2. The soil rooting depth map projection was the Uni-
versal Transverse Mercator WGS84 fuse 32 (EPSG
32632).
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