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Abstract: Grapevine production and quality greatly depend on site-specific features such as to-
pography, soil, and climate. The possibility of recognizing and mapping local specificities of a
wine-production area is highly desirable, as environmental conditions are the main drivers of wine
production in terms of both quality and quantity. Areas showing similar features able to determine
specific traits in vine and wine production are referred to as terroirs. It is commonly considered that
soil and climate represent the main elements for a functional and balanced viticultural ecosystem;
if they change, grapevine quality and yield change too, and this occurs in spite of any agronomic
practice. Terroir mapping based on traditional methodology requires a considerable investment of
time and money by producers and wine consortia; moreover, it preserves an important subjective
component. In this work, the authors propose an approach to map territorial differences, possibly
conditioning the definition of terroir, of an important wine-production area located in Piemonte
(NW Italy) based on free and open data and free GIS. The resulting zones were related to the main
local vine varieties looking for possible relationships. The results proved that, with reference to the
pedological, topographical, and climatic factors, six zones were recognized as significantly different
in the study area. These were compared against the six main vine varieties in the area (i.e., Barbera,
Brachetto, Chardonnay, Dolcetto, Moscato Bianco, and Nebbiolo), finding that: (i) Nebbiolo is highly
specialized, covering almost a single zone; (ii) Moscato, Dolcetto, and Chardonnay showed no signifi-
cant preference for any zone, being almost equally distributed over all of them; and (iii) Barbera and
Brachetto are averagely specialized, being distributed mainly over two clusters (out of six) different
from the one where Nebbiolo appears to be majorly present.

Keywords: GIS; vineyards; terroir; spatial analysis

1. Introduction

Grapevine production and quality strongly depends on site-specific features such as
topography, soil, and climate [1–3]. Ordinarily, cropping systems develop in areas that have
been recognized as suitable to maximize yield and optimize management [4]. Consequently,
the possibility of identifying and mapping these areas with respect to a specific crop (i.e.,
vines) is highly desirable. Spatial modelling and digital maps (possibly free and open) can
represent an effective tool for supporting this type of analysis, especially when advanced
Geographical Information System (GIS) tools are adopted [5–9]. As far as viticulture is con-
cerned, it is well-known that the environmental conditions of production areas peculiarly
affect the organoleptic features of vines, thus determining a wine specificity that reflects
direct economic benefits. Winemakers are used to refer to these areas, showing unique and
internally similar environmental conditions, as terroirs. Nevertheless, a definitive definition
of terroir can only be given by crossing the zonation depending on territorial features
with wine quality. In other words, the same territorially homogeneous zone can generate
different terroirs, since cultural (grape processing) and micro-climatic conditions can further
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differentiate wine quality [10–16]. The word “Terroir” was originally proposed in the Mid-
dle Ages referring to the “terrain” and “land” concepts; initially, it had an administrative
meaning within the land-partitioning context [17]. Successively, terroir was introduced in
the market as a sort of brand to specifically and locally characterize wine-production areas;
winemakers from Burgundy (France) were the ones that firstly (during the 30s) use the
word terroir to indicate both the area of production and the product itself [18]. Today, it goes
beyond the wine sector and is often used to explain the distinctive regional characteristics
of different high-value products (especially those related to a microbial fermentation), such
as cheese, coffee, and cocoa.

From a geographical point of view, terroirs certainly rely on zones that are internally
homogeneous with respect to those environmental features that are expected to condition
vine production and quality. With these premises, GIS-based approaches, fed with proper
geographical data from open archives, can provide maps of zones, being at the basis of the
definition of terroirs, with a higher degree of objectivity [19–27]. The underlying condition
is that proper geographical data (in terms of content and spatial detail) can be found for
the area in which one is interested. Soil properties, local topography, and climatic condi-
tions can be assumed as the main drivers of vine behavior [28–30]. As far as pedology is
concerned, grape yield and wine features are known to reveal considerable differences
depending on local terrain, whose constituent elements should be balanced by proper
management practices to guarantee optimal vineyard performances [4,31,32]: soil perme-
ability, aeration, water content, texture, and pH are the main key factors characterizing the
vineyard system [33–36] from a pedological point of view.

Additionally, topographic conditions (slope aspect and steepness) and climate vari-
ables have to be considered, as well [19,37,38]. Vineyards, in fact, require specific conditions
in terms of sunlight, temperature, and rainfall to support an optimal photo-synthetic ac-
tivity [39,40]. In fact, they are related to the health status of crops and to the phenological
stages of the growing cycle. In particular, from bloom until ripening, a high and low level
of insolation have an effect on the plant tissue and developing grapes, respectively. Re-
garding the quality of wine, insolation can affect the development of anthocyanins and the
wine’s alcohol potential, and this is closely related to the concept of terroir [41]. During the
growing season, temperatures can affect grape quality and grapevine viability; in particular,
a high temperature can lead to grape mortality or the failure of flavor ripening, and, on
the other side, a low temperature can lead to vine injury or limited production [42,43].
Moreover, rainfall can damage grapevines (and thus grapes) if frequent and strong during
the growing season, increasing the probability of fungal disease development [41].

Vineyard location, in spite of its pedological features, has therefore a fundamental
role in characterizing the final product, especially when it develops over a hilly land-
scape [44–46].

Spatial variability of pedological, topographic, and climate features can be effectively
described through geographical data from open archives (geoportals) and, therefore, used
as discriminants to recognize homogeneously behaving areas that can be somehow related
to the meaning of terroir.

In literature, many GIS-based approaches are proposed to map terroirs and confirm
these premises. In [19], the authors used “Satellite Pour l’Observation de la Terre” im-
agery (SPOT missions) combined with morphometric data (elevation, slope, aspect, and
moisture index) derived from a 20 m resolution Digital Elevation Model (DEM) to map
terroirs in a particular area of Stellenbosch, South Africa. They used a methodology based
on bootstrapped regression trees on distinct combinations of these data. In [20], SPOT
5 multispectral images were used to derive spectral indices—Normalized Difference Veg-
etation Index (NDVI), Improved Soil Adjusted Vegetation Index (MSAVI), Simple Ratio
Index (SR), and Modified Simple Ratio Index (MSR)—whose trends were compared with
environmental factors in a Spanish area looking for relationships between zones and
vineyards behavior.
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In [29], data from the Moderate Resolution Imaging Spectroradiometer (MODIS) were
processed by an approach integrating a principal component analysis (PCA) with a k-means
clustering methodology. Thermal, hydraulic, and soil characteristics, topography, and
vegetation-related data were used to investigate the role of these factors within vineyards
in one of main winemaking regions of the Douro Demarcated Region, Portugal.

In [21], principal component analysis and multivariate geographic clustering were
proposed to synthesize environmental content from climate data and indices, and topo-
graphical ones (elevation, slope, and incoming solar radiation), with the aim of zoning the
study area (Extremadura, Spain). Other authors [47] propose a spatially based approach to
detect optimal areas for vineyard cultivation in Turkey (Izmir Promontory) using elevation,
slope, aspect, land capability, and solar radiation data as predictors. Free and publicly
accessible databases were used and processed by GIS tools. In [22], slope and growing
degree days (GDD) were used to map areas suitable for hosting vineyards in Azores, Portu-
gal. In [24,25], climatic indices and the chemical/physical properties of soils were used to
zone terroirs in a western region of Australia. All these works, that certainly represent a
small part of the whole, highlight the importance that spatial analysis has in the framework
of terroir mapping aimed at improving vineyard management and knowledge for both
productive and commercial purposes. In particular, all of them highlight the importance of
soil and climatic features in the context of viticulture and vineyard management techniques,
both positively and negatively.

In this work, a valuable wine-production area located in the Piemonte region (NW
Italy) was investigated with the aim of developing, interpreting, and proposing a zonation
based on pedological, topographic, and climatic discriminants with respect to different vine
cultivars, aiming at initializing a more advanced procedure for terroir mapping. It is worth
stressing that viticulture plays an important economical, aesthetical, and cultural role in
Italy. The Italian National Institute for Statistics (ISTAT, [48]) reports that vineyards size
about 661,000 ha (in 2021) with a total grape production of 6,826,239 tons, corresponding to
an average yield of 10 t/ha. In this framework, DOP productions weigh about the 34% [49],
making Italy one of the biggest DOP wine-producing countries (about 7.1 million of euros
in 2021, [50]). In Piemonte, vineyards cover an area of about 43,709 ha which represents
6.5% of the Italian total area. The most of them (41,358 ha, 94%) are devoted to DOP
production which corresponds to 18% of the DOP vineyards at the national level [48]. This
makes clear that there is a major focus on quality and not on quantity in Piemonte grape
production. Piemonte wines consist of 57%, 37%, and 6% of red DOC, white DOC, and table
wines, respectively [48]. Regarding red grape varieties, the following ones have to be cited:
Barbera (about 30% of Piemonte wine production), Dolcetto (mainly cultivated in southern
Piemonte), and Nebbiolo, which is considered one of the most iconic and popular Italian
grape varieties in the world. As far as white grapes are concerned, the most widespread is
Moscato Bianco di Canelli, which represents 21% of Piemonte wine production (province
of Asti) [51].

In 2020, it is estimated that 2,600,000 hectoliters of wine were produced for a total
income of about 390 million euros, corresponding to an average value of 150 €/hecto-
liter [49,52]. The Barbera and Moscato grape varieties alone cover more than 50% of
Piemonte wine production. For this reason, the authors focused on a specific study area
that can be considered highly representative of the Piemonte viticulture, showing presti-
gious and important features from a viticultural point of view. This choice is also supported
by several documents that highlight the twin role of Piemonte with respect to Toscana as
core areas of Italian wine production [53–55].

This work aims to initiate a mapping process that is expected to address a shared
definition of local terroirs, given the importance of this area in the framework of the national
Italian vine production. From this point of view, it has to be reminded that zonation
involving climatic, pedological, and topographical features plays as a propaedeutic step for
the definition of terroirs. This last step necessarily requires a further association between
the resulting zones and wine quality as provided by local producers. Zonation is exactly
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what the authors aimed at performing within the research project that led to this work. For
this task, they propose a GIS-based approach based on free, open, and global data, that
has to be intended as easily reproducible worldwide. The generated maps are expected
to properly read the relationship between the spatial distribution of vineyards and vine
varieties and environmental conditions.

2. Materials and Methods
2.1. Study Area

The area of interest (AOI) corresponds to the production area of the “Moscato d’Asti
DOCG” and the “Barbera d’Asti DOCG” denomination and is located within the Piemonte
region (NW Italy). This AOI involves 56 municipalities belonging to the provinces of
Alessandria, Asti, and Cuneo. Climate, soil, and morphological local features make this
area particularly favorable for vine cultivation, as in historical tradition. The distribution of
vineyards within AOI is reported in Figure 1 and corresponds to about 23,500 ha.
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The Koppen–Geiger (KG, [56]) climate classification codes AOI as ‘Cfa’, that is, “tem-
perate climate without dry season with hot summer”. This climate class is characterized by
warm temperature in summer (+30–+35 ◦C) and cold temperatures in winter (−3–+18 ◦C).
In Cfa climate zone, precipitation in the wettest month of winter is three times higher than
that of the driest month of summer (with less than 30 mm). Worldwide maps locating KG
classes were freely obtained in several formats from IGRAC–International Groundwater
Resources Assessment Centre [57].
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2.2. Available Data

Geographical data used for this work were obtained from the Piemonte Region Geo-
portal [58], from the regional Agriculture Register service [59], from WorldClim data
geoportal [60], and from the SoilGrids geoportal [61].

The Digital Terrain Model (DTM) was obtained from the regional Geoportal. It is
supplied in raster format (Geotiff), updated 2011, with a resolution and height accuracy of
5 m and ±0.3 m, respectively [62]. Reference system is WGS 84 UTM 32N (EPSG: 32,632).

Soil data were obtained as raster maps (Geotiff) from the SoilGrids web portal, a
digital soil-mapping system supplying global soil and environmental data layers. Raster
layers are supplied with a spatial resolution of 250 m in the WGS 84 geographic reference
frame [61,63]. SoilGrids layers map: (i) textural soil properties such as bulk density, sand,
silt, and clay content; (ii) chemical soil properties such as cation exchange capacity, nitrogen,
soil organic carbon, and pH; and (iii) soil-derived properties such as organic carbon density
and soil organic carbon stock. pH (×10) and soil texture data—sand, silt, and clay content
(g/kg)—were considered for this work. Since they are supplied for 4 different depths
(namely, 0–5 cm, 5–15 cm, 15–30 cm, and 30–60 cm), 16 raster layers were obtained for the
study area. Differently, other parameters were not used since they are considered to not be
significantly related to vineyard behavior.

Climate data were obtained as raster maps (Geotiff) from the WorldClim database,
providing global weather and climate data. In particular, local monthly minimum and
maximum temperatures and monthly cumulated precipitation were obtained as raster
layers (spatial resolution = 4 km, WGS 84 geographic reference frame) [60,64].

Cadastral map, updated 2021, was obtained by the regional geoportal. Its nominal
scale is 1:2000 and is supplied in vector format (shapefile) georeferenced in the WGS84
UTM 32N reference system. Cadastral map does not report any information about land
cover/land use of mapped parcels. To fill this gap, yearly farmers’ applications for Euro-
pean Common Agricultural Policy (EU CAP) were accessed through the regional Agricul-
ture Register service (provisions of D.P.R. 503/1999) to relate the local crop type to each
parcel. These data are available only for parcels belonging to farmers that have somehow
initiated an administrative process within the EU CAP framework with the public (national
or regional) administration. These data are freely available as .csv tables and contain
information about the associated cadastral parcel in terms of number of both cadastral
sheet and parcel. The 2020 applications were therefore downloaded and, through a joint
operation within QGIS, it was possible to transfer the information about crop type from
the table data to the polygons representing the parcels in the cadastral map, as new layer
attribute (Figure 2).

According to data, AOI contains about 17,442 cadastral parcels (about total of 23,490 ha)
declared as vineyards in 2020. As anticipated, AOI extends into a valuable wine-production
area located in the Piemonte region, in which vineyards cover an area of about 43,709 ha.
Therefore, AOI represents 53% of vineyards in Piemonte Region.
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Figure 2. Map showing spatial distribution of grape varieties in the study area. (EPSG: 32,632 WGS
84 UTM zone 32N).

2.3. Data Processing

Data processing was carried out through open-source software, namely, SAGA GIS
v 8.1.1, QGIS v 3.22.3, and RStudio. After subsetting native data according to AOI, the
analyses of pedological, climate, and morphological features were separately conducted.

As far as pedological features are concerned, texture data (g/kg) were previously
converted to the correspondent percentage values—namely, sand% (SA), silt% (SI), and
clay% (CL). Similarly, pH data, supplied as pH values × 10, were converted to the ordinary
pH scale (0 to 14, dimensionless—pH). Texture and pH data were averaged along the
4 depths to obtain a single layer for each soil and chemical component. In the native raster
layers, data gaps—no data—correspond to built areas.

As far as climate data are concerned the following steps were carried out: (i) the yearly
minimum/maximum of the available monthly minimum/maximum data were computed
and averaged along the reference period (2010–2018); and (ii) the yearly cumulated precip-
itation of the available monthly cumulated data was computed and averaged along the
reference period (2010–2018). Finally, 3 layers were obtained mapping the average yearly
minimum (TMi) and maximum (TMa) temperature and the averaged yearly cumulated
precipitation (P).

The 7 obtained raster layers mapping climatic and pedological conditions were over-
sampled using bi-cubic method to 5 m to align them with the DTM resolution.

As far as topography is concerned, altitude (H, m a.s.l.), slope (SL, degrees), and aspect
(AS, radians) were considered. SL and AS were obtained by computation from H (DTM)
using SAGA GIS.
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In viticulture, southern slopes are more favorable than northern ones. Therefore, in or-
der to move AS to a scale consistent with an agronomical interpretation, the transformation
of Equation (1) was applied (by raster calculation).

AS′ = 1− cos(AS) (1)

To make variables with different units and orders of magnitude comparable, pedo-
logical (SA, SI, CL, and pH), climatic (TMi, TMa, and P), and topographic (H, SL, and AS′)
parameters were standardized [65].

With reference to the new standardized layers (hereinafter called SAST, SIST, CLST,
pHST, TMiST, TMaST, PST, HST, SLST, and AS′ST), a correlation analysis was performed
using corrgram library of Rstudio software.

With reference to SAST, SIST, CLST, pHST, TMiST, TMaST, PST, HST, SLST, and AS′ST,
k-means cluster analysis was performed in SAGA GIS using the 10 raster layers as discrim-
inants (4 describing soil features, 3 describing climate, and 3 describing topography).

Clustering was achieved by k-means algorithm [66]. K-means is a clustering algorithm
that allows us to split all datasets into k clusters based on their attributes. To determine
the optimal number of clusters (k), the elbow method was applied, which is based on
the analysis of the total intra-cluster variation (or total within-cluster sum of squares—
WSS, [67]).

Clustering was achieved using the k-means—Iterative Minimum Distance approach,
setting the parameters reported in Table 1.

Table 1. Parameters used while running k-means clustering.

Parameters Condition

Method Iterative minimum distance
Clusters 6
Maximum iterations 1000
Normalise No
Update colors from features No
Start of partition Keep values
Old version No

The clustering result, generated as raster layer, was vectorised and cluster statistics
(mean and standard deviation) computed by the zonal statistics tool. Statistics were
computed with reference to the not-standardized input layers, allowing for the making of
more explicit cluster pedological, topographic, and climatic meaning.

At this step, the significance of among-cluster difference (∆) was investigated, testing
the following condition: ∣∣∆ij

∣∣ > √σ2
i + σ2

j (2)

where ∆ij is the difference between the mean values of the cluster i and cluster j for the
considered input, and σi and σj are the standard deviation values of the compared clusters.

In order to investigate eventual dependencies of vine varieties from clusters (zones),
the declared vineyard parcels obtained from the cadastral map were associated to the
cluster number majorly represented within the parcel itself. This was obtained by the zonal
statistics tool asking for majority.

3. Results and Discussion
3.1. Analyzing Spatial Distribution of Grape Varieties

Six main grape varieties—namely, Barbera, Brachetto, Chardonnay, Dolcetto, Moscato
Bianco, Nebbiolo, and other varieties—are present in the study area (Figure 2).

The number of vineyard parcels and the corresponding area were calculated for each
grapevine variety (Figure 3a,b).
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It was found that (Figure 3a,b): (i) 4102 parcels (23%) corresponding to about 5865 ha
(25% in terms of area) are covered by Barbera, with an average parcel size of 1.43 ha;
(ii) 1224 parcels (7%) corresponding to about 1039 ha (4%) are covered by Brachetto, with
an average parcel size of 0.85 ha; (iii) 1184 parcels (7%) corresponding to about 857 ha
(4% in terms of area) are covered by Chardonnay, with an average parcel size of 0.72 ha;
(iv) 1747 parcels (10%) corresponding to about 836 ha (4% in terms of area) are covered by
Dolcetto, with an average parcel size of 0.48 ha; (v) 5094 parcels (29%) corresponding to
about 11,343 ha (48% in terms of area) are covered by Moscato Bianco Dolcetto, with an
average parcel size of 2.2 ha; (vi) 829 parcels (5%) corresponding to about 1289 ha (5% in
terms of area) are covered by Nebbiolo, with an average parcel size of 1.55 ha; and (vii)
finally, other minor vine varieties cover a total of about 2261 ha (3262 parcels) with an
average parcel size of 0.70 ha.

Comparing the total area (A) versus the number of parcels (Np) for each grape variety
and the total area (A) versus the average parcel area size (Ap) per grape variety, some
interesting relationships can be pointed out (Figure 4).
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Figure 4a shows that the Np grows while A grows too, suggesting a moderate differ-
ence in the Ap between grape variety. Nevertheless, the Ap is somehow related to the A of
each grape variety (Figure 4b), suggesting that more the grape variety is present, the higher
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the level of aggregation of the parcels. The only important exception comes from Nebbiolo
which shows highly sized average parcels in spite of a reduced presence in the area.

3.2. Data Pre-Processing

Concerning pedological data, after converting the original values (g/kg) for texture
data to the corresponding mass percentages and the original values of pH to the normal
scale of pH, data from the four available depth-dependent maps were averaged and
oversampled to generate four raster layers representing the average mass percentage of
sand, silt, and clay and the average pH of the first 60 cm of soil. Results are reported in
Figure 5.
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Figure 5. Raster layers mapping soil textural features in the study area: (a) sand (SA—%); (b) silt
(SI—%); (c) clay (CL—%); and (d) pH (dimensionless) (EPSG: 32,632, WGS 84/UTM zone 32N).

Concerning climate data, to map the average climatic conditions of the area, yearly
values were averaged along the reference period obtaining three new raster layers (TMi,
TMa, and P) with a grid size of 5 m. Results are reported in Figure 6.
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Figure 6. Raster layers mapping climatic features in the study area: (a) average yearly minimum
temperature (TMi—◦C); (b) average yearly maximum temperature (TMa—◦C); and (c) average yearly
cumulated precipitation (P—mm/year). (EPSG: 32,632, WGS 84/UTM zone 32N).

As far as terrain morphology (topography) is concerned, the native DTM (H), slope
(SL), and aspect layers (AS) were considered. In AOI, H ranges between about 103 and
734.15 m a.s.l., SL between 0◦ and 76◦, and AS between 0 rad and 6.28 rad. If focusing on
vineyards only, (i) H varies from 125 m a.s.l. to its maximum; (ii) SL ranges between 0◦ and
28◦; and (iii) AS is always between 0 rad and 6.28 rad. Concerning topography, following
the transformation of AS in AS′ (Equation (1)), the results are shown in Figure 7.

The pedological, climatic, and morphological raster layers were standardized, thus
generating 10 new standardized raster maps (namely, SAST, SIST, CLST, pHST, TMiST, TMaST,
PST, HST, SLST, and AS′ST).
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84 UTM zone 32N (EPSG: 32,632).

3.3. K-Means Clustering and Zonal Statistics Computation

A correlation analysis of all standardized values was performed and the results are
shown in Figure 8.

This correlation analysis showed that: (i) most of the variables were not significantly
correlated to each other, with Pearson’s r values of less than 0.5 in absolute value; (ii) SA
has been proven to be negatively correlated with SI, since both, jointly with CL, are comple-
mentary for soil texture; (iii) H proved to be negatively correlated with TMa—in fact, it is
known that as the altitude increases, the temperature decreases; and (iv) other variables are
poorly correlated, as H and SA, SI and TMa, or TMi and P. The correlation analysis provides
no information on whether the link is cause-and-effect. In spite of these exceptions, all of
the input was considered during clustering.
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To find the optimal number of clusters, the elbow method was used, adopting the
second derivative (f”) of the “sum of squares” function to make it explicit. The breaking
point of f” was used as the one corresponding to the optimal number of clusters—six—to
be used during clustering analysis. Results are shown in Figure 9.
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corresponding to the breaking value of f”.

The k-means clustering result is reported in Figure 10. The clustering result, supplied
as a raster layer, was vectorized, and the corresponding zonal statistics (mean and standard
deviation) computed for all the inputs.

The cluster size is reported in Table 2.
The statistics are reported in Figure 11 for the pedological features.
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Figure 10. Clusters from k-means. The optimal number in AOI was found to be 6. (EPSG: 32,632,
WGS 84 UTM 32N).

Table 2. Cluster area size (ha and %) resulting from classification.

Cluster (C) Area (ha) Area (%)

C1 13,547.88 17.20
C2 22,339.15 28.36
C3 11,577.79 14.70
C4 11,301.25 14.35
C5 9690.65 12.30
C6 10,308.72 13.09
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Figure 11. Characterization and pedological classification of soils: (a) pedological parameters, namely,
sand (SA), silt (SI), clay (CL), and pH (pH) of the 6 clusters from k-means; and (b) USDA soil texture
triangle useful for soil classification.

Figure 11a reports that all clusters show similar percentages of SA (20.71–31.95%), SI
(41.48–52.91%), CL (27.65–31.67%), and pH value (7.00–7.53). Being a dimensionally limited
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area located in the same landscape, it is appropriate to assume that the geological origin
and other major soil-forming factors may have low variability. Figure 11a confirms this fact,
especially from a pedological point of view, which is slightly variable comparing the six
clusters. All of the clusters, in fact, fall into the “clay loam” class as defined by the USDA
(U.S. Department of Agriculture) soil texture triangle (Figure 11b) [68,69].

With reference to Equation (2), the significance of the among-cluster difference (∆) was
tested. For each feature (pedology, climate, and topography, respectively), the differences
between the cluster are highlighted using a color code, where red and green show not
significant and significant difference values, respectively. The results for the pedological
feature are represented in Figure 12.
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Red and green cells show not significant and significant difference values.

In spite of the apparently small differences among clusters in terms of pedological fea-
tures, Figure 12 helps to read the following: (i) Clay content and pH are weak discriminants,
showing not significant differences for most of the compared pairs. In particular, pH values
prove that, in AOI, the soils are generally neutral ones (about 7 pH); i.e., they present a
good nutritional balance proper for vine growth [70,71]. (ii) Both sand and silt show a good
capability of separating clusters. This similar feature also confirms they are correlated as
previously mentioned (Figure 8). (iii) C1 is significantly different from all other clusters
both in terms of SA (highest values) and SI (lowest values). (iv) C2 and C5 are similar to
each other for SA, SI, and CL, and weakly differ only for pH. (v) The C2 and C4 areas are
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the “most” alkaline ones compared with the other clusters. (vi) C3 is significantly different
from all other clusters in terms of SI, presenting the highest silt content.

As far as climatic features are concerned, the cluster mean and standard deviation
values are reported in Table 3.

Table 3. Statistics concerning climatic features of clusters—minimum temperature (TMi, ◦C), maxi-
mum temperature (TMa, ◦C), and cumulative precipitation (P, mm/year).

Cluster (C)
Minimum

Temperature—
TMi (◦C)

Maximum
Temperature—

TMa (◦C)

Cumulative
Precipitation—

P (mm/year)

C1 0.14 ± 0.18 28.50 ± 0.39 638.89 ± 23.63
C2 −0.07 ± 0.11 29.95 ± 0.15 598.28 ± 38.40
C3 0.34 ± 0.26 29.55 ± 0.25 702.53 ± 22.97
C4 0.04 ± 0.15 29.52 ± 0.40 574.95 ± 28.86
C5 −0.18 ± 0.13 29.85 ± 0.14 628.48 ± 39.16
C6 0.49 ± 0.23 29.00 ± 0.29 671.73 ± 34.34

Weaker differences among clusters can be found while looking at the climatic data as
reported in Table 3, which show the following range of variability for TMi, TMa, and P,
respectively: −0.18–+0.34 ◦C, +28.50–+29.95 ◦C, and 574.95–702.53 mm/year.

The most significant differences can be observed for precipitation. These range be-
tween a minimum of about 10 mm/year (C1 and C5) to a maximum of about 130 mm/year
(C3 and C4). In particular, C2 and C4 correspond to the driest conditions (averagely
586 mm/year), C1 and C5 to the average ones (averagely 629 mm/year, i.e., +6.7%), and
C3 and C6 to the wettest ones (averagely 687 mm/year, i.e., +19%).

The results regarding the significance of the among-cluster difference for the climatic
feature are represented in Figure 13.
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After testing the significance of the cluster differences (Figure 13), it was found that:
(i) C6 (highest values) and C5 (lowest values) differ from all the other clusters in terms of
TMi, with the only exception of C3 and C2, respectively. (ii) TMa is the climatic feature
showing the strongest capability of differentiating clusters. In particular, the C1 and C6
areas behave significantly different from the other clusters C5 and C2. (iii) Half-a-degree
Celsius appears to be enough to differentiate thermal conditions in the area. (iv) C3 (highest
values) and C4 (lowest values) differ from all the other clusters in terms of P, with the only
exception being C6 and C2, respectively.

As far as topographic features are concerned, the cluster mean and standard deviation
values are reported in Table 4.

Table 4. Statistics concerning topographic features of clusters—altitude (H), slope (SL), and trans-
formed aspect (AS′). NW = North-West-looking slopes with no dominance of both N and W;
NE = North-East-looking slopes with no dominance of both N and E; NNW = North-West-looking
slopes with dominance of N; NNE = North-East-looking slopes with dominance of N; NWW = North-
West-looking slopes with dominance of W; NEE = North-East-looking slopes with dominance of
E; SW = South-West-looking slopes with no dominance of both S and W; SE = South-East-looking
slopes with no dominance of both S and E; SSW = South-West-looking slopes with dominance of
S; SSE = South-East-looking slopes with dominance of S; SWW = South-West-looking slopes with
dominance of W; and SEE = South-East-looking slopes with dominance of E.

Cluster (C) Altitude—H
(m a.s.l.)

Slope—SL
(◦)

Transformed Aspect—AS′

(Dimensionless)

C1 435.87 ± 87.47 20.55 ± 8.34 0.83 ± 0.69 (NWW/NEE)
C2 193.30 ± 45.67 8.63 ± 5.31 0.88 ± 0.69 (NWW/NEE)
C3 235.22 ± 60.18 11.51 ± 7.91 0.93 ± 0.70 (NWW/NEE)
C4 273.80 ± 73.01 15.22 ± 8.84 0.81 ± 0.66 (NWW/NEE)
C5 190.01 ± 36.72 17.04 ± 6.42 0.96 ± 0.70 (NWW/NEE)
C6 295.07 ± 77.07 17.18 ± 6.56 0.91 ± 0.68 (NWW/NEE)

While analyzing the topographic features (Table 4), it can be noticed that C1 and C2
define opposite conditions: C1 is characterized by the highest values of altitude and slope
(436 m a.s.l. and 20◦.55, respectively), while C2 is characterized by the lowest ones (193 m
a.s.l. and 8◦.63, respectively).

C5 and C6 are characterized by similar average slope values (17◦.04 and 17◦.18, re-
spectively) and significantly differ in altitude (190.01 and 295.07 m a.s.l.).

Aspect appears to be ineffective in discriminating among clusters. As shown in Table 4,
the results demonstrate that vineyards are located in parcels with a similar aspect (mainly
the NWW/NEE aspect). This cannot be assumed as a general conclusion, since aspect is
known to influence local sun-lighting conditions to which vines are sensitive. Conversely, it
is certainly related to the homogeneous conditions of hill slopes in AOI that are well-known
to be prevalently East–West-looking.

The results regarding the significance of the among-cluster difference for the topo-
graphical feature are represented in Figure 14.

After testing the significance of the cluster differences in terms of topographic features
(Figure 14), it was found that: (i) only altitude appears to be able to significantly discrimi-
nate between clusters; (ii) altitude is significantly different among the clusters; (iii) C1 is
significantly different from all other clusters for altitude (highest values) and from C2, C5,
and C6 for slope; and (iv) aspect-related effects appear to be negligible in the area.

As far as the investigation about possible dependencies of vine varieties from the
zones (clusters) is concerned, the following interpretation keys were adopted from the
obtained results, reporting some discussions for each feature analyzed. The significance of
the differences in the soil-topographic and climatic characteristics of the zones (clusters)
was analyzed and the results were compared with the well-known optimal conditions for
vine growth, in order to highlight some essential differences.
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As far as pedology is concerned, all soils in the area fall into the clay loam” USDA
class where the high fertility of loamy soils is coupled with a good water capacity due
to the clay fraction [72]. Clay loamy soils are considered among the most fertile soils, as
the clay component provides excellent macro- and micro-nutrient availability and the clay
component, generally, affects water retention, preventing grapevine water stress during the
summer season and dangerous waterlogging during the winter season [72]. Regarding pH,
neutral values (pH around 7) define the optimal balance of nutrient availability for plants
to occur.

As far as climatic factors are concerned, it has to be remarked that they are related
to the health status of crops; the phenological stages of the growing cycle, precipitation,
and temperatures are closely related to each other [73]. The maximum temperatures are
typically reached in the warm season (July–August). In the delicate flowering phase (May–
June), the average temperatures typically vary close to the optimal values for grapevine
development, significantly lower than the maximum temperature. The flowering phase
is also delicate in terms of precipitation: if it is too excessive, it can affect subsequent
phenological stages [74]. Typically, in AOI, the season characterized by repetitive rainfall
does not coincide with the vine flowering phase. Minimum temperatures are typical of the
cold season (December–January), when the plant is in vegetative rest until the following
spring. The minimum temperatures shown in Table 3 do not cause unfavorable conditions
for vine growth.

As far as topography is concerned: (i) the altitude certainly conditions the air tem-
perature; (ii) the slope aspect influences the intercepted solar radiation; and (iii) the slope
steepness conditions the accessibility and Sun insolation, as well. Moreover, the relationship
linking the slope and soils is well-known [75]. In particular, steep slopes having clay loam
soils can provide advantages and disadvantages. As far as water accumulation is concerned,
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the clay fraction of loamy soils can favour it, determining unfavourable conditions for
vines. Conversely, a high slope supports superficial water flow, limiting water stagnation.

Additionally, the slope can affect cold air drainage in the vineyard, which represents a
very important parameter for protecting vines from the spring frost. In fact, a high slope
could result in a faster movement of cold air from the top to the base of the vineyard. With
these premises, the steepest slopes with clay loam soils should provide better conditions
for vines.

3.4. Analyzing Grape Variety Dependence from Zones

In this work, the obtained clusters were analyzed versus grape variety to verify
eventual dependencies through the computation of occurrences of vine varieties within
each cluster. Results are reported in Figure 15.
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Assuming that the driving factor for interpretation was the vine grape variety, we
tested its occurrence within the clusters, looking for an eventual specificity that made one
cluster preferable against the others. In particular, with reference to Figure 15a,b, it can be
noticed that C2, C3, and C4 are, in general, the clusters that majorly host vines.

The “Barbera” grape variety appears to be majorly located in C2, about 67% in terms
of area (3939 ha) and about 50% in terms of number of parcels (2058).

The “Brachetto N.” grape variety appears to be majorly located in C3, about 48% in
terms of area (494 ha) and about 43% in terms of number of parcels (529), with a significant
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contribution of cluster C2 which represents the 22% (228 ha) and 23% (286) of the whole in
terms of area and number of parcels, respectively.

The “Chardonnay B.” grape variety appears to be distributed in C1, C2, C3, and
C4, which represent 22% (185 ha), 35% (301 ha), 15% (128 ha), and 16% (137 ha) of the
whole, respectively, in terms of area, and 18% (211), 39% (462), 12% (140), and 20% (237),
respectively, in terms of number of parcels.

Similarly, the “Dolcetto N.” grape variety appears to be distributed in C1, C2, C3, and
C4, which represent 22% (181 ha), 23% (192 ha), 18% (153 ha), and 28% (234 ha) of the
whole, respectively, in terms of area, and 19% (334), 27% (473), 14% (248), and 30% (533),
respectively, in terms of number of parcels.

Again, the “Moscato Bianco B.” grape variety appears to be significantly distributed
in C1, C2, C3, and C4, which represent 24% (2710 ha), 20% (2231 ha), 15% (1751 ha), and
32% (3634 ha) of the whole, respectively, in terms of area, and 24% (1230), 24% (1238), 13%
(689), and 24% (1212), respectively, in terms of number of parcels.

In the “Nebbiolo N.” vine variety, the C4 is strongly prevalent with a percentage of
about 82% in terms of area (1056 ha) and 485 parcels (58.50% of total), suggesting a major
specificity that this type of grape variety requires.

Finally, other varieties distribute over C1, C2, C3, and C4, with percentages ranging
from 14% to 43% (321, 966, 346, and 323 ha, respectively), considering the area size value,
and from 12% to 46% (405, 1490, 472, and 561, respectively), considering the number of
parcels.

Surprisingly, C5 and C6 proved to be the less appealing clusters for viticulture. They
size about the 12% (9690 ha) and 13% (10308 ha) of the total (vineyards and other land
use classes) AOI, respectively. Nevertheless, while comparing vine occurrence within C5
and C6, we found that only 667 ha (7%) and 1710 ha (about 16 %) are devoted to grape
cultivation, respectively. These percentages, if referring to the vineyard area in AOI (about
23490 ha), correspond to 3% and 7% of the whole, for C5 and C6, respectively.

In spite of this unfavorable situation, it cannot be definitely asserted that the C5 and C6
clusters are not suitable for hosting vines. In fact, they are not particularly small compared
with the other clusters. Pedology cannot be a justification, since both C5 and C6 fall into the
“clay loam” USDA class, which is characterized by an excellent content of silt and a rather
important fraction of clay that is known to determine suitable conditions for viticulture,
nor climatic conditions, since they appear to be similar to the ones from other clusters.
Similarly, the topographic features of C5 and C6 do not suggest any evident unfavorable
condition compared with the other clusters.

One of the reasons for this result can possibly rely on the reference dataset we used to
locate vineyards in the area, i.e., the regional Agriculture Register service (provisions of
D.P.R. 503/1999). It is worth a reminder that this dataset only reports information about
those parcels that somehow have undergone an administrative process within the EU
CAP framework with the public administration. They, therefore, correspond to vineyards
cultivated by viticultural entrepreneurs and neglect eventual parcels belonging to small
private family-run farms. They certainly represent the local commerce-devoted viticultural
context well, but are unable to include familial properties.

A second reason can be recognized in the historical colonization of the area. Looking
at Figure 10, it is possible to notice that clusters C5 and C6 are those where urbanized areas
(white holes) are absent (9.6% and 1.6% of the total cluster area, respectively, considering the
dataset of the Land Cover Piemonte project [76]). Consequently, a topological motivation
related to the local urbanization model can be somehow hypothesized to partially explain
the exception of C5 and C6. People, in fact, tend to exploit those areas closest to their
houses and easiest to be accessed.

Additionally, the Land Cover Piemonte map shows that about 55% and 47% of C5 and
C6, respectively, are covered by forest or abandoned land. This fosters the idea that these
areas are and probably have always been marginal.

Some further investigations will be performed in future to test this hypothesis.
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Comparing the results with others works, the following actually came out: (i) Most of
the authors aimed to directly map terroirs, thus introducing a more advanced step. Our aim
was "zone" identification, since the subsequent step (terroir identification) requires specific
non-open and non-free data directly related to product identity and quality. (ii) Many works
included multispectral remotely sensed data, in order to relate zoning to the vegetative
behavior of the imaged vineyards, with no specific focus on open and free data (see [19,20]).
(iii) This is the first work reporting the experience in our study area not in terms of “terroirs”,
nor of “zones”.

The methodology proposed in this work represents a useful step towards a global
vineyard zonation, which could be assumed as the starting “objective” point to finally
recognize (and commercialize) the “terroir” label. Moreover, given the slightly simple
workflow, our procedure will permit farmers that are unskilled with data and complicated
elaborations (e.g., satellite image processing) to manage familiar information useful for
vineyard management, in a simple and easy way. This will permit them to easily interpret
possible relationships among those territorial features with grape varieties.

Being that the methodology proposed a propaedeutic map to the identification of
terroirs, it can present multiple added values. In fact, it makes it possible: (i) to characterize a
valuable wine-production area (NW-Italy); (ii) to ignite a new service for local winemakers
to address their commercial policies; (iii) to point out the relationships among pedo-
topological and climatic conditions and local grape varieties, possibly supporting the
identification of areas to extend cultivation; and (iv) to reproduce similar results worldwide,
being that most of the used data are global and free.

4. Conclusions

The possibility of recognizing and mapping local specificities of a wine-production area
is highly desirable, as environmental conditions are the main drivers of wine-production in
terms of both quality and quantity.

Terroir mapping based on a traditional methodology would require considerable
investments of time and money by producers and wine consortia and would result in a
subjective solution. For these reasons, this work proposes a GIS-based approach based on
open and global data to zone a wine-production area located in Piemonte (NW Italy). In
particular, AOI was investigated with the aim of developing, interpreting, and proposing
zonation based on pedological (texture and chemical soil properties), climatic (temperature
and precipitation), and morphological (altitude, slope, and aspect) discriminants with
respect to different vine cultivars, aiming at proposing a repeatable and user-friendly
procedure. It is worth highlighting that the obtained map is not a map of terroirs, but it is
propaedeutic to their definition.

Some remarks can be also given about the repeatability of the proposed method in
other areas around the world. This is guaranteed by the adoption of global open data that
can be obtained for all countries: global DTMs are in fact available for free from many open
archives (e.g., SRTM DEM [77,78] and ASTER DEM ([77,79]). SoilGrids and WorldClim
data are global datasets.

Moreover, the approach proved to be able to generate a proper zonation, with signifi-
cantly lower costs compared to more traditional methodologies applied in viticulture, that
ordinarily require many man-hours for ground campaigns.

It is worth reminding, once more, that wine feature analyses and tasting sessions from
local wineries still need to translate zones into the corresponding terroirs, thus leaving a
significant degree of characterization related to the tasting itself, bottle aging, and peculiar
imprints that wine producers may provide to their own production. Despite this latter
factor, there are still issues surrounding the definition of terroir, which is certainly related to
areas that are internally homogeneous with respect to those environmental characteristics
that are expected to condition the production and quality of grape varieties; we expect that
the proposed approach could somehow mitigate it.
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Future developments of the methodology will be addressed to integrate new wine-
related discriminants and to improve the geometric resolution of spatial variables. Future
developments will be performed by analyzing the results using regional data and by
extending the analyses, integrating more data such as soil nutrient abundance.

We can finally state that the scale of this work appears to be a proper compromise
among cost, accuracy, and applicability, and zones can be somehow accepted as proto-
terroirs.
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