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Abstract: Topography may induce variability in meteorological conditions at the meso-scale level
and could influence grape quality. Understanding the impact of topography on grape ripening allows
for the development of sustainable management practices that include topographical influences
in their consideration. This is also important for applying proactive strategies able to counter the
expected changes of climate. This study was conducted on cv. Nebbiolo vineyards in North-West
Italy. The topographic traits were performed in 17 vineyards within the region, which had previously
been identified as belonging to different terroir units. An analysis of historical meteorological data
series was also carried out to characterize the units from the meteorological point of view. The
grape composition was investigated during 2012 and 2013. Based on the topography traits, a Cluster
Analysis classified the 17 vineyards into four groups. Differences among groups mainly concerned
insolation and heat accumulation. Topography influenced the individual components of grape
quality differently depending on the seasonal weather trend. Interactions between topography and
vintage were observed for a few parameters. Better understanding the grapevine reaction to external
factors/site characteristics can allow for improved site and season-specific management decision
making and can contribute to improving vineyard sustainability while maintaining winery objectives
and wine typicity.

Keywords: intercepted surface solar radiation (insolation); slope aspect; temperature and rainfall time
series; grape quality; anthocyanin; Nebbiolo; terroir; climate change; vineyard management; sustainability

1. Introduction

Winegrowing areas are characterized by different landforms. In Italy, more than 50%
of viticulture is located in hilly areas; in these conditions, high topo-climatic heterogeneity
in terms of exposure, elevation, and slope is evident [1]. The heterogeneity of the land mor-
phology creates unique and complex landforms that can influence berry ripening and can
require specific knowledge to carefully manage with suitable agronomic choices. The need
to improve the sustainability of agriculture and reduce the impact of climate change [2]
further complicates the farmer’s decision-making process. Climate elements (temperature,
rainfall, etc.), soil features (parent material, soil evolution and composition, etc.) and site
topography (i.e., slope aspect, elevation, etc.) of an individual geographic area, that often
is individuated as a “terroir”, justify specific management choices over time. Among these
choices, slope settling, soil management practices, training systems, choice of variety and
rootstock, winemaking techniques, and oenological objectives are the most important [3,4].
It is difficult to investigate the synergistic influence exerted by all these factors on grape
and wine composition [1]. Recent studies statistically examined the potentiality of soil and
topo-climatic variables for winegrowing area zoning [5,6]. Other studies also concerned
the influence of topography on grape ripening and composition [7–10]. The climate vari-
ability within a vineyard at a meso or micro scale has been studied [11–14] also evidencing
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its relationship with grape ripening [15–17]. The interaction between the environment,
soil characteristics (e.g., texture and lithological origin), and cultural choices (e.g., row
orientation and soil management) may influence the interception of solar radiation, soil
water holding capacity, and the microclimate of a vineyard, and vines [16,18–22]. These
factors, in turn, can influence vine vigor and productivity as well as ripening processes and
grape composition [7,8,11,23–31]. In two studies conducted in flat vineyards at different
elevations in Mediterranean climates, air temperature and canopy exposure to sunlight,
and therefore vine photosynthetic efficiency, depended on row orientation [22] and vine-
yard elevation [8]. Hunter et al. [22] did not observe differences in terms of hourly mean
temperature, between NW–SE and NE–SW row orientations, while the E canopy side
of N–S row orientation achieved the highest temperature during the morning. Similar
behaviour was observed in hilly vineyards facing east, while temperatures peaked in the
afternoon in west facing vineyards [32]. From another study conducted in the Barolo
region, it emerged that in south-facing vineyards air temperature above the canopy varied
inversely according to their elevation, whereas in terms of heat accumulation (calculated as
Growing Degree Days) west facing vineyards were cooler than those facing south [12,28,29].
Furthermore, the correlation between berry temperature and air temperature depended
on the vineyard aspect [32]. Because berry temperature may hugely affect biosynthesis
and degradation of primary and secondary metabolites in the berries [33–40], vineyard
aspect and elevation, which may influence berry temperature, may also influence berry
composition [28,29,32,41,42]. In a study carried out in 18 vineyards of the Douro region
(Portugal) growing cv. Touriga National, a significant influence of vineyard elevation and
slope aspect on vine behaviour and grape quality emerged [43]. In particular, the lowest
yield and berry mass and the highest anthocyanin concentration were found in the vine-
yards at higher elevation with a SW aspect. In Switzerland, a study performed on 23 plots
of cv. Chasselas confirmed the influence of elevation on the precocity of phenological
stages with the vineyards at higher elevation being the latest ripening plots [44]. Moreover,
the latest ripening plots accumulated the highest amount of soluble solids per berry. The
highest sugar concentrations were achieved in the less vigorous plots that also received
the highest potential solar radiation regardless of altitude. This was in agreement with
the findings of a recent study conducted in South Tirol (northern Italy) that revealed a
direct relationship between the must sugar content and a “Solar Radiation Identity index”.
This last also showed to be a useful descriptor of the vineyard topo-climate [7]. Although
vineyard aspect and elevation influence the vineyard microclimate and grape ripening, the
vintage might exhibit greater effects on metabolic composition of grape berry and grape
must than the effects of topographical variables [45–47].

Improving the understanding of the influence of topography on grape ripening pro-
cesses is an important undertaking to develop viticultural management practices that in-
clude topographical influences in their consideration. This understanding is also important
for implementing precision management practices that can contribute to the enhancement
of the growing environment and grape quality while in the longer term aiming to reduce
the impacts of climate change [2,48]. The aim of this work was to further understand the
role of the topographic elements on climate at a meso-scale level, and on berry ripening
and composition in an extremely hilly wine growing region.

2. Material and Methods

The study was carried out in 2012 and 2013 in the hilly winegrowing area of Langhe
(North-West Italy) that is situated on marine grey marls (Marne di Sant’Agata Fossili) [49].
This is an intensively cultivated area, where elevation, gradient and aspect of the slopes
vary considerably due to the heterogeneity of the territory. Here, viticulture covers most of
the cultivated surface, thus it is strongly linked to the landscape and to the local economy.
The study was conducted on vineyards belonging to the hilly premium wine growing
region where “Barolo DOCG” wine is produced (Figure 1).
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tions belonging to the Regional AgroMeteorological survey system (RAM) were present. 
They were located at: Serralunga Boscareto (SB) (405 m above sea level, a.s.l.), La Morra 
(LM) (326 m a.s.l.), Castiglione Falletto (CF) (309 m a.s.l.), Barolo (B) (360 m a.s.l.), and 
Serralunga Fontanafredda (FF) (309 m a.s.l.). To synthetically describe the winegrowing 
area from a climatic point of view, the average minimum, maximum and mean tempera-
tures, the average annual accumulation of Growing Degree Days (GDD, base temperature 
10 °C), and rainfall (mm) were calculated for each of the five stations based on a time series 
of 14-20 years, depending on the station (readings beginning from 1999 to 2005 and ending 
in 2018). For every parameter, the average value of each site was then compared to the 
average value of the area calculated using all the available historical data series. Further-
more, to evaluate the two studied vintages, the annual GDD and rainfall of 2012 and 2013 
were calculated for each weather station and compared with the historical average values 
for that weather station. 
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The area of the study consists of a complex hilly system crossed by two valleys which 
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Figure 1. The study area (about 8000 ha) includes 2100 ha of vineyards planted with cv. Nebbiolo
for the production of the premium wine “Barolo DOCG. Figure courtesy of Alessandro Masnaghetti
Editore ENOGEA [50].

2.1. Climatic Conditions of the Area and Seasonal Trend of Temperature and Rainfall

Following the Köppen–Geiger classification, the climate of the area (coordinates of the
Barolo village: 44◦36′42′′84 N 07◦56′38′′04 E) is warm temperate, humid with hot summers
(Cfa) (http://koeppen-geiger.vu-wien.ac.at/, accessed on 15 May 2021) [51]. In the area
five public weather stations belonging to the Regional AgroMeteorological survey system
(RAM) were present. They were located at: Serralunga Boscareto (SB) (405 m above sea
level, a.s.l.), La Morra (LM) (326 m a.s.l.), Castiglione Falletto (CF) (309 m a.s.l.), Barolo (B)
(360 m a.s.l.), and Serralunga Fontanafredda (FF) (309 m a.s.l.). To synthetically describe
the winegrowing area from a climatic point of view, the average minimum, maximum and
mean temperatures, the average annual accumulation of Growing Degree Days (GDD, base
temperature 10 ◦C), and rainfall (mm) were calculated for each of the five stations based
on a time series of 14-20 years, depending on the station (readings beginning from 1999
to 2005 and ending in 2018). For every parameter, the average value of each site was then
compared to the average value of the area calculated using all the available historical data
series. Furthermore, to evaluate the two studied vintages, the annual GDD and rainfall of
2012 and 2013 were calculated for each weather station and compared with the historical
average values for that weather station.

2.2. Vineyard Characteristics

The area of the study consists of a complex hilly system crossed by two valleys which
run from NNE–SSW and NW–SE, respectively, dividing one central and two outer hills
(Figure 1). Because of this morphology of tortuous aspects along with a significant slope
gradient, vineyard topography varies considerably. In this area, 17 commercial vineyards
were selected to represent all the “terroir units” identified during a previous zoning study
of the area [52]. The vineyards belonged to different growers but in each of them cv.
Nebbiolo was cultivated by vertical shoot positioned trellis system and by Guyot pruning
system (8–10 buds/cane). The row orientation was perpendicular to the slope gradient,
which is the tradition in this area. Vineyard management was quite similar for all vineyards

http://koeppen-geiger.vu-wien.ac.at/
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according to the know-how of the area and included yield control by cluster thinning.
On average, the vineyards were 20 years old and all of them were planted at a density
of 4500 plants/ha. The soil between vines was managed by tillage or chemical weeding;
the soil between rows was covered by resident vegetation and tilled in autumn every
second year by harrow. In every vineyard, all the field and grape quality assessments were
conducted on three replicates of 15 plants each, randomly distributed within the vineyard.

Vineyard topography, specifically elevation, slope aspect and gradient, and geographi-
cal coordinates were obtained by a Global Positioning System (GPS) instrument (GARMIN
eTrex 20x, Olathe, USA). The intercepted surface solar radiation (insolation) was estimated
using the “Area Solar Radiation” tool of ArcGIS Pro 2.1 software (ESRI, Redlands, CA,
USA): the average annual insolation was calculated for a circular surface of 60 m diameter
centered in each vineyard.

During the 2012 season, a pedological survey was carried out in each vineyard by
a protocol proposed by IPLA [53]. The soils were classified according to the USDA Soil
Taxonomy [54]. For each horizon, soil samples were collected and analyzed for texture, pH
in water, calcium carbonate [55], and organic carbon [56]. Soil from the topsoil (0–20 cm)
was also analyzed for nitrogen content and cation exchange capacity (CEC) [55]. Available
water capacity (AWC) was calculated on samples from topsoil and from the horizon
explored by most of the root system (30 to 70 cm) by application of official soil analysis
methods [57,58].

2.3. Field Measurements and Grape Quality

Seasonal grape ripening evolution, grape quality at harvest, vine vigor, and yield were
monitored in both seasons, on 15 vines per replicate. Three consecutive berry samples of
200 berries were collected at 30, 45, and 65 days after veraison (dav); the harvest was made
on the 65th dav. Sampled berries were weighed and crushed, and the must analyzed to
determine the main technological parameters. Total soluble solids (TSS), pH, and titratable
acidity were analyzed by an FT-IR method (WineScanTM, Foss, Denmark). Malic and
tartaric acids were measured by HPLC (LC-920 Varian, Palo Alto, CA, USA) equipped with
the column Phenomenex Rezex ROA Organic Acid H+, 300 × 7.8 mm, 5 µm [59]. Total
anthocyanin concentrations were analyzed by spectrometry (Helios Squamate UV-VIS
9423 Aqua 2200E, Thermospectronic, Waltham, MA, USA) [60–62]. At harvest the number
of bunches per plant was counted and the yield was weighed with a dynamometer (KERN
HCB 20K10, KERN & Sohn GmbH, Germany); then the average weight per cluster was
calculated. At winter pruning, the shoot number per plant was counted and the pruning
weight was measured with the dynamometer; the average weight per shoot and the Ravaz
index were then calculated.

2.4. Statistical Analysis

A grouping of the 17 vineyard sites was performed by Cluster Analysis (CA) calculated
on slope (◦), aspect (◦), elevation (m a.s.l.), and insolation (kW h m−2). After grouping
the vineyards based on CA results, a one-, or two-way ANOVA was carried out on vine
and grape quality parameters, using “sampling date”, “group”, and “year” as factors to
determine if differences existed among the groups. Before proceeding with the ANOVA,
normal distribution of the data (Shapiro–Wilk test) and homogeneity of the variances
(Levene test) were verified. Significant differences among groups were determined by
the Duncan test at a significance level of 5%. A Principal Component Analysis (PCA)
was carried out on quality berry variables (berry weight, Total Soluble Solids (TSS), Total
Acidity (TA), pH, malic acid, and anthocyanin concentration) at harvest. Statistical analyses
were performed using SAS 9.4 software (SAS Institute Inc., Cary, NC, USA).
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3. Results
3.1. Development of Mesoclimatic Units and Weather Conditions of the Study Years

The mean annual temperature (13.3 ◦C, ranging from 12 to 14.2 ◦C), rainfall (800 mm,
ranging from 488 to 1250 mm) and seasonal accumulation of GDD were calculated based
on data from all five weather stations over about 20 years. The average values and seasonal
accumulation of GDD and rainfall significantly differed depending on the weather station
location (Figure 2). Serralunga Boscareto (SB) and La Morra (LM) accumulated the highest
and the lowest seasonal GDD, respectively. An intermediate situation was observed for
Barolo (B), Serralunga Fontanafredda (SF) and Castiglione Falletto (CF) where the seasonal
pattern and annual total amounts were similar to each other and to the GDD average
calculated for the whole area (Figure 2a). Rainfall volumes were greater in LM; while the
other stations registered similar average values and accumulation patterns (Figure 2b).
Due to these observations of historical weather conditions, the area of study was divided
into three mesoclimatic units (MU) corresponding to SB, LM, and B (which included SF
and CF). Weather related data recorded from the respective weather stations were used
to describe each MU from the climatic point of view, and the weather conditions of the
two years of the study, 2012 and 2013 (when berry sampling occurred), which was then
compared to the long-term averages.
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Figure 2. Yearly cumulated growing degree days (GDD, a) and rainfall (mm, b) calculated for
the five weather stations of the area and average value for the whole area. Lines are the mean
values of 20 year-observations for Castiglione Falletto and Serralunga Fontanafredda, 19 years for
La Morra, 16 years for Barolo, and 14 years for Serralunga Boscareto. In the insert, the enlarged
details of the period between veraison (Julian day 210) and harvest (Julian day 275) are shown. Data
of Figures 2 and 3 were recorded by Piedmont Agrometeorological Network, Agrometeorology
Section of Agriculture Department—Regione Piemonte (www.sistemapiemonte.it/agricoltura/ram/,
accessed on 15 May 2021).

www.sistemapiemonte.it/agricoltura/ram/
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In both years, the highest GDD was recorded in SB, the lowest in LM (Figure 3).
Furthermore, the 2012 values in LM did not differ from the local average of the 1999–2018
series; however, in SB and B, the GDD were higher than the average of their respective time
series (of 14 and 16 years, respectively). In 2013, all GDD’s were lower than 2012 GDD’s
and lower than the time series averages, particularly in LM.; however, the relationships
among the stations appeared constant (Figure 3). The average annual rainfall was higher
in LM than in SB or B. In 2012, the amount of rainfall did not differ from the average of
the time series for any of the three mesoclimatic areas; while in 2013, rainfall was more
abundant than the average, especially in early spring, and particularly in SB; in all cases, B
was the least rainy MU (Figure 3). Due to its meteorological characteristics, 2013 can be
considered an anomalous year.

3.2. Vineyards Characteristics

Based on intercepted surface solar radiation, elevation, slope aspect, and gradient
(Table 1), the 17 vineyards considered for this study, were grouped into four homogenous
groups by a Cluster Analysis and were named after the dominant slope aspect of their
group. The vineyards located in the LM unit were separated into groups facing east north-
east (E) and east south-east (SE); the vineyards located in the B unit faced west north-west
(W), and those located in the SB unit faced south-west (SW) (Figure 4). SE and SW facing
vineyards intercepted similar amounts of solar radiation, but SE vineyards were at a lower
elevation. E and W facing vineyards intercepted the lowest amount of radiation and were
at the same elevation (Table 1).
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Table 1. Vineyard codes, urban district, mesoclimatic unit (MU), group membership obtained by cluster analysis, and main
topographic features of the vineyards investigated; average values were calculated for each group.

Code Urban District MU Group Aspect
(◦)

Elevation
(m above See

Level)

Slope
Gradient

(◦)

Intercepted Surface
Solar Radiation

(kW h m−2)

287 Castiglione F. LM E 70 313 7 981
295 Verduno LM E 96 365 15 1137

296 Verduno LM SE 82 264 11 1107
297 Verduno LM SE 115 283 20 1158
294 La Morra LM SE 135 217 17 1195
293 La Morra LM SE 165 249 2 1204
292 Diano d’Alba LM SE 146 274 18 1223
283 Barolo LM SE 148 307 15 1217

273 Novello SB SW 190 398 18 1263
289 Serralunga SB SW 209 384 13 1238
291 Sinio SB SW 190 361 25 1251
274 Novello SB SW 235 338 7 1159

284 Barolo B W 279 282 14 1056
285 Castiglione F. B W 270 252 13 1095
286 Castiglione F. B W 320 333 14 973
288 Serralunga B W 305 323 9 1051
290 Sinio B W 280 432 15 1054

Mean values of the groups

E 83 d 1 339 ab 11.0 a 1059 b
SE 132 c 266 b 13.8 a 1184 a
SW 206 b 370 a 15.8 a 1228 a
W 291 a 324 ab 13.0 a 1046 b

1 For each column, different letters indicate significant differences among groups at p ≤ 0.05 according to the Duncan test.Agronomy 2021, 11, x 7 of 20 
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units to which groups belong are also indicated.

Despite differences among units and groups in terms of topography and climate, the
area showed a higher homogeneity with regard to soil and lithological substratum (mainly
marly) and soil classification that, in particular, evidenced a low degree of soil evolution
for all vineyards (Table 2). Very few differences emerged among groups in terms of the
main soil chemical–physical characteristics, both when topsoil and deeper soil horizons
were examined (Table 2 and Supplementary Table S1). For these reasons soil characteristics
were not considered in the effect on vine growth and grape ripening.
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Table 2. Lithological substratum, soil classification based on USDA Soil Taxonomy, textural fraction, C/N ratio, and Cation Exchange Capacity (CEC) of the topsoil, and Available Water
Capacity (AWC) of top and subsoil; average values of the main soil characteristics were calculated for each group.

Texture CEC AWC (%)

Code Group Lithological
Substratum Soil Classification 1 Sand Silt Clay

C/N
Topsoil Subsoil

(%) (%) (%) meq/100 g 0–20 cm 30–70 cm

287 E Marls, claystones,
siltstones

Typic Ustorthent fine-silty
mixed calcareous mesic 27.0 50.4 22.6 8.8 13.8 13.2 18.7

295 E Marls Haplic Ustarent fine-silty
mixed calcareous mesic 22.6 48.5 28.9 11.3 13.5 21.7 17.4

283 SE Marls Calcic Haplustept fine-silty
mixed calcareous mesic 19.0 55.3 25.7 7.6 16.9 14.2 18.7

296 SE Marls Calcic Haplustalf fine-silty
mixed calcareous mesic 24.1 44.1 31.8 7.1 16.4 17.4 15.0

297 SE Marls Haplic Ustarent fine-silty
mixed calcareous mesic 16.1 56.0 27.9 5.4 11.9 19.5 18.0

294 SE Marls Typic Ustorthent fine-silty
mixed calcareous mesic 29.5 48.2 22.3 4.3 5.3 15.9 16.5

293 SE Marls Typic Haplustept fine-silty
mixed calcareous mesic 19.3 52.5 28.2 4.3 7.5 17.1 17.6

292 SE Claystones,
siltstones

Typic Haplustept fine-silty
mixed calcareous mesic 28.8 44.8 26.4 7.4 12.9 17.7 16.8

273 SW Marls Typic Haplustept fine-silty
calcareous mesic 29.3 45.3 25.4 6.4 9.8 15.8 16.2

289 SW Marls Typic Ustorthent fine-silty
mixed calcareous mesic 18.7 56.5 24.8 3.5 8.8 12.5 17.9

291 SW Marls, claystones,
siltstones

Typic Haplustept fine-silty
mixed calcareous mesic 36.5 40.5 23.0 4.9 8.7 15.1 16.4

274 SW Marls Typic Ustorthent fine-silty
calcareous mesic 20.9 54.6 24.5 7.9 9.8 17.8 17.8

284 W Marls Typic Haplustept fine-silty
mixed calcareous mesic 28.6 50.9 20.5 3.5 8.1 17.1 14.8

285 W Marls Typic Ustorthent fine-silty
mixed calcareous mesic 25.2 51.5 23.3 6.8 18.0 19.7 19.0
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Table 2. Cont.

Texture CEC AWC (%)

Code Group Lithological
Substratum Soil Classification 1 Sand Silt Clay

C/N
Topsoil Subsoil

(%) (%) (%) meq/100 g 0–20 cm 30–70 cm

286 W Marls, claystones,
siltstones

Typic Ustorthent fine-silty
mixed calcareous mesic 19.9 54.6 25.5 6.2 13.8 18.8 17.6

288 W Marls Typic Haplustept fine-silty
mixed calcareous mesic 19.5 51.9 28.6 5.1 13.8 17.1 16.6

290 W Marls Typic Ustorthent fine-silty
mixed calcareous mesic 19.8 51.8 28.4 3.0 7.6 17.1 17.2

Mean values of
the groups

E 24.8 a2 49.5 a 25.8 a 10.1 a 13.7 a 17.5 a 18.1 a
SE 22.8 a 50.2 a 27.1 a 6.0 b 11.8 a 17.0 a 17.1 a
SW 26.4 a 49.2 a 24.4 a 5.7 b 9.3 a 15.3 a 17.1 a
W 22.6 a 52.1 a 25.3 a 4.9 b 12.3 a 18.2 a 17.0 a

1. The suffixes ept, ent, alf refer, respectively, to Inceptisols, Entisols, and Alfisols; 2 different letters indicate significant differences among groups at p ≤ 0.05 according to the Duncan test.
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Entisols and Inceptisols were the most widespread soil types, whereas only in one
vineyard the soil was an Alfisol (Table 2). Topsoil textures were mainly silty loam without
skeleton; the percentage of silt was rarely less than 45%, the percentage of clay was always
above 20% (in most cases over 25%), and the percentage of sand averaged 24% (Table 2). The
C/N ratio was, on average, around six and the Cation Exchange Capacity (CEC) averaged
11.4 meq/100 g. No significant differences emerged among groups, regarding topsoil com-
position and properties, with the exception of the C/N ratio which was higher for group E.
Available water capacity was similar in both upper and deeper soil layers in every vineyard
(Table 2). The soil was alkaline at every site and horizon: pH values ranged from 7.8 to 8.7
and the average percentage of calcium carbonate was 21.7%. The differences identified in the
subsoil properties were not consistent with the vineyard groupings (Supplementary Table S1).

3.3. Berry/Must Parameters

Year, group, and sampling date influenced berry and must parameters (Table 3). On
average, berry size was larger and must total soluble solids, titratable acidity, malic acid,
and anthocyanins concentration were higher in 2013 than in 2012, whereas pH and tartaric
acid concentration were lower (Table 3). Regardless of date and year, berry weight varied
depending on vineyard group (Table 3). In both years, the average berry weight was
smallest in the SW group while berries from E and SE groups were the largest. Berry
weight regularly increased from 30 dav to harvest, except in the E group in 2012, where
berries reached a large size at 30 dav (Table 3). For this parameter, significant differences
between years were observed (Table 3) but no interaction between group and year was
observed. In 2012, Total Soluble Solids content (TSS) was similar for all groups at 30 dav; at
harvest it achieved the highest value in SW (also in 2013), coherently with a lower berry
weight. In 2013, SE and E vineyards had the lowest TSS at any sampling date (Table 3).
In the SW and W vineyards, TSS was significantly higher in the wet and cool anomalous
2013 than in 2012 especially at the first two samplings; however, the seasonal trend of
accumulation depended on both year and group (Table 3). The interaction between group
and year was significant for TSS (Table 3). In both years, at harvest, SW grouped vineyards
reached the highest pH, and the lowest titratable acidity (Table 3). At 30 dav, the pH
achieved by each group was similar in both years; afterwards, in 2012, an increase of pH
larger than in 2013 was observed; this led to a significantly higher pH at harvest for all
groups in 2012. Consistently with what was observed for pH, titratable acidity was lower
in 2012 than in 2013 at all sampling dates (Table 3). The interaction between group and
year was significant for pH but not for titratable acidity. At all sampling dates, significant
differences were observed among groups for malic and tartaric acid concentration. From
the first sampling onwards, the must from E and W vineyards had the highest and the
lowest malic acid concentration, respectively, in both years (Table 3). Furthermore, at
30 dav, malic acid achieved a similar concentration in both years, but its seasonal decrease
was more accentuated in 2012 than in 2013 regardless of vineyard group; this led to
significantly higher malic acid concentration at harvest in 2013. On the contrary, tartaric
acid concentration was higher in 2012 than in 2013. On average, SE and E groups had the
highest concentration of both acids, while SW and W had the lowest (Table 3). For both
acids, the interaction between year and group was not significant. The berry anthocyanin
concentration was highest in the cooler season (2013), and in both years in the vineyards
of the cooler MUs (E and W groups); the concentration was higher from 30 dav onwards,
regardless of year (Table 3). The anthocyanin concentration increased during ripening,
peaking around 45 dav in both years, on average; however, in 2013 a greater synthesis in
the early phases was followed by a final plateau in all vineyard groups. The differences
among groups observed in the earlier phase were still evident at harvest even with different
relationships among groups. In the case of the hottest vineyards (SW), and especially in
the hottest year, the anthocyanin concentration at 30 dav was significantly lower than that
expressed by the cooler vineyards even though there was no significant difference in TSS.
The interaction between year and group was significant for anthocyanin concentration.
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Table 3. Berry weight and must quality parameters assessed on 30, 45, 65 days after veraison (dav) in 2012 and 2013, and average value of the two years at harvest. GxY = interaction group
x year. E = vineyards facing east, SE = vineyards facing south-east, SW = vineyards facing south-west, W = vineyards facing west.

2012 2013 Mean of the Years at
Harvest

Significance
between

Years
GxY

Sampling Date Group 30 Dav 45 Dav 65 Dav 30 Dav 45 Dav 65 Dav

Berry weight (g)

E 1.99 a 1 a 2 2.00 a a 2.09 a a 1.92 a b 2.03 a b 2.18 a a 2.14 a 3 ns 4 ns 5

SE 1.93 a b 1.97 ab ab 2.04 ab a 1.98 a b 2.00 a b 2.12 a a 2.08 ab ns
SW 1.66 c b 1.74 c ab 1.77 c a 1.77 b b 1.87 b b 2.00 b a 1.89 c *
W 1.82 b b 1.88 b ab 1.94 b a 1.95 a b 1.99 a b 2.11 a a 2.03 b *

Mean of the groups 1.85 b 1.90 ab 1.96 a 1.91 b 1.97 b 2.10 a 2.03 *

Total soluble solids (Brix)

E 19.9 a c 23.2 ab b 24.3 b a 21.0 b b 23.5 bc a 24.4 b a 24.4 b ns *
SE 21.2 a c 23.7 a b 24.4 b a 20.6 b c 22.9 c b 23.8 c a 24.1 b *
SW 21.0 a c 23.2 ab b 24.9 a a 22.9 a b 24.7 a a 25.1 a a 25.0 a *
W 20.5 a c 22.5 b b 24.4 b a 22.6 a b 24.2 ab a 24.5 ab a 24.5 ab *

Mean of the groups 20.7 c 23.2 b 24.5 a 21.8 b 23.8 a 24.5 a 24.5 *

pH

E 2.94 b c 3.10 b b 3.23 b a 2.95 b b 3.06 b a 3.04 b a 3.14 b ns *
SE 3.03 a b 3.21 a a 3.24 b a 2.93 b b 3.04 b a 3.08 b a 3.16 b *
SW 3.06 a c 3.17 a b 3.32 a a 3.06 a b 3.11 a b 3.22 a a 3.27 a *
W 3.00 ab c 3.08 b b 3.25 b a 3.01 a b 3.06 b ab 3.12 b a 3.19 b ns

Mean of the groups 3.01 c 3.14 b 3.26 a 2.99 c 3.07 b 3.12 a 3.19 *

Titratable acidity(g L−1

tartaric acid)

E 10.77 a a 8.37 a b 7.27 a c 10.76 ab a 9.43 a b 8.56 a c 7.92 a * ns
SE 9.19 b a 7.58 ab b 6.73 b c 10.98 a a 9.42 a b 8.15 a c 7.44 ab *
SW 9.17 b a 7.43 b b 6.07 c c 9.71 b a 8.16 b b 7.18 b b 6.63 b ns
W 8.86 b a 7.24 b b 6.70 b b 9.66 b a 8.50 b b 7.68 ab b 7.19 ab *

Mean of the groups 9.50 a 7.66 b 6.69 c 10.28 a 8.88 b 7.89 c 7.29 *

Malic acid (g L−1)

E 3.92 a a 2.39 a b 1.75 a c 3.99 ab a 3.19 a b 2.68 a c 2.22 a * ns
SE 2.80 b a 1.79 ab b 1.35 b c 4.16 a a 3.09 a b 2.40 ab c 1.88 a *
SW 3.09 ab a 2.19 ab ab 1.46 ab b 3.31 bc a 2.33 b b 2.12 ab b 1.79 a ns
W 2.42 b a 1.58 b b 1.18 b b 3.07 c a 2.37 b b 2.04 b b 1.62 a *

Mean of the groups 3.06 a 1.99 b 1.44 c 3.63 a 2.75 b 2.31 b 1.87 ns

Tartaric acid (g L−1)

E 8.82 ab a 8.32 ab b 7.39 a c 8.62 a a 7.82 a b 7.03 ab c 7.21 ab * ns
SE 9.02 a a 8.61 a b 7.73 a c 8.67 a a 7.98 a b 7.50 a c 7.62 a *
SW 8.15 b a 7.68 c b 6.57 b c 8.30 a a 7.55 a b 6.75 b c 6.66 b ns
W 8.14 b a 8.15 b a 7.42 a a 8.28 a a 7.63 a b 6.92 b c 7.17 ab *

Mean of the groups 8.63 a 8.19 b 7.28 c 8.47 a 7.75 b 7.05 c 7.16 *

Total anthocyanins (mg L−1

as malvidin-3-glucoside)

E 463 a b 517 b b 641 a a 667 ab b 826 a a 870 a a 756 a * *
SE 413 ab b 498 b a 544 b a 506 c b 651 b a 646 b a 595 b *
SW 382 b c 494 b b 588 ab a 588 bc b 686 b a 687 b a 638 b *
W 477 a b 597 a a 644 a a 741 a b 826 a a 907 a a 776 a *

Mean of the groups 434 c 527 b 604 a 626 b 747 a 778 a 691 *

1 for the same parameter and sampling date, different letters indicate significant differences between groups for p ≤ 0.05; 2 for the same group and year, different italic letters indicate significant differences
among sampling dates for p ≤ 0.05; 3 different bold letters indicate significant differences among groups for p ≤ 0.05; 4 for the same group, * indicates significant differences between years for p ≤ 0.05, ns = not
significant; 5 for each parameter, * indicate the significance of interactions between group and year, ns = not significant. All the differences were tested by Duncan test.
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The differences between years highlighted by the ANOVA, were also confirmed by
the PCA performed on the harvest values of the same variables. The first two components
retained 71% of the total variance (PC1 46%; PC2 25%). The separation of the two seasons
was particularly evident along PC2 (Figure 5). This separation was mainly influenced by
anthocyanin concentrations (eigenvectors of 0.95) and pH (eigenvectors of −0.71). The
vineyards were distributed along PC1 due to total soluble solids (eigenvector = 0.85), berry
weight (eigenvector = −0.73), and malic acid concentration (eigenvector = −0.55). No clear
vineyard grouping was evident in either of the two years; however, the vineyard dispersion
along the first two PCs was wider in 2013 than in 2012 (Figure 5).
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Figure 5. Distribution of the vineyards based on the PCA of must composition at harvest, with group
discrimination by season: 2012 (∆ E 3 SE # SW �W); 2013 (N E � SE • SW �W). In the small box
the values of the eigenvectors of the six variables included in the model are shown: W = berry weight,
B = total soluble solids, T = titratable acidity, p = pH, M = malic acid, A = anthocyanins.

3.4. Vine Vigor and Yield

Yield components and vine vigor were influenced by group (Table 4). On average,
yield, bunch weight, and pruning weight were lower in the SW group, yield per vine was
higher in the SE group due to a higher number of bunches. In 2013, the values of the yield
components were higher than in 2012 but not for all vineyard groups. In 2012, the Ravaz
index was similar for all groups; however, in 2013 it was highest in the more productive SE
group. The interaction between group and year was only significant for yield components
and Ravaz index (Table 4).
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Table 4. Yield components assessed at harvest and vine vigor parameters assessed at winter pruning in 2012 and 2013. Data
corresponds to the mean values of the vineyards belonging to each group (G): E = vineyards facing east, SE = vineyards
facing south-east, SW = vineyards facing south-west, W = vineyards facing west. MU = mesoclimatic units, Y = year,
G = group, GxY = interaction group x year.

MU G 2012 2013 G Y GxY

Yield/vine
(kg)

LM
E 2.33 a 1 2.70 b 1 b 2

*3 *3SE 2.72 a 4.31 a a
SB SW 1.74 b 1.50 c c
B W 2.44 a 2.09 bc b

Bunch weight
(g)

LM
E 304 a 297 b a

* *
SE 282 a 399 a a

SB SW 236 b 246 b b
B W 299 a 322 ab a

Bunches per
vine (number)

LM
E 7.66 b 8.82 b b

ns *
SE 9.77 a 10.83 a a

SB SW 7.51 b 6.28 c b
B W 8.21 b 6.34 c b

Pruning
wood per

vine
(g)

LM
E 1041 ab 896 a ab

ns nsSE 1012 ab 997 a a
SB SW 831 b 694 b b
B W 1142 a 912 a a

Shoot weight
(g)

LM
E 123 ab 108 a a

* nsSE 105 ab 95 a a
SB SW 102 b 87 a a
B W 136 a 105 a a

Ravaz index
LM

E 2.46 a 3.13 b b

* *
SE 2.79 a 4.55 a a

SB SW 2.38 a 2.22 b b
B W 2.34 a 2.48 b b

1 For the same parameter and year, different letters indicate significant differences among groups for p ≤ 0.05 according to the Duncan test.
2 For the same parameter, different italic letters indicate significant differences among groups regardless of the year, for p ≤ 0.05 according
to the Duncan test; 3 significance of the differences between years (Y) and of interaction between group and year (GxY); * = significant for
p ≤ 0.05, ns = not significant.

4. Discussion

To understand the influence of topographic variability on climate at a meso scale level,
a comparison was made among historical series of meteorological data recorded on five
weather stations spread in the study area. Despite a wide seasonal variability of meteo-
rological variables, the relationships among stations (and therefore among mesoclimatic
units) remained constant over the years [63,64]. The current study, therefore, focused on
the analysis of two bioclimatic indices (GDD and rainfall). These indices are known as
main drivers of grapevine phenology and grape ripening and are expected to be impacted
by climate change [65,66]. Based on historical variability of annual GDD and rainfall, three
mesoclimatic units were identified: Serralunga Boscareto (SB), La Morra (LM) and Barolo
(B). This partially confirmed the trend observed in a previous zoning study, although that
study was done on a more limited database [52]. In the current study, the meteorological
variables were not monitored in the individual vineyards. However, according to liter-
ature [13,16,21,22,67], it is possible to hypothesize differences among both mesoclimatic
units and vineyard groups due to differences in slope aspect, row orientation, elevation
and intercepted solar radiation (Table 1). The study was carried out in two vintages which
had very different weather conditions. This gave the opportunity to test whether the
vintage may act synergistically with the site topography in influencing grape ripening.
Further, due to the different conditions in the study years it was possible to extrapolate
a better understanding of how climate change may impact berry quality, specifically in a
topographically varied viticultural region.
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The SW vineyards were located at higher elevations and belonged to the warmest unit
(SB) and, together with those facing SE, had the highest insolation. Contrary to expectation
that temperature would decrease from an increase in elevation [8,43], but in accordance
with a study on Glera cv. [41], the SW group of vineyards in this study were not the coolest
ones, evidencing that a higher elevation was not enough to make vineyards cooler. The E
group of vineyards had the lowest insolation and was placed in the coolest and rainiest MU
(LM); the SE group, located in the same MU, was warmer than E due to both the higher
insolation and a row orientation that enhanced the interception of the sun’s energy [22].
The vineyards of the W group, which had the same row orientation as the E vineyards,
had a similar insolation, but were located in a warmer unit (B) (Figures 1 and 2). Despite
differences, and following previous findings, all vineyard row orientations were favourable
to the uptake of solar energy [22]; thus, in this study vineyard topography likely prevailed
over row orientation in influencing the results.

As described, all the must quality parameters were significantly influenced by the
MUs and season (Table 3) and for some of them the interaction between vineyard group
and year was also significant (Tables 1 and 3). Berry ripening behaved in accordance
with the MUs and the related values of temperature, insolation, and precipitation which
were strongly influenced by slope aspect (Table 1 and Figure 3). This has been recently
confirmed by a study carried out in a mountain wine-growing region, that revealed a direct
relationship between the must sugar content and an index of “solar radiation identity”
calculated on the base of vineyard topography features [7]. In LM’s unit, berry weight,
must acidity, and anthocyanin concentration were higher, whereas TSS and pH were lower
when compared with the must quality of SB’s unit (SW group), in particular. With the same
insolation, the cooler conditions of the E vineyard favored the accumulation of malic acid
and reduced its degradation compared to the W group and also enhanced the synthesis
of anthocyanins. Although groups, SE and E, were in the same MU, the malic acid and
anthocyanin concentrations in SE group of vineyards were lower than in E group likely
because of the greater insolation of SE vineyards and the consequent greater number of
daily hot hours. The lower concentration of anthocyanins also found in the SW group,
particularly in 2012, was consistent with the high temperatures of the sites and the vintage;
this finding complemented studies that observed lower anthocyanin concentration in cases
of high temperature or high heat accumulation [12,35,37,38,68–70]. The results for SW
grouped vineyards were only partially in agreement with what was observed in the Douro
Valley, where a negative effect of altitude and south-west aspect was observed on berry
volume and yield, but not on skin total anthocyanin [43]. This was likely due to the fact
that the SB MU was warm despite a higher altitude. In the current study, the observed
differences among groups in both TSS and anthocyanin concentration, were not completely
explained by the size of berry mass. This observation supports the hypothesis that factors
other than berry mass (e.g., water availability or topo-climatic condition) may influence
berry metabolism and composition [71–73]. In 2013, at harvest, musts achieved higher TSS
and acidity and a higher concentration of skin anthocyanin despite greater berry mass
and similar vine vigor to 2012 (Tables 3 and 4). This indicated a different evolution of
the individual compounds and not a different degree of grape ripening. This evidenced
that in anomalously wet and cool seasons, such as 2013 in the area of the study, excellent
qualitative results can be obtained in optimal topo-climatic locations.

In addition to the influence on berry weight and must quality that were attributed to
grouping and year, the year influenced the yield but not the vine vigor. Yield variation
also appeared be related to the group (Table 4). This produced some differences among
groups with the Ravaz index in 2013; despite it remaining at generally low values [74],
the Ravax index did not negatively impact grape quality. However, the findings were not
sufficient to explain the must compositional differences among groups and to support the
general idea that a greater crop per vine reduces grape quality or vice versa, at least not
in the range of the yield of the studied vineyards. When the most productive vineyards
(SE) were compared with the less productive ones (SW), it emerged that this was due to a
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higher bunch number per vine and a larger berry size and that this was true both in the
driest and in the wettest year. In terms of composition, TSS and pH were higher in the less
productive vineyards than in the most productive ones only in the wetter year; tartaric
acid was higher in the most productive vineyards in both years, while malic acid and
anthocyanins concentration was similar in both the groups in both years (Table 3). Since
the intercepted radiation and soil AWC of these two groups were similar, these results may
reflect the wetter and fresher conditions of the LM meso-climatic unit in which the most
productive vineyards were located.

The PCA confirmed the differences induced by the year, but it mostly did not group
the vineyards effectively (Figure 5). Furthermore, the PCA highlighted a greater dispersion
of the vineyards in 2013 compared to 2012 along both PCs. Two reasons likely contributed
to this result: (1) the greater variability of the seasonal characteristics of 2013 compared
to 2012, and (2) the fact that the individual compounds were influenced differently by
the vintage. In the cooler and rainy season, the differences among the vineyard groups
were more accentuated than in the warmer and drier season; the PCA dispersion of
vineyards within the same vintage were evident or not depending on the vineyard group
and therefore on topography traits (Figure 5). This suggests that in the warmer years,
the grape quality would be very similar in all the vineyards, and therefore the possibility
of recognizing the geographical origin of the wines would be reduced, which, on the
contrary, would be enhanced in the cooler and rainy years. With the expected temperature
increases associated with climate change, the occurrence of unfavourable years due to
thermal excesses and prolonged periods of drought will be more and more frequent [48].
Particularly in temperate and warm climate this is not positive as some of the key berry
parameters (acids, anthocyanins, and pH) can be impacted negatively in terms of quality
output with increased temperatures [70].

All the results of this study confirmed the huge influence of the thermal conditions
on the accumulation trend of many grape metabolites determining grape and wine qual-
ity [28,29,35,70,75–77] and, in particular, their negative impact on the anthocyanin biosyn-
thesis as observed in pot experiments [34,35] and in field experiments [11,17,36]. Further-
more, it was also evidenced that not only the temperature itself, but also the vineyard topog-
raphy together with the synergy between topo-climate and seasonal meteorological trends,
plays an important role in affecting berry metabolism and grape ripening [7,17,28,69]. A
highly varied topo-climate may determine different ripening pathways resulting in great
differences in grape quality and in derived wines. As observed from the PCA analysis, this
variation could be reduced as climate change evolves with warmer and dryer conditions
being more frequent. This reduction in variation between regions within Barolo DOCG
could lead to a reduction in typicality between these regions if mitigative strategies such
as precision use of shade netting, leaf shading, or removal and cover cropping are not
implemented by growers in an effort to preserve berry quality and typicity.

5. Conclusions

Even if a longer observation over more vintages would improve the robustness, the
results of this study add elements to support the importance of the land topography
in mediating the effect of the season and in influencing the quality of grape and wine
production. This knowledge could be useful to help winegrowers to adapt site specific
cultivation management strategies to consider, not only the weather conditions of the
vintage but also the topography of their vineyards. This approach would be useful, firstly,
to protect against or magnify seasonal variability and secondly, to develop management
strategies for the expected long-term trends associated with climate change that affect
grape ripening and may improve or decrease grape quality depending on topographic
location. It would also be useful to improve pest management strategies with a more
integrated and sustainable approach, especially if the microclimate were monitored at a
low scale (vineyard or meso-climatic unit, for example). The use of tools typical of precision
agriculture would make it easier to include the topographical characterization of a territory
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in zoning studies on this or other terroirs or on any farm zoning; this approach would
increase the accuracy of knowledge and improve the precision of management techniques.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11061142/s1, Table S1: Main soil chemical–physical properties of each vineyard
according to soil horizons.
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