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Abstract The trend of climate change and its effect on grape
production and wine composition was evaluated using a real
case study of seven wineries located in the “Romagna
Sangiovese” appellation area (northern Italy), one of the most
important wine producing region of Italy. This preliminary
study focused on three key aspects: (i) Assessment of climate
change trends by calculating bioclimatic indices over the last
61 years (from 1953 to 2013) in the Romagna Sangiovese
area: significant increasing trends were found for the maxi-
mum, mean, and minimum daily temperatures, while a de-
creasing trend was found for precipitation during the growing
season period (April-October). Mean growing season temper-
ature was 18.49 °C, considered as warm days in the Romagna
Sangiovese area and optimal for vegetative growth of
Sangiovese, while nights during the ripening months were
cold (13.66 °C). The rise of temperature shifted studied area
from the temperate/warm temperate to the warm temperate-/
warm grape-growing region (according to the Huglin classifi-
cation). (i) Relation between the potential alcohol content
from seven wineries and the climate change from 2001 to
2012: dry spell index (DSI) and Huglin index (HI) suggested
a large contribution to increasing level of potential alcohol in
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Sangiovese wines, whereas DSI showed higher correlation
with potential alcohol respect to the HI. (iii) Relation between
grape production and the climate change from 1982 to 2012: a
significant increasing trend was found with little effect of the
climate change trends estimated with used bioclimatic indices.
Practical implication at viticultural and oenological levels is
discussed.

1 Introduction

Grape production is strongly affected by climate conditions
(Jackson and Lombard 1993; Schultz 2000; van Leeuwen
etal. 2004; Keller 2010; Fraga et al. 2014a); therefore, climate
change can modify grape and wine composition to a great
extent. Vine sensitivity to weather properties (Jones et al.
2005b; Gladstones 2011; Holland and Smit 2014), narrow
spatial surfaces suitable for producing high-quality grapes as
wine industry raw material, and possibility of perennial plant
exploitation (Battaglini et al. 2009; Lereboullet et al. 2014) are
indicative of the need for a climate change assessment associ-
ated with winemaking. Despite the importance of the global
climate change trend, from the vine grower/winemaker per-
spective, it is more essential to understand regional atmo-
spheric conditions (Jones et al. 2005b; Orlandini et al. 2009)
and local microclimatic environment as well. Generally, in-
creasing average global temperature over the last few decades
is more than evident, as is the increasing temperature trend,
although is not homogenous in every vine-growing region
(Pielke et al. 2002; Jones et al. 2005b; van Leeuwen et al.
2013). For example, Jones et al. (2005b) confirmed a signifi-
cant growing season temperature trend for the majority of
northern hemisphere wine-producing regions between 1950
and 1999, with an average increase of 1.26 °C. However, there
was also an insignificant trend in the majority of southern
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hemisphere wine regions, which emphasizes the necessity to
focus study on smaller study areas.

Since climate modifications are vastly complex, examina-
tions of simple temperature and precipitation values are insuf-
ficient to explain climate change trends. Therefore, several
bioclimatic indices (e.g., Huglin index (HI) (Huglin 1978),
Cool night index (CI) (Tonietto 1999), Winkler (WI) or grow-
ing degree day (GDD) index (Winkler et al. 1974), number of
days with maximum temperatures higher than 30 °C
(ND > 30 °C) (Ramos et al. 2008), number of days with
precipitations <1 mm (Dry spell index, DSI) (Moisselin and
Dubuisson 2006), etc.) are commonly used in viticulture to
provide a better insight into climate change trends. However,
the selected bioclimatic indices were mainly based only on air
temperature, as it has the strongest influence on overall
growth, productivity, and berry ripening of the grapevine
(Jones 2012).

Jones et al. (2010) showed that climate change is responsible
for over 50 % of alcohol trends. Moderate water stress may
positively affect berry sugar accumulation during grape-
growing season (Coombe 1989), while increasing temperature
advances phenological stages and speeds up sugar accumula-
tion in grape berries (Duchéne and Schneider 2005; Barbeau
2007; Jones 2012; Bonnefoy et al. 2013). Both water stress and
increasing temperature later lead to the production of wines
with higher alcohol content and other microbiological, techno-
logical, sensorial, and financial implications (Mira de Ordufia
2010). In particular, increase of grape sugar content at harvest
may cause slow/stuck alcoholic fermentations during hot years
(Coulter et al. 2008) as well as alter sensory features due to the
ethanol’s tendency to increase bitterness perception (Fischer
and Noble 1994; Vidal et al. 2004; Sokolowsky and Fischer
2012), suppress the perception of sourness (Williams 1972),
and reduce astringency perception (Williams 1972; Vidal
et al. 2004). Excess of alcohol in wine is also not desirable
due to harmful effects on the health of consumers and civil
restrictions (Catarino and Mendes 2011). Moreover, in the
USA, winemakers need to pay additional taxes if the wine
contains more than 14.5 % v/v of alcohol, whereas in EU, the
alcohol limit for table wine is 15.0 % v/v. Recently, consumers
showed a preference for wines with lower alcohol content (be-
tween 9 and 13 % v/v) (Massot et al. 2008).

Italy is one of the top wine producers in the world and its
export represents the main income for the entire agro-food
sector. Although the importance of climate change is well
recognized by scientists worldwide, there is a need to improve
its awareness among private companies as well.

In this view, the present study aims to establish a relation-
ship between grape sugar content, presented as potential alco-
hol content in Sangiovese wines, and climate change trends
based on selected bioclimatic indices of the specific area of
interest (Fig. 1). Moreover, the study evaluated the trend of
grape production for the same area and its correlation with
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climate variables. It has to be noted that the examination of
climatic trends and their influence on grape production and
wine potential alcohol level in the “Romagna Sangiovese ap-
pellation area” was based on meteorological factors alone
(e.g., temperature and precipitations). The effect of other pos-
sibly relevant factors, such as soil characteristic, effects of
elevated atmospheric carbon dioxide concentration, influence
of market decisions on alcohol level in wines, husbandry prac-
tices, etc., was not considered.

The study was done in collaboration with grape growers
and local winery partners of the Caviro Coop (Faenza, RA,
Italy), thus rendering the obtained results a valuable case study
on the topic.

2 Materials and methods

2.1 Study region, potential alcohol concentration,
and grape production data

The Emilia-Romagna (ER) is located in the north of Italy and
accounts for about 55,000 ha of vineyards which represent
8.1% of the total Italian vineyard surface and is the second
wine-producing region with 18 % of the total Italian wine pro-
duction by volume. The ER include nine provinces, two of
which are located within the “Romagna Sangiovese” appella-
tion area, namely Ravenna and Forli-Cesena, that account for
16,000 and 7000 ha of vineyard, respectively, thus representing
42 % of the total ER grape cultivated area for all varieties. The
Sangiovese (main red grape variety cultivated in Italy) wine
production, in the two provinces of Ravenna (1700 ha) and
Forli-Cesena (3300 ha) represents ca. 72 % of the entire
Emilia-Romagna region. The studied area covers more than
97 % of the Romagna Sangiovese appellation area which is
mostly located between 100 and 300 m above sea level and
covering an approximate area from 44° 00’ to 44° 50" N latitude
and from 11° 50" to 12° 50" E longitude (Fig. 1).

Potential alcohol content of Sangiovese wines was calcu-
lated (Eq. 1) from sugar content in grapes that were harvested
from seven commercial wineries in the studied area for the
period from 2001 to 2012. Grape sugar content was measured
directly in the field, day before harvest, using a portable digital
refractometer. This approach is commonly used in enology to
estimate the “natural” alcohol content of wine without any
contribution due to the enrichment practices, if any (i.e., grape
sugar additions during fermentation).

Equation 1 Bx, sugar content in grapes expressed as Brix
degrees.

Potential alcohol [%v/ v} =Bx x 0.6

Similarly to the potential alcohol content, the amount of
grapes produced per year, produced on consistent vineyard
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Fig. 1 Location of the Romagna Sangiovese appellation area (Italy)

surface, was obtained from the same wineries from 1982 to
2012. The dataset was averaged for every year between win-
eries for naturally occurring alcohol content and quantity of
produced grapes.

2.2 Meteorological data and bioclimatic indices

Bioclimatic indices (BI) were computed with daily high-
resolution observations of maximum, mean, and minimum
temperatures and precipitation from the ENSEMBLES
gridded observation dataset (E-OBS 0.25° Regular grid,
version 11.0). Interpolated/gridded datasets were used for
the period 1953-2013 from six grid cells which covered
more than 97 % of the total vineyards in the studied area
(Fig. 1; Fig. S1). Three grid cells in the bottom row (10,
11, and 12) were excluded due to the small percentage of
vineyards in that area. Datasets produced by the
ENSEMBLES project are used in several recent publica-
tions (Santos et al. 2012; Andrade et al. 2014; Fraga et al.
2014a, b; Ménnik et al. 2015; Konca-Kedzierska 2015),
and further details about E-OBS dataset are described by
Haylock et al. (2008).

For validation purposes, all bioclimatic indices used in the
study were computed also with consistent data from seven
weather stations (www.arpa.emr.it) for a short-term period
(2005-2013). Locations of the weather stations are listed in
Table S1.

The following bioclimatic indices were calculated
(Table S2):

1. Growing season maximum (7pay), mean (7peqn), and
minimum temperature (7,in) (April-October for the
northern hemisphere).

2. Number of days with a maximum temperature in the

range of 25-30 °C (ND 25-30 °C) over the growing
season period.

3. Number of days with a maximum temperature >30 °C

(ND > 30 °C) over the growing season period.

4. Winkler thermal index (WI) or Growing degree day

(GDD) index was calculated during the grape-growing
season by using daily minimum and maximum temper-
atures. Only days with a thermal base value above 10 °C
were taken into account due to the minimal grapevine
physiological activity threshold (Winkler et al. 1974).
However, the GDD index does not take into account
adjustment of increasing daylight duration with higher
latitudes.

5. Heliothermal index or Huglin index (HI) is a thermal

index that takes into account daily mean and maximum
temperatures during the period April-September. HI
gives more weights to maximum daily temperatures with
respect to WI and displays improved fitting of potential
sugar content of the grape; a correction factor (k = 1.04)
was applied to the area of study to account the increasing
length of the daylight towards higher latitudes (Huglin
1978; Tonietto and Carbonneau 2004).

6. Cool night index (CI) is an average value of minimum

temperatures during September. CI is related to the
grape’s synthesis of anthocyanins (Tonietto and
Carbonneau 2004), compounds responsible for the red
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color of the wine that needs improvement in Sangiovese
wines.

7. Diurnal temperature range (DTR) was calculated as a
mean variation between daily minimum and maximum
temperatures in the period from August to September
(ripening months) (Ramos et al. 2008).

8. Total precipitation () over the grape-growing season
(April-October).

9. Dry spell index (DSI) presents the number of days with
<1 mm of precipitation during the grape-growing season
(Moisselin and Dubuisson 2006).

10. Selianinov index (SI) or Hydrothermal coefficient
(HTC) was calculated from daily mean temperature
and daily precipitation (Fregoni 2005; Selianinov
1928). Only days above 10 °C were considered. SI
was used to examine hydric regimes and water supply
of the vines in the studied area.

2.3 Statistical analysis

Basic descriptive statistics (i.e., mean value and standard de-
viation) for BI, potential alcohol level, and grape production
data were calculated. Trend analysis based on the Mann-
Kendal (MK) test (Mann 1945; Kendall and Stuart 1967),
the most commonly used non-parametric test for detecting
existing trends in meteorological, agrometeorological, and hy-
drological time series data (Ramos et al. 2008; Bardin-
Camparotto et al. 2014), was computed with modification
(Hamed and Ramachra Rao 1998) to avoid overfitting due
to the auto-correlated data (Von Storch and Navarra 1995).

Relationship among BI, potential alcohol content, and
grape production was examined using a multiple linear regres-
sion approach. To avoid mutual co-linearity, the number of
bioclimatic indices was reduced using backward removal
method until remaining indices did not satisfy criteria of tol-
erance value >0.2 and VIF value <4 (Neethling et al. 2012).
The determination coefficient “adjusted R*”was used as indi-
cator of the ability of variables to explain the model (Draper
and Smith 1981).

Homogeneity of data and breaking points were computed
using non-parametric Pettitt test (PT) (Pettitt 1979). All statis-
tical tests were performed at the 95 % confidence level, unless
otherwise specified.

3 Results and discussions
3.1 Bioclimatic indices
BI calculated with both E-OBS and weather stations data

showed a good linear correlation (>0.9); thus, the E-OBS data
were suitable to use for selected area. Slightly hotter and drier
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conditions of BI calculated with data from weather stations
can be explained by predominant locations at lower elevations
of weather stations than in E-OBS, especially in grid cell 5,
which is mainly mountain area (data not shown).

Growing season Tax, Tmean> and Ty disclosed significant
trends over the selected period with increase of 0.04, 0.03 and
0.02 °Clyear, respectively, with total trends estimated as 2.20,
1.65, and 1.40 °C from 1953 to 2013 (Table 1; Fig. 2a).

As the Tiean value suitable for production of high-quality
wines ranges from 12 to 22 °C (Jones 2006), the Tijean Value
of 18.49 °C (for the period 1953-2013) found in this study
showed that the studied area was characterized by warm mean
growing season temperature and had optimum temperature
conditions for the growth of Sangiovese (16.9-19.2 °C
(Jones 2006)). The result of increasing Tpea, 1S more driven
by Tinax than Ty, and similar results are found in other grape-
growing regions in Europe (Ramos et al. 2008; Neethling et al.
2012; Malheiro et al. 2013; VrSi¢ et al. 2014). The ongoing
Tnean Increasing trend, if persistent, is commonly considered a
long-term risk factor by some authors (Hannah et al. 2013).
However, its effects will depend to great extent on adaptation
by growers, including vineyard management and the use of
grape varieties adapted to warmer conditions (van Leeuwen
etal. 2013).

Breaking point of 7;,.., detected in 1989 (Fig. 2b) can be
explained by abrupt anomalies starting from the beginning of
the 1970s reaching maximum anomalies during the 1980s in
the large-scale circulation patterns (Westerlies regimes) which
characterize the North Atlantic/European sector (Werner et al.
2000; Mariani et al. 2012).

ND 25-30 °C showed a slightly significant negative trend,
while ND > 30 °C had a significant positive trend (Table 1)
with a total increasing trend of 32.33 days exceeding >30 °C.
Critical breaking points occurred in 1984 for ND > 30 °C,
whereas the ND 25-30 °C was not significant for the Pettitt
test (data not shown). Days with daily maximum temperatures
ranging between 25 and 30 °C are critical for plant growth due
to the optimum photosynthesis processes. Although several
days with maximum temperature reaching over 30 °C may
be beneficial during ripening (Jones and Davis 2000), too
many days with temperature >30 °C may stress the plant pho-
tosynthesis (Mullins et al. 1992), while temperature >35 °C
represent upper photosynthesis limits causing total inhibition
of the process (Gladstones 1992; Jackson 2008).

Similarly, the two thermal indices often used to examine
the suitability of selected area for grape production, HI, and
GDD, showed a significant increasing trend with 5.88 and
6.1 units per year and a total trend of 358.62 and 371.98 units
during the studied period, respectively (Table 1). According to
the Huglin classification, approximately in the 1980s, due to
the increasing temperatures in the ER, HI trend shifted studied
area from the temperate/warm temperate to the warm temper-
ate-/warm grape-growing region (Fig. 3a). In the same period,
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Table 1 Descriptive statistics,
MK test, and PT applied to Index Mean Std. MK p MK trend MK total PT p- PT breaking
bioclimatic data for the period dev. level year ' trend level point
1953-2013

Tinax 23.65 1.01 <0.0001 0.04 2.20 <0.0001 1984

Tinean 18.49 0.78 <0.0001 0.03 1.65 <0.0001 1989

Tinin 12.09 0.69 <0.0001 0.02 1.40 <0.0001 1984

ND 63.45 9.32 0.096* —0.11 —6.71 0.266 NS

25-30 °C

ND >30°C 30.57 14.69 <0.0001 0.53 3233 <0.0001 1984

GDD 1794.89 17197  <0.0001 6.1 371.98 <0.0001 1984

HI 225837 17832  <0.0001 5.88 358.62 <0.0001 1989

CI 13.66 1.21 0.605 NS NS 0.648 NS

DTR 11.35 0.81 0.023 0.01 0.79 0.049 1984

Tprec 463.88 12139 0.043 -1.94 —-118.16 0.098* 1996

DSI 161.48 8.97 0.026 0.15 9.33 0.055* 1996

SI 2.02 0.66 0.027 —0.01 -0.73 0.07* 1981

NS no significant trend
*90 % significant trend

according to the Winkler classification, GDD regression trend
shifted from regions II/III to II/IV (Fig. 3b). The Pettitt test
breaking points occurred in 1989 and 1984 for HI and GDD,
respectively (data not shown).

The CI showed a lack of significant trend (Table 1) and lack
of critical breaking point (data not shown) due to the slow

increase of minimum temperatures particularly during the
grape-ripening months. Mean value of CI was 13.66 °C, there-
fore, the Romagna Sangiovese appellation area was mostly
characterized by cold nights (data not shown). Night temper-
atures are correlated with secondary metabolites (e.g., antho-
cyanins) of red grape varieties, whereat higher night

Fig. 2 a Linear trends of Ty, a) b)

Tnean> Tmin; b Pettitt homogeneity

test: Tmean; € linear trend of Tiyec; Temperature [°C] R2=0.407 Temperature [°C]
in the Romagna Sangiovese 28 0-047C year

appellation area during the 26 + = Max temp
growing period from 1953 to 24 R® = 0.366 20 4
2013 2+ 0.03 °C / year

Mean temp

R2=0.361 18 +
0.02 °C/ year

Min temp

1950 1970 1990
Year

2010 1950 1970 1990 2010
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c)

800

200

R*=0.056

Total rainfall [mm] -1.94 mm / year
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Fig. 3 Linear trends of a HI; b GDD; ¢ SI; d DSI in the Romagna Sangiovese appellation area (Italy) during the period from 1953 to 2013

temperatures are causing higher loss of color and aroma
(Jackson 2008).

DTR showed a significant positive trend with an increase
of 0.01 °C/year and a total trend of 0.79 °C (Table 1) that is
mostly related to the maximum temperature increase over the
grape-ripening period (August—September). Although thermal
amplitude between the maximum and minimum temperatures
greatly affects berry composition, including its positive corre-
lation with the synthesis of anthocyanins, an excess in diurnal
temperature range negatively affects grape quality due to the
plant stress with higher temperatures (Ramos et al. 2008). The
Pettitt breaking point occurred in 1984 (data not shown).

Although many European vine-growing regions do not
have significant precipitation trends (Ramos et al. 2008;
Neethling et al. 2012) in this study, a significant negative trend

Table 2
in the Romagna Sangiovese appellation area (Italy)

was detected for precipitation, with a 1.94 mm/year and a
118.16 mm total trend decrease with high annual variations
over growing season period (Table 1; Fig. 2¢). These findings
are consistent with other authors, focused on Italy (Brunetti
et al. 2000) and on Italian region Emila-Romagna (Antolini
et al. 2016). Additionally, the positive DSI trend with
0.15 days/year and 9.33 days in total revealed possible longer
drought periods over the growing season in the future
(Table 1; Fig. 3d). The breaking point for both total precipita-
tion and DSI occurred in 1996 due to the mentioned abrupt
anomalies in the large-scale circulation patterns (data not
shown).

The SI value showed a significant negative trend with high
variation before the 2000s and minor amplitude in the past
10 years (2004—2013) (Fig. 3c). The total negative trend of

Descriptive statistics, MK test, and PT test applied to potential alcohol concentration in wine (2001-2012) and grape production (1982-2012)

Mean Std. dev. MK p level MK trend year ' MK total trend PT p level PT breaking point
Potential alcohol [% v/v] 10.30 0.5 0.04 0.07 0.83 0.017 2006
Grape production [7] 2216.47 486.59 <0.01 33.49 1038.07 0.003 1997
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Fig. 4 Linear trends of a grape a) b)
production (1982-2012) and b
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the SI was 0.73 mm °C71, while the annual decrease was
0.01 mm °C! (Table 1). The mean value of SI during the
studied period was 2.02 mm °C™!, avalue actually considered
as a normal hydric regime. The critical point for homogeneity
test occurred in 1981 (data not shown).

3.2 Grape production

Grape production showed a significant increasing trend of
33.49 tons/year and 1038.07 total tons during 31 years
(1982-2012), (Table 2, Fig. 4a). Low values of adjusted R?
obtained from multiple linear regression approach (Table 3)
elucidated low impact of computed climatic variables on in-
creasing grape production, suggesting that variables uncov-
ered by this study, such as husbandry improvement (e.g.,
drainage, pesticides, canopy management, fertilizers) and soil
characteristics, might have predominant influence on grape
yield in the Romagna Sangiovese appellation area during last
30 years. The influence of climate change may be
underestimated as the upper level of CO, in the atmosphere
increases crop load (Bindi et al. 1996; Schultz 2000;
Moutinho-Pereira et al. 2009; Kizildeniz et al. 2015), whose
effect may be relevant particularly after the 1970s due to the
rapid increasing in the level of CO, (IPCC 2014). Cutting
point of increasing grape production detected in 1997 and
decreasing precipitation variables (7., and DSI) breaking
point in 1996, implies higher yield with lower water availabil-
ity which is opposite with other studies (Ramos and Martinez-
Casasnovas 2010). Therefore, low influence of calculated

climate variables on grape production, obtained with multiple
linear regression is supported by breaking point analysis.

The negative trend of the standardized ND 25-30 °C re-
gression coefficient, which is related to the optimum temper-
ature range for photosynthesis process, suggested negative
impact on grape production; in other words, decrease of days
with optimum temperature range may negatively affect crop
load due to the reason that temperature increase leads to initial
plant stress (several days exceeding >30 °C) and later to the
total inhibition of the photosynthetic process (>35 °C).

Tmax Standardized coefficient obtained with multiple linear
modeling, suggested a positive influence on crop load in the
Romagna Sangiovese appellation area during the last decades.
Similar results were found in the Rias Baixas wine region,
Spain, whereas higher temperatures during the budburst and
veraison significantly increased crop yield (Lorenzo et al.
2012). In the Bordeaux (France), higher temperatures short-
ened period from plant budburst to berry maturity into length
favorable for higher yield (Jones and Davis 2000). Reversely,
wine production decreased during warm seasons in the
Penedés wine region, Spain (Ramos et al. 2008). Results from
the mentioned studies indicate that positive/negative effect of
the increasing temperature on the crop yield depends also on
precipitation, atmospheric CO2 level, grape variety, and other
factors. Even if detected in the Romagna Sangiovese appella-
tion area, temperature increase may positively influence crop
load up to a certain point, due to the detrimental influence of
heating stress on grapevine photosynthetic process.

DSI standardized coefficient suggested that increasing
number of days without rain (<1 mm) and longer drought

Table 3  Standardized coefficients, standard errors, adjusted R, and p level of multiple linear regression modeling applied to grape production (tons)
and bioclimatic indices found in the Romagna Sangiovese appellation area (Italy) from 1982 to 2012

Toax DSI ND 25-30 °C Adjusted R p level
Standardized coefficients 0.55 -0.42 -0.19 0.21 0.025
Standard error 0.21 0.17 0.21
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Table 4  Standardized coefficients, standard errors, adjusted R% and P
level of multiple linear regression modeling applied to naturally occurring
alcohol content in Sangiovese red wines and bioclimatic indices in the
Romagna Sangiovese appellation area (Italy) from 2001 to 2012

HI DSI Adjusted > p level

Standardized coefficients 0.14 0.84 0.81 0.0002

Standard error 0.15 0.15

periods may reduce soil water availability causing drought
stress to the grapevine, which negatively affects grape produc-
tion (Ramos and Martinez-Casasnovas 2010).

3.3 Potential alcohol concentration

Naturally occurring alcohol content in Sangiovese red wines
showed a significant increasing trend with 0.07 % (v/v)/year
and 0.83 % (v/v) over a 12-year period (2001-2012) (Table 2,
Fig. 4b).

In contrast to grape production, the high value of adjusted
R? (0.81) suggests a large contribution of calculated climatic
variables as a driver of increasing potential alcohol content in
red wines from the Romagna Sangiovese appellation area
(Table 4). The rest of the variables may be explained with
consumer expectations in terms of full bodied, deeply colored,
full-flavored red wines achieved with phenolic maturity, both
skin and seed, which compels producers to prolong matura-
tion of the grapes and increase the quantity of accumulated
sugar in the grapes (Garcia-Martin et al. 2010; Gil et al. 2013).

The increase of DSI coupled with decrease of SI and Ty
(not incorporated in the model due high co-linearity with DSI)
suggested a positive impact on potential alcohol increase, pos-
sible only up to a certain limit. Moderate water stress may
positively affect sugar accumulation in the berry as a result
of inhibiting lateral shoot growth allowing transportation of
carbohydrates to the fruit (Coombe 1989). Poni et al. (2007)
conducted partial root-zone drying on potted Sangiovese
grapevine, simulating dry (PRD) and wet conditions (WW),
whereas at harvest, vines submitted to PRD showed higher
total soluble solids respect to the vines treated with WW.
Authors noted that use of potted vines approach may induce
criticism due to the lack of real field conditions.

Compared to DSI, HI regression coefficient suggested low-
er impact on potential alcohol in wines. Detected higher tem-
peratures and thermal accumulation may lead to earlier occur-
rence phenological stages (i.e., bud-breaking, flowering,
veraison, full maturity/harvest) (Webb et al. 2007) and shorter
time between two phenological phases (Jones et al. 2005a).
Additionally, the combination of reduced precipitation with
warming may provoke even faster passage through phenolog-
ical stages of the vine (Webb et al. 2012). This accelerated
pace of phenological events causes faster sugar accumulation
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Fig. 5 Growing season trends of Huglin index (HI), potential alcohol
level in Sangiovese wines (potential alcohol), dry spell index (DSI), and
total precipitation (7je.) in the Romagna Sangiovese appellation area
(Italy) from 2001 to 2012; red line potential alcohol breaking point

and causing grapes to arrive earlier at technological maturity
(optimum quantity of sugar content and acidity), while flavor
compounds remain undeveloped. On the other hand, if vine
growers wait for flavor compounds to develop, acidity values
may reach a below optimum level due to the respiration, while
sugar content reaches a higher than optimum level (Jones
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2012). Therefore, producing wines with fully developed fla-
vor and is often coupled with a high concentration of alcohol.
However, positive relation is possible up to the certain point
due to photosynthesic process limitations.

Breaking point of naturally occurring alcohol level in
wines occurred in 2006 (Fig. 5). Hypothesis of reduced pre-
cipitation regime (DSI, T}..) coupled with increased temper-
ature accumulation (HI) in the period after breaking point
(2007-2012), comparing to the period before breaking point
(2001-2006, with an exception of hot and dry 2003), may
serve as an explanation. These preliminary results require fur-
ther and continuous monitoring to evaluate long-term effects
of climate change on grape and wine parameters.

4 Conclusions

Overall, the Romagna Sangiovese appellation area has
been affected with weather anomalies in large-scale circu-
lation patterns during the 1980s (Westerlies regimes).
During the period from 1953 to 2013, the mean growing
season temperature was 18.49 °C, with night temperatures
during the ripening months of 13.66 °C. The increasing
Tmean trend was rather due to a rise in maximum daily
temperatures than augmentation of minimum tempera-
tures. The precipitation and SI had a negative trend over
the growing season with high annual variations. Multiple
linear analysis coupled with breaking point test, displayed
low impact of calculated bioclimatic indices on increase
of grape production in the Romagna Sangiovese appella-
tion area, also indicated that variables uncovered by this
study, such as husbandry practices and soil characteristics,
might have a significant role in grape yield determination.
Using the same approach, the increase of potential alcohol
level in wines during 2002-2012, was largely explained
(81 %) by conducted climatic variables, whereas precipi-
tation decrease showed higher correlation with increasing
potential alcohol content in wines respect to the rising
temperatures. These preliminary results require further
and continuous monitoring and to evaluate long-term ef-
fects of climate change on grape and wine parameters in
the Romagna Sangiovese appellation area.
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