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Abstract: The progressive climate change has an impact on the quantity and quality of grapes.
Among meteorological parameters, air temperature is believed to have a direct influence on grape
yield and composition, as well as on the organoleptic characteristics of wines. Therefore, in this work
three bioclimatic indices based on temperature have been considered, with the aim of classifying
the climate in the winegrowing region of Apulia (southern Italy) based on historical periods of
thirty years (1961–1990 and 1991–2022) and verifying its evolution in the future in relation to global
warming under two different Shared Socioeconomic Pathways, SSP2–4.5 and SSP5–8.5, by combining
four global climate models. The results showed that the period 2021–2040 was almost unchanged
compared to the last historical period of 1991–2022. The differences between the two SSPs became
more pronounced as time progressed until the end of this century. By 2081–2100, SSP2–4.5, considered
the most likely and mildest future scenario, demonstrated the existence of areas still suitable for
quality viticulture, mainly in the higher altitudes of the Murgia plateau, the Gargano promontory
and the Pre–Apennine area. In contrast, SSP5–8.5, described as “highly unlikely”, showed a dramatic
shift of more than 90% of Apulia region to “too hot” classes to ensure the survival of viticulture for
all the bioclimatic indices considered. These results suggest the winegrowers should consider short–
and long–term solutions and adaptations in order to preserve the regional tradition and wine quality
and to plan the Apulian viticulture for future scenarios.

Keywords: bioclimatic indices; Shared Socioeconomic Pathways; spatialization; Apulia; viticulture

1. Introduction

In recent decades, climate change has become a topic of global and transversal interest,
because of its enormous impact on various production systems, including the wine sector.
It is well known that viticulture is strongly affected by climate variability [1,2], mainly
due to temperature increase, which directly affects grape yield and composition, wine
organoleptic characteristics [3], shift or shortening of entire growing seasons or the duration
of single phenological phases [4]. Certainly, precipitation or other weather/climate factors
also have their effects on grapevines, but temperature is the most influential factor in
overall grape growth and productivity [5]. Temperature is expected to increase by 0.3 ◦C to
1.7 ◦C over the next 20 years and reach even higher values in the following decades [6]. As
a result, several areas of the Mediterranean basin, which are historically considered as III
and IV centers of the domestication of grapevines [7,8], are affected by a dramatic process
of desertification [9]. In fact, the Mediterranean area is considered a hotspot of climate
change [10,11], where the increase of soluble solids in berries, the decrease of anthocyanins
and titratable acidity content, and incomplete or slow fermentative processes will occur
as a consequence of the temperature increase [12]. Therefore, in some areas traditionally
dedicated to viticulture, the suitability of the environment is decreasing due to climate

Agriculture 2023, 13, 644. https://doi.org/10.3390/agriculture13030644 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture13030644
https://doi.org/10.3390/agriculture13030644
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0002-6217-5557
https://orcid.org/0000-0002-6186-430X
https://doi.org/10.3390/agriculture13030644
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture13030644?type=check_update&version=1


Agriculture 2023, 13, 644 2 of 14

change. In contrast, other areas are gaining suitability for the production of quality wines
based on the concept of vineyard relocation in terms of higher latitudes or elevations [13].

Apulia region in southern Italy exhibits the typical Mediterranean climate with quite
hot summers and mild winters and has an ancient winemaking tradition with 4 Controlled
and Guaranteed Denomination of Origin (DOCG) wines, 28 Controlled Denomination
of Origin (DOC) wines and 6 Typical Geographic Denomination of Origin (IGT) wines
currently in production and regulated by disciplinary productions [14]. The regional terri-
tory is administratively divided into three different homogeneous winegrowing districts:
Capitanata (Foggia province); Central Murgia (BAT and Bari provinces) and Salento–Jonic
Arc (Taranto and Lecce provinces) [15]. In total, more than 87,000 ha of vineyards are
currently cultivated for wine production in Apulia, which represents about 13% of the total
Italian winegrowing area [16].

The use of bioclimatic indices based on temperature is an efficient and synthetic tool
to represent the climatic evolution of an area in relation to grape production. These indices
include Growing Season Temperature (GST) [17], Huglin Index (HI) [18] and Winkler
Index (WI) [19] (Table 1), which have been widely considered in studies of historical
characterization and future climate projections for different viticultural areas around the
world [1–4,6,20]. GST represents the mean temperature of the growing season, is closely
related to the ripening potential of a wine grape variety in terms of sugar accumulation
and is calculated on an annual basis; HI helps characterize areas based on their potential
for viticulture, is based on a six–month period from April to September that overlaps
with the grapevine growing season, takes into account maximum temperatures and a
coefficient of day length based on latitude and, similar to GST, shows a good correlation
with the potential of sugar content of the grape variety [21]; WI, also known as Growing
Degree–Days (GDD), refers to the period from April to October and takes into account a
base temperature of 10 ◦C, below which the vines are unlikely to grow, and can be taken
into account in the prediction of phenological phases. The bioclimatic indices are easy to
calculate, and the data on temperatures are available and can be effectively geo–spatialized,
providing a comprehensive context of the variability and suitability of different areas
for viticulture.

Table 1. Bioclimatic indices considered and class partitioning.

Bioclimatic Index Formula Classes

Growing Season Temperature (GST) GST =
31st Oct.

∑
01st Apr.

[(Tmax+Tmin)]
2 /n

Too cool < 13 ◦C
Cool = 13–15 ◦C

Intermediate = 15–17 ◦C
Warm = 17–19 ◦C
Hot = 19–21 ◦C

Very hot = 21–24 ◦C
Too hot > 24 ◦C

Huglin Index (HI)

HI =
30th Sept.

∑
01st Apr.

[(Tmean−10)+(Tmax−10)]
2 d

d: adjustment for latitude/day length
1.02 for latitude comprised between 40◦ and 42◦

1.00 for latitude below 39◦

Too cool < 1200
Very cool = 1200–1500

Cool = 1500–1800
Temperate = 1800–2100

Warm temperate = 2100–2400
Warm = 2400–2700

Very warm = 2700–3000
Too hot > 3000

Winkler Index (WI) WI =
31st Oct.

∑
01st Apr.

[
(Tmax+Tmin)

2 − 10
]

Too cool < 850
(Region I) 850–1389

(Region II) 1389–1667
(Region III) 1667–1944
(Region IV) 1944–2222
(Region V) 2222–2700

Too hot > 2700
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In 2021, the Intergovernmental Panel on Climate Change [22], based on the Coupled
Model Intercomparison Project Phase 6 (CMIP6) [23], produced the Sixth Assessment Re-
port (AR6), which identified the imminent risk of a 1.5–degree rise in the near future and
predicted future climate trends using a range of emission scenarios driven by different
socioeconomic assumptions called Shared Socioeconomic Pathways (SSPs). In other words,
the SSPs proposed by AR6 integrate and complement the “Representative Con–centration
Pathways” (RCPs) previously used to generate emissions pathways in the 2014 AR5 [24].
Specifically, five future scenarios resulting from the combination of the previous RCPs with
SSPs were proposed with different greenhouse gas (GHG) emissions between now and
2100: SSP1–1.9 (very low GHG emissions); SSP1–2.6 (low GHG emissions); SSP2–4.5 (inter-
mediate GHG emissions); SSP3–7.0 (high GHG emissions); and SSP5–8.5 (very high GHG
emissions). SSPs represent a link between socioeconomics, culture, industry, ecosystems
and tourism in an area [25]. Specifically, Hausfather and Peters [26] reported emission path-
ways leading to SSP5–8.5 as largely unlikely, as fossil fuel use would increase fivefold, while
SSP2–4.5 is considered the most plausible, with a warming of 3 ◦C above pre–industrial
levels by the end of the century, instead of the feared 5 ◦C in the worst–case scenario. In this
context, different international institutions have provided several global circulation models
(GCM) simulations, summarized in CMIP6 [27], to hypothesize future climate scenarios,
with a higher average resolution compared to the previous CMIP5 [28]. Nevertheless, Di
Virgilio et al. [29] proposed criteria to select more than one GCM for climate projections
and to consider ensemble data.

The aim of this work was to characterize and describe the climatic evolution of the
Apulia region using bioclimatic indices calculated on the basis of historical time series
(1961–2022) and to project future scenarios according to SSP2–4.5 and SSP5–8.5 up to the
year 2100, in order to understand and predict the suitability of the area for the production
of quality wines in the coming decades.

2. Materials and Methods
2.1. Study Area, Climate Historical Data, Future Scenarios, and Bioclimatic Indices

The study was conducted in the Apulia region, southern Italy (Figure 1), which
lies between 39◦44’–41◦56’ N and 14◦56’–18◦32’ E. The average annual temperatures are
15–16 ◦C with 500–800 mm of precipitation per year [30]. The area is flat and hilly (average
elevation of 184 m a.s.l.), with a range of 0–1070 m a.s.l., as shown by the Digital Elevation
Model considered in this study. Historical series of monthly Tmax and Tmin for the period
1961–2022 were retrieved from the Apulian Civil Protection site (https://protezionecivile.
puglia.it/annaliedatiidrologicielaborati. Accessed on 12 October 2022). Of the total 157
available weather stations, 66 were selected based on the completeness of the data to
calculate the bioclimatic indices for the period 1961–1990, while for the period 1991–2022
another 14 stations were added, for a total of 80 (Figure 1). For the same stations, data on
monthly Tmax and Tmin were retrieved from https://www.worldclim.org (accessed on 14
October 2022) to calculate bioclimatic indices for the Future Scenarios. The site provides
data downscaled according to CMIP6 using WorldClim v2.1 as the baseline climate [31] in
the form of GeoTiff maps, from which the data were sampled by QGIS version 3.16.11 for
the coordinates of interest with a spatial resolution of 30 s, corresponding approximately to
a 1 km2 grid. A combination of four GCMs from the list at https://www.worldclim.org
was considered: CNRM–CM6–1 (France), CMCC–ESM2 (Italy); HadGEM3–GC31– LL (UK);
and MPI–ESM1–2– LR (Germany). Data were downloaded for SSP2–4.5 and SSP5–8.5 for
the next four 20–year periods (2021–2040, 2041–2060, 2061–2080, 2081–2100).

The Bioclimatic indices considered were Growing Season Temperature (GST), Huglin
Index (HI) and Winkler Index (WI), all based on temperatures (Table 1).

2.2. Geostatistical Interpolation Techniques

Regression–kriging (RK) [32] was performed for spatial interpolation of the bioclimatic
indices using a Digital Elevation Model (DEM) raster by means of the QGIS plugin SRTM

https://protezionecivile.puglia.it/annaliedatiidrologicielaborati
https://protezionecivile.puglia.it/annaliedatiidrologicielaborati
https://www.worldclim.org
https://www.worldclim.org
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Downloader with a resolution of 10 m in the UTM WGS 84 zone 33N. RK accuracy was
checked using the Normalized Root–Mean–Square Error (NRMSE) between the calculated
and interpolated bioclimatic indices and by the R2 of the model (Table 2). The interpolation
procedure was performed using the software SAGA GIS (System for Automated Geoscien–
tific Analyses) version 2.3.2, while the spatialization figures were obtained using QGIS
version 3.16.11.
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Figure 1. Map of Apulia. Digital elevation models and weather stations.

Table 2. Average Tmax and Tmin, Normalized Root–Mean–Square Error (NRMSE) between calcu-
lated and interpolated bioclimatic indices, R2 of the model, average of the period and coefficient of
variation (%) of bioclimatic indices GST, HI and WI calculated for historical (1961–1990 and 1991–2022)
and future scenarios SSP2–4.5 and SSP5–8.5 (2021–2040, 2041–2060, 2061–2080 and 2081–2100).

GST HI WI

Scenario Period Avg
Tmax

Avg
Tmin NRSME R2 Mean CV% NRSME R2 Mean CV% NRSME R2 Mean CV%

Historical 1961–1990 19.4 11.1 10.51 0.83 19.8 5.2 9.19 0.85 2397.3 8.5% 10.49 0.83 2106.3 10.0%
1991–2022 20.4 12.0 11.33 0.83 21.0 4.9 10.20 0.86 2638.3 7.7% 10.79 0.84 2368.1 9.1%

SSP 245

2021–2040 20.8 12.4 5.15 0.96 21.2 5.4 9.09 0.90 2662.4 8.6% 4.95 0.97 2409.0 10.3%
2041–2060 21.7 13.3 4.34 0.97 21.8 5.1 8.45 0.91 2861.1 7.8% 4.58 0.97 2531.7 9.3%
2061–2080 22.4 14.0 5.45 0.96 22.9 5.0 9.36 0.90 2980.2 7.6% 5.86 0.96 2760.0 8.8%
2081–2100 22.9 14.4 4.96 0.96 23.5 4.9 7.29 0.93 3094.2 7.2% 5.60 0.96 2890.1 8.4%

SSP 585

2021–2040 21.0 12.6 4.37 0.97 21.5 5.4 7.67 0.93 2713.7 8.3% 5.17 0.96 2466.2 10.1%
2041–2060 22.1 13.7 4.66 0.97 22.7 5.0 7.65 0.93 2953.2 7.6% 5.07 0.97 2725.8 9.0%
2061–2080 23.6 15.1 5.54 0.96 24.3 4.6 7.55 0.92 3262.0 6.8% 5.14 0.96 3067.8 7.8%
2081–2100 25.4 16.7 5.39 0.96 26.2 4.1 7.59 0.92 3634.9 6.0% 5.16 0.96 3481.2 6.7%

3. Results

Monthly Tmax and Tmin of 66 and 80 Civil Protection weather stations, respec-
tively, were considered for the calculation of bioclimatic indices for the thirty–year periods
1961–1990 and 1991–2022. The difference in the number of stations considered in the two
historical periods depends on the completeness of the available data. Some stations located
along the borders of the neighboring Basilicata region (Figure 1) were considered for an
accurate estimate of the peripheral areas [2]. As suggested by the World Meteorological
Organization (WMO), a period of thirty years was established for the historical analysis,
preferably using the period 1961–1990. Recently, the European Centre for Medium–large
Weather Forecasts (ECMWF) has established the period 1991–2020 as the main reference
period due to the availability of satellite data [33]. Table 2 shows the statistical results of av-
erage Tmax and Tmin for all periods. There was already an increase of about 1 ◦C between
the two historical periods. Under the future scenario SSP2–4.5, Tmax and Tmin increased
by 2.5 ◦C and 2.4 ◦C, respectively, in the period 2081–2100 compared to the historical period
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1991–2022. Comparing the Tmax and Tmin of the historical period 1991–2022 with those
recorded under SSP5–8.5 in the period 2081–2100, an increase that varies between 5.0 ◦C
and 4.7 ◦C emerged. The accuracy of the interpolation (RK) for all bioclimatic indices was
confirmed by low NRMSE values, indicating a lower residual variance of a model, and a
high R2 > 0.80.

3.1. Growing Season Temperature (GST)

Specifically, in 1961–1990, GST (Figure 2, Table 3) classified marginal areas in the
Northwest toward the Appennine’s dorsal and on the Gargano promontory, i.e., areas
with elevations above 800 m a.s.l., as intermediate (2.7%). Some 14.8% (Murgia plateau)
were classified as warm, while most of the Apulian regional area (76.7%) was classified as
hot. Another 5.7%, mainly located around the Jonic Arc, was classified as very hot. In the
following thirty years from 1991 to 2022, the increase of Tmax and Tmin by about 1 ◦C in
the regional area led to a shift in the classification of many areas, resulting in an almost
complete loss of the intermediate class, reducing the warm class to 5.1% and the hot class to
33.1%. As expected, the very hot class grew to 61.4% in the entire regional area and was no
longer limited to the Jonic Arc, but was spread throughout the region from north to south,
encompassing the Capitanata, the entire Adriatic coast and Salento, excluding only internal
areas. Regarding future scenarios up to 2100, GST in 2021–2040 in both SSPs achieved
similar average values as in the previous historical period, with an increase in GST of a few
decimal places and an essentially unchanged percentage distribution of classes (Figure 2,
Table 3). More than 60% of the regional territory was classified as very hot, therefore
unsuitable for viticulture, and about 30% as hot. The differences between the two SSPs
emerged clearly in the next period, 2041–2060, when a GST increase in SSP5–8.5 resulted in
90.8% of Apulia being classified as very hot, with the emergence of a 1.3% too hot zone,
still negligible but sounding like a first alarm bell. However, for the next period 2061–2080,
SSP2–4.5 itself predicted a 10.9% too hot area, located on the coast of the Jonic Arc and
in upper Salento. In the same period, the worst scenario SSP5–8.5 reported a dramatic
increase in too hot zones to 66.5% of Apulia region, with almost all of the remaining area on
the Murgia plateau and in Gargano classified as hot. In the final period 2080–2100, SSP2–4.5
still provided for an acceptable 49.7% very hot areas, with 47.1% too hot impaired zones
for quality viticulture. On the other hand, if we consider SSP5–5.8 in the same period, we
obtain a value of 96.3% too hot for the Apulian area, indicating the risk of losing suitability
for the cultivation of quality grapes and the production of premium wines.

Table 3. Apulia classification by bioclimatic indices Growing Season Temperature (GST), Huglin
Index (HI), Winkler Index (WI) and relative percentage distribution in classes referred to historical
periods 1961–1990 and 1991–2022 and to future scenarios under SSP2–4.5 and SSP5–8.5 for the periods
2021–2040, 2041–2060, 2061–2080, 2081–2100.

Classes

GST

Scenario Period Cool
13–15 ◦C

Intermediate
15–17 ◦C

Warm
17–19 ◦C

Hot
19–21 ◦C

Very hot
21–24 ◦C

Too hot
>24 ◦C

Historical 1961–1990 0.1% 2.7% 14.8% 76.7% 5.7% –
Historical 1991–2022 – 0.4% 5.1% 33.1% 61.4% –

SSP 245

2021–2040 – 0.2% 4.6% 30.7% 64.5% –
2041–2060 – – 1.8% 23.8% 74.4% –
2061–2080 – – 0.4% 5.9% 82.9% 10.9%
2081–2100 – – 0.1% 3.2% 49.7% 47.1%

SSP 585

2021–2040 – 0.1% 3.2% 28.2% 68.5% –
2041–2060 – – 0.6% 7.4% 90.8% 1.3%
2061–2080 – – – 1.1% 32.4% 66.5%
2081–2100 – – – – 3.7% 96.3%
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Table 3. Cont.

Classes

HI

Cool
<1800

Temperate
1800–2100

Warm
temperate
2100–2400

Warm
2400–2700

Very warm
2700–3000

Too hot
>3000

Historical 1961–1990 2.7% 4.4% 33.8% 58.7% 0.4% –
Historical 1991–2022 0.3% 3.2% 6.0% 44.8% 45.4% 0.3%

SSP 245

2021–2040 0.4% 3.1% 8.6% 30.1% 57.6% 0.2%
2041–2060 – 0.8% 3.9% 16.4% 45.9% 33.0%
2061–2080 – 0.3% 2.9% 7.6% 29.6% 59.6%
2081–2100 – – 1.4% 4.6% 23.0% 70.9%

SSP 585

2021–2040 0.1% 2.5% 6.1% 28.3% 61.3% 1.6%
2041–2060 – 0.3% 3.1% 9.0% 32.2% 55.4%
2061–2080 – – 0.2% 2.9% 8.6% 88.3%
2081–2100 – – – – 1.9% 98.1%

WI

Region I
<1389

Region II
1389–1667

Region III
1667–1944

Region IV
1944–2222

Region V
2222–2700

Too hot
>2700

Historical 1961–1990 1.2% 3.6% 14.2% 46.5% 34.5% –
Historical 1991–2022 – 1.6% 4.0% 13.2% 80.7% 0.5%

SSP 245

2021–2040 – 1.0% 4.0% 19.4% 73.7% 1.9%
2041–2060 – 0.2% 1.7% 9.3% 57.3% 31.5%
2061–2080 – – 0.5% 2.6% 31.9% 65.1%
2081–2100 – – 0.1% 1.5% 22.3% 76.1%

SSP 585

2021–2040 – 0.6% 3.0% 15.1% 66.2% 15.1%
2041–2060 – – 0.6% 3.2% 33.9% 62.3%
2061–2080 – – – 0.3% 7.5% 92.2%
2081–2100 – – – – 0.4% 99.6%

3.2. Huglin Index (HI)

Two HI macro zones were revealed during the 1961–1990 period, the first of which
was classified as warm temperate (33.8%) and was mainly related to the central regional
wine district “Central Murgia” and marginally to eastern lower Salento; the second one was
classified as warm (58.7%) and spread to the other two Apulian wine districts Capitanata
and Jonic Arc with Upper Salento (Figure 3, Table 3). This general division into two
HI macrozones persisted over the 1991–2022 period, with a significant shift toward the
upper classes due to an increase in HI of about 300 HI. The zones formerly classified as
warm temperate were reduced to 6.0% as they moved to warm and, consequently, as a
domino effect, the formerly warm areas shifted to very warm, representing 45.4% of the
Apulian territory. In fact, therefore, no Apulian territory has yet reached the upper limit
of suitability for viticulture of 3000 HI, that is, the class too warm. This configuration
remains almost unchanged until the following twenty–year period, 2021–2040, in both SSPs
considered. On the other hand, a greater impact of the temperature increase on the values of
HI was observed in the period 2041–2060, when a dramatic 33.0% and 55.4% of the Apulian
territory was classified as too hot for viticulture in SSP2–4.5 and SSP5–8.5, respectively.
Larger differences between the two SSPs occurred during the period 2061–2080. SSP2–4.5
reported zones preserved from excessive warming, with a total of 40.2% of areas still below
the 3000 threshold. This percentage decreased in SSP5–8.5 to 11.5% in the inner zones of
the Murgia plateau and Gargano, while the rest of the region exceeded the threshold and
became unsuitable for viticulture. Finally, the projections of HI showed that Puglia was
almost completely unsuitable for viticulture in the last period of the century 2080–2100
under SSP5–8.5, while SSP2–4.5 reported 29% of Apulia still suitable for viticulture.
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3.3. Winkler Index (WI)

Data referring to historical periods 1961–1990 and 1991–2022 showed that the values
of WI were almost completely suitable for viticulture in the whole Apulia region. However,
the comparison between these two historical periods showed an increase in Region V from
46.5% to 80.7% in the last thirty years (Figure 4, Table 3); the onset of a too hot region,
although marginal; and a general shift of the area towards higher WI values. The positive



Agriculture 2023, 13, 644 9 of 14

trend toward increasing WI index was more evident in the future scenarios as the decades
progressed. In the 2021–2040 period, SSP2–4.5 revealed an Apulian WI classification similar
to the previous historical 1991–2022, while SSP5–8.5 described a 15.1% too hot zone located
mainly in the Salento Peninsula and the coastal strip of the Jonic Arc. This value increased
to 62.3% in the subsequent period 2041–2060, indicating only the highest regional altitudes
classified as Region V and therefore still eligible for viticulture, in particular the Murgia
plateau, the Gargano promontory and the northwestern Pre–Apennine. Unfortunately,
almost all of Apulia (92%) was classified as too hot for viticulture by 2061–2080 under
SSP5–8.5. SSP2–4.5, on the other hand, showed how the WI classification saved some areas
from being classified too hot until the last period considered, 2081–2100, and also altitude
played a crucial role in this case in limiting the impact of global warming on viticulture.
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4. Discussion

A Tmax and Tmin increase for all the periods emerged between the two historical
periods and the future scenarios. These results are consistent with the expected temperature
increase given in the IPCC Climate Change Report [22] for the period 2081–2100, with
values ranging from 2.1 ◦C to 3.5 ◦C in scenario SSP2–4.5 and 3.3 ◦C to 5.7 ◦C under
scenario SSP5–8.5, calculated on 20–year averages. Consequently, all bioclimatic indices
showed a positive trend reflecting the shift of most of the regional area to warmer classes.
The historical GST values confirmed other studies [2,34] that showed similar ranges at
analogous latitudes related to the climate context of the Mediterranean basin. Moreover,
the entire Apulian area was within the limits of a climate suitable for viticulture, which
is normally 12 ◦C < GST < 22 ◦C [17]. This corresponds to the heat requirement of the
Primitivo (Zinfandel) variety, currently one of the best–known Apulian wine grapes, which
is present in two regional PDOs: Gioia DOC and Primitivo of Manduria DOC. In any case,
the warmer GST classes already started to dominate from 1990 until now. Concerning future
scenarios, SSP2–4.5 still provided acceptable GST values for viticulture until 2081–2100,
while SSP5–5 revealed the Apulian regional territory to become too hot. In other words,
a GST > of 24 ◦C will require a series of strategies starting with the selection of the most
tolerant grape varieties for warmer conditions, with the serious risk of reducing Apulian
viticulture to very few grape varieties [35], leading to a loss of biodiversity. Moreover, the
increase in temperature will affect the phenological shift of vines, shortening the duration of
the entire vegetative cycle and advancing the ripening of the grapes by up to 45 days [36,37],
leading to the production of unbalanced wines with undesirably high alcohol content and
low acidity [38] and low commercial value [25].

HI has been widely used as an effective bioclimatic index for viticultural zoning [39],
and it has often indicated the loss of suitability for viticulture in certain zones of the
Mediterranean basin such as southern Iberia and Italy [40]. However, Schultz et al. [41]
reported that in some cases assumptions based on HI values may be based on incorrect
or incomplete criteria, both because of varietal plasticity of grape varieties, i.e., different
varieties respond differently to warming, and because the upper HI limit of a variety is often
not well defined. For this reason, the dramatic results under SSP5–8.5, especially by the end
of the century, for which almost all Apulia could become unsuitable for viticulture, must
be considered cum grano salis, also in light of the “high unlikeliness” of the scenario [26].
In contrast, the milder and “likely” scenario SSP2–4.5 reported that Apulian areas with
altitudes above 300–400 m a.s.l. will still be suitable for viticulture until the end of the
century. These results are in agreement with other studies [2,34,42] that found general
unsuitability of the studied Mediterranean areas for viticulture in the worst SSP5–8.5
scenario until the end of the 21st century, while in the milder SSP2–4.5 scenario certain areas
could be classified as very warm and thus still suitable for the production of quality wine.

Similar to HI, regional classification accuracy based on WI may have some limitations,
such as the base temperature threshold of 10 ◦C, or the not always positive impact of
temperature > 10 ◦C, i.e., temperature > 35 ◦C may have a negative impact on grape yield
and metabolite accumulation [3]. In addition, the beginning of the period considered by
WI (1 April) appears in some cases as too late a date in view of the climate change that
is taking place, with frequent anticipation of the budding phase due to warmer winters.
This is the case in the Salento Peninsula and, in general, in Mediterranean areas [20], where
earlier satisfaction of the chilling requirement related to endodormancy leads to early
budbreak in March, increasing the risk of early spring frost damage. In summary, cultivars
with different phenology respond differentially to climate change [43]. For example, early–
ripening varieties could be exposed to excessive heat stress during ripening, which could
affect grape quality, or late–ripening cultivars could become suitable in areas where they
could not previously ripen, as they would have the time and heat necessary to complete the
entire cycle until ripeness. From this point of view, the creation of databases with accurate
long–term phenological characterizations of the cultivars grown in a given area, combined
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with environmental, yield and quality data, can help to plan future viticulture in areas of
global warming [43].

The research focused on bioclimatic indices based on temperature. Indeed, adequate
water supply is fundamental for high–quality grapes, especially in Mediterranean regions,
where harvesting during hotter summer days under drought stress could lead to lower
yield and quality of grapes in the future. In addition, water stress associated with high
temperatures could increase evapotranspiration, which negatively affects flower cluster
development, berry set and photosynthesis [37]. Piña–Rey et al. [44] showed a nega-
tive precipitation trend in Spain in their future projections, with consequences for grape
phenology and quality. In particular, the Iberian Peninsula and Italy are expected to ex-
perience an aggravation of water stress conditions during ripening predicted by climate
change projections. However, Cavazos et al. [35] reported that precipitation varies greatly
from year to year and is subject to greater uncertainty due to an overestimation of mean
annual precipitation.

Beside this, changes in rainfall patterns will not be uniform, and the occurrence of
extreme events is hardly predictable. On the basis of these considerations, future scenario
analysis based on temperature appears more reliable and accurate, even because ensemble
GCM are normally considered to predict climate change, but large inter–model differences
in rainfall are reported in the literature [45]

Beyond the accuracy of the conclusions of the various publications on the subject,
strategies in viticulture have already been undertaken to face climate change. Among these,
vineyard relocation in terms of latitude and altitude appears to be an opportunity. Nesbitt
et al. [46] reported a vineyard area increase in the United Kingdom (UK) of 148%, thus over
the latitudinal limit for grape–wine production of 50◦ N, while Cardell et al. [47] stated that
Germany, northern France, Belgium, South England and the Czech Republic would become
suitable in terms of thermal conditions by the mid–century. Higher altitude regions have
become suitable for high–quality winegrowing of traditional varieties principally for lower
mean air temperature in a context of climate change in future scenarios [39], although other
factors must be considered in vineyard relocation, such as day–night variations, sunshine
hours or water availability [41], to assure adequate grape productions. Despite this, some
authors [44,48] considered the preservation of current vineyards areas as fundamental,
as much, if not more, than relocation, which can be considered a long–term and last–
resort measure to global warming. In the short term, instead, the use of later ripening
varieties, clones, rootstocks and their combinations are considered efficient solutions to
safeguard actual viticultural zones from future warmer conditions [49]. Other strategies
are represented by the reduction of leaf area to fruit–weight ratio, late pruning [20,46] or
the adoption of vine training systems with higher trunk height such as Tendone (horizontal
pergola), a common vine training system widely used in Apulia. In this vine training the
canopy is distributed on a continuous horizontal plane approximately 2 m above ground
level, in which shoots are trained to create an upper layer of leaves that overlaps and
shadows the underside productive band of bunches [50,51], minimizing the increase of
canopy temperature and preventing cluster sunburn.

5. Conclusions

The research aimed to assess viticultural climatic classification of the Apulia region, by
means of bioclimatic indices. The analysis involved time–series data from both historical
and future scenarios until the end of the 21st century. Temperature increase due to climate
change, already consistent when comparing the two historical periods of 1961–1990 and
1991–2022, will continue in the future scenarios, with values that oscillate from 2.5 ◦C to 5
◦C depending on the Shared Socioeconomic Pathway considered.

All the bioclimatic indices considered in this paper evidenced that under the milder
and most reliable SSP2–4.5 there will still be the possibility of quality viticulture even in
smaller regional areas than present. By contrast, SSP5–8.5 evidenced a worrying scenario
by the end of the century in Apulia. Our results confirm that a certain suitability for grape–
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wine cultivation would be preserved in the next decades in Apulia. Territories historically
suited to viticulture such as Apulia must make decisions in the short term to face climate
change, modulating technical and agronomical features, in order to remain competitive
on the market into the world wine scene, precisely in light of new players coming from
territories where vineyard relocation has already started a few years ago.

Author Contributions: Conceptualization, G.G., A.C. and V.A.; methodology, G.G.; formal analysis,
V.A; investigation, G.G., A.C., L.T. and V.A.; resources, L.T., data curation, G.G. and V.A.; writing—
original draft preparation, G.G. and V.A.; writing—review and editing, A.C. and L.T.; visualization,
A.C. and L.T.; supervision, L.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Historical series of monthly Tmax and Tmin regarding 1961–2022 were re-
trieved from the Apulian Civil Protection site (https://protezionecivile.puglia.it/annaliedatiidrologicielaborati
Accessed on 12 October 2022); future scenario series of monthly Tmax and Tmin were retrieved from
https://www.worldclim.org/data/cmip6/cmip6climate.html accessed on 14 October 2022.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hannah, L.; Roehrdanz, P.R.; Ikegami, M.; Shepard, A.V.; Shaw, M.R.; Tabor, G.; Zhi, L.; Marquet, P.A.; Hijmans, R.J. Climate

change, wine, and conservation. Proc. Natl. Acad. Sci. USA 2013, 110, 6907–6912. [CrossRef]
2. Moral, F.J.; Aguirado, C.; Alberdi, V.; García–Martín, A.; Paniagua, L.L.; Rebollo, F.J. Future Scenarios for Viticultural Suitability

under Conditions of Global Climate Change in Extremadura, Southwestern Spain. Agriculture 2022, 12, 1865. [CrossRef]
3. Koufos, G.C.; Mavromatis, T.; Koundouras, S.; Jones, G.V. Adaptive capacity of winegrape varieties cultivated in Greece to

climate change: Current trends and future projections. OENO ONE 2020, 54, 1201–1219. [CrossRef]
4. Alikadic, A.; Pertot, I.; Eccel, E.; Dolci, C.; Zarbo, C.; Caffarra, A.; De Filippi, R.; Furlanello, C. The impact of climate change on

grapevine phenology and the influence of altitude: A regional study. Agric. For. Meteorol. 2019, 271, 73–82. [CrossRef]
5. Jones, G.V. Climate, Grapes and Wine: Structure and Suitability in a Variable and Changing Climate. In Proceedings of the VIII

International Terroir Congress, Soave, Italy, 14–18 June 2010; Available online: https://ives--openscience.eu/8686/ (accessed on
5 January 2023).

6. Drappier, J.; Thibon, C.; Rabot, A.; Geny–Denis, L. Relationship between wine composition and temperature: Impact on Bordeaux
wine typicity in the context of global warming—Review. Crit. Rev. Food Sci. Nutr. 2019, 59, 14–30. [CrossRef]

7. Del Lungo, S.; Caputo, A.R.; Gasparro, M.; Alba, V.; Bergamini, C.; Roccotelli, S.; Mazzone, F.; Pisani, F. Lucania as the heart of III
vine domestication center: The rediscovery of autochthonous vines. In Proceedings of the 39th World Congress of Vine and Wine,
Bento Gonçalves, Brazil, 24–28 October 2016; p. 01021. [CrossRef]

8. Grassi, F.; De Lorenzis, G. Back to the Origins: Background and Perspectives of Grapevine Domestication. Int. J. Mol. Sci. 2021,
22, 4518. [CrossRef] [PubMed]

9. Safriel, U.N. Status of Desertification in the Mediterranean Region. In Water Scarcity, Land Degradation and Desertification in the
Mediterranean Region; Rubio, J.L., Safriel, U., Daussa, R., Blum, W., Pedrazzini, F., Eds.; Part of NATO Science for Peace and
Security Series C: Environmental Security; Springer: Berlin, Germany. [CrossRef]

10. Lionello, P.; Scarascia, L. The relation between climate change in the Mediterranean region and global warming. Reg. Environ.
Chang. 2018, 18, 1481–1493. [CrossRef]

11. Cos, J.; Doblas–Reyes, F.; Jury, M.; Marcos, R.; Bretonnière, P.A.; Samsó, M. The Mediterranean climate change hotspot in the
CMIP5 and CMIP6 projections. Earth Syst. Dynam. 2022, 13, 321–340. [CrossRef]

12. Gutiérrez–Gamboa, G.; Zheng, W.; Martínez de Toda, F. Current viticultural techniques to mitigate the effects of global warming
on grape and wine quality: A comprehensive review. Food Res. Int. 2021, 139, 109946. [CrossRef]

13. Fraga, H.; Atauri, I.G.D.; Malheiro, A.C.; Moutinho–Pereira, J.; Santos, J.A. Viticulture in Portugal: A review of recent trends and
climate change projections. OENO ONE 2017, 51, 61–69. [CrossRef]

14. Official Bulletin Apulia Region–n. 198, 22–12–2011. Technical files of DOP and IGP Wines from the Puglia Region. Disciplinary
Production of Consolidated Wines. pp. 36452–36746. Available online: http://cartografia.sit.puglia.it/doc/BURP_vini_
consolidati_disciplinare.pdf (accessed on 5 January 2023).

15. Official Bulletin Apulia Region–n. 105, 17–9–2003. Regional Classification of Grape Varieties for the Production of Wine. pp.
9845–9861. Available online: https://filiereagroalimentari.regione.puglia.it/documents/1662405/2632836/DGR+1371_2003.
pdf/1fb5f0a1--71b6--bd88--0f8d--9f38936ecdf1?t=1646127834695 (accessed on 5 January 2023).

https://protezionecivile.puglia.it/annaliedatiidrologicielaborati
https://www.worldclim.org/data/cmip6/cmip6climate.html
http://doi.org/10.1073/pnas.1210127110
http://doi.org/10.3390/agriculture12111865
http://doi.org/10.20870/oeno-one.2020.54.4.3129
http://doi.org/10.1016/j.agrformet.2019.02.030
https://ives--openscience.eu/8686/
http://doi.org/10.1080/10408398.2017.1355776
http://doi.org/10.1051/bioconf/20160701021
http://doi.org/10.3390/ijms22094518
http://www.ncbi.nlm.nih.gov/pubmed/33926017
http://doi.org/10.1007/978-90-481-2526-5_3
http://doi.org/10.1007/s10113-018-1290-1
http://doi.org/10.5194/esd-13-321-2022
http://doi.org/10.1016/j.foodres.2020.109946
http://doi.org/10.20870/oeno-one.2017.51.2.1621
http://cartografia.sit.puglia.it/doc/BURP_vini_consolidati_disciplinare.pdf
http://cartografia.sit.puglia.it/doc/BURP_vini_consolidati_disciplinare.pdf
https://filiereagroalimentari.regione.puglia.it/documents/1662405/2632836/DGR+1371_2003.pdf/1fb5f0a1--71b6--bd88--0f8d--9f38936ecdf1?t=1646127834695
https://filiereagroalimentari.regione.puglia.it/documents/1662405/2632836/DGR+1371_2003.pdf/1fb5f0a1--71b6--bd88--0f8d--9f38936ecdf1?t=1646127834695


Agriculture 2023, 13, 644 13 of 14

16. ISTAT. Istituto Nazionale di Statistica. Available online: http://dati.istat.it/ (accessed on 5 January 2023).
17. Jones, G.V. Climate and Terroir: Impacts of Climate Variability and Change on Wine, in Fine Wine and Terroir. In The Geoscience

Perspective; Geoscience Canada Reprint Series; Number 9; Macqueen, R.W., Meinert, L.D., Eds.; Geological Association of Canada:
St. John’s, NL, Canada, 2006; pp. 203–216.

18. Huglin, P. Nouveau mode d’évaluation des possibilités héliothermiques d’un milieu viticole. Comptes Rendus De L’académie
D’agriculture De Fr 1978, 64, 1117–1126.

19. Winkler, A.J.; Cook, J.; Kliewer, W.M.; Lider, L.A. General Viticulture; University of California Press: Berkeley, CA, USA, 1974.
20. Dinu, D.G.; Ricciardi, V.; Demarco, C.; Zingarofalo, G.; De Lorenzis, G.; Buccolieri, R.; Cola, G.; Rustioni, L. Climate Change

Impacts on Plant Phenology: Grapevine (Vitis vinifera) Bud Break in Wintertime in Southern Italy. Foods 2021, 10, 2769. [CrossRef]
21. Tonietto, J.; Carbonneau, A. A multicriteria climatic classification system for grape–growing regions worldwide. Agric. For.

Meteorol. 2004, 124, 81–97. [CrossRef]
22. Intergovernmental Panel on Climate Change. In The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment

Report of the Intergovernmental Panel on Climate Change; Masson–Delmotte, V.; Zhai, P.; Pirani, A.; Connors, S.L.; Péan, C.; Berger, S.;
Caud, N.; Chen, Y.; Goldfarb, L.; Gomis, M.I.; et al. (Eds.) Cambridge University Press: Cambridge, UK; New York, NY, USA,
2021; Available online: https://report.ipcc.ch/ar6/wg1/IPCC_AR6_WGI_FullReport.pdf (accessed on 5 January 2023).

23. Eyring, V.; Bony, S.; Meehl, G.A.; Senior, C.A.; Stevens, B.; Stouffer, R.J.; Taylor, K.E. Overview of the Coupled Model Intercompar-
ison Project Phase 6 (CMIP6) experimental design and organization. Geosci. Model. Dev. 2016, 9, 1937–1958. [CrossRef]

24. Gidden, M.J.; Riahi, K.; Smith, S.J.; Fujimori, S.; Luderer, G.; Kriegler, E.; van Vuuren, D.P.; van den Berg, M.; Feng, L.; Klein, D.;
et al. Global emissions pathways under different socioeconomic scenarios for use in CMIP6: A dataset of harmonized emissions
trajectories through the end of the century. Geosci. Model. Dev. 2019, 12, 1443–1475. [CrossRef]

25. Santos, J.A.; Fraga, H.; Malheiro, A.C.; Moutinho–Pereira, J.; Dinis, L.-T.; Correia, C.; Moriondo, M.; Leolini, L.; Dibari, C.;
Costafreda–Aumedes, S.; et al. A review of the potential climate change impacts and adaptation options for European viticulture.
Appl. Sci. 2020, 10, 3092. [CrossRef]

26. Hausfather, Z.; Peters, G.P. Emissions—The ‘business as usual’ story is misleading. Nature 2020, 577, 618–620. [CrossRef]
[PubMed]

27. Scafetta, N. CMIP6 GCM ensemble members versus global surface temperatures. Clim. Dynam. 2022, 1–30. [CrossRef]
28. Almazroui, M.; Islam, M.N.; Saeed, F.; Saeed, S.; Ismail, M.; Ehsan, M.A.; Diallo, I.; O’Brien, E.; Ashfaq, M.; Martínez–Castro, D.;

et al. Projected Changes in Temperature and Precipitation Over the United States, Central America, and the Caribbean in CMIP6
GCMs. Earth Syst. Environ. 2021, 5, 1–24. [CrossRef]

29. Di Virgilio, G.; Ji, F.; Tam, E.; Nishant, N.; Evans, J.P.; Thomas, C.; Riley, M.L.; Beyer, K.; Grose, M.R.; Narsey, S.; et al. Selecting
CMIP6 GCMs for CORDEX dynamical downscaling: Model performance, independence, and climate change signals. Earth’s
Future 2022, 10. [CrossRef]

30. Cotecchia, V.; Simeone, V.; Gabriele, S. Caratteri climatici. Chapt. 7. In Memorie Descrittive Della Carta Geologica d’Italia;
ISPRA Servizio Geologico d’Italia: Milano, Italy, 2014; Volume 92, pp. 338–369. ISBN 978-88-9311-003-7. Available online:
https://www.isprambiente.gov.it/files2017/pubblicazioni/periodici--tecnici/memorie--descrittive--della--carta--geologica-
-ditalia/volume--92?b_start:int=0 (accessed on 5 January 2023).

31. Fick, S.E.; Hijmans, R.J. WorldClim 2: New 1km spatial resolution climate surfaces for global land areas. Int. J. Climatol. 2017, 37,
4302–4315. [CrossRef]

32. Attorre, F.; Alfo, M.; De Sanctis, M.; Francesconi, F.; Bruno, F. Comparison of interpolation methods for mapping climatic and
bioclimatic variables at regional scale. Int. J. Climatol. 2007, 27, 1825–1843. [CrossRef]

33. C3S Climate Bulletin. Copernicus Climate Change System. Changing the reference period from 1981–2020 to 1991–2020 for the
C3S Climate Bulletin. 2021, p. 51. Available online: https://climate.copernicus.eu/sites/default/files/2021--02/C3S_Climate_
Bulletin_change_from_1981--2010_to_1991--2020_reference_period_v08--Feb--20_all.pdf (accessed on 5 January 2023).

34. Koufos, G.C.; Mavromatis, T.; Koundouras, S. Response of viticulture–related climatic indices and zoning to historical and future
climate conditions in Greece. Int. J. Climatol. 2018, 38, 2097–2111. [CrossRef]

35. Cavazos, T.; Arriaga–Ramírez, S. Downscaled Climate Change Scenarios for Baja California and the North American Monsoon
during the Twenty–First Century. J. Clim. 2012, 25, 5904–5915. [CrossRef]

36. Webb, L.B.; Whetton, P.H.; Barlow, E.W.R. Modelled impact of future climate change on the phenology of winegrapes in Australia.
Aust. J. Grape Wine Res. 2007, 13, 165–175. [CrossRef]

37. Droulia, F.; Charalampopoulos, I. Future climate change impacts on European viticulture: A review on recent scientific advances.
Atmosphere 2021, 12, 495. [CrossRef]

38. Jones, G.V.; White, M.A.; Cooper, O.R.; Storchmann, K.-H. Climate and wine: Quality issues in a warmer world. In Proceedings of
the Vineyard Data Quantification Society’s 10th OEonometrics Meeting, Dijon, France, May 2004; Available online: https://www.
researchgate.net/publication/267855409_Climate_and_Wine_Quality_Issues_in_a_Warmer_World (accessed on 22 October 2022).

39. Arias, L.A.; Berli, F.; Fontana, A.; Bottini, R.; Piccoli, P. Climate Change Effects on Grapevine Physiology and Biochemistry:
Benefits and Challenges of High Altitude as an Adaptation Strategy. Front. Plant Sci. 2022, 13, 835425. [CrossRef] [PubMed]

40. Fraga, H.; Malheiro, A.C.; Moutinho–Pereira, J.; Santos, J.A. An overview of climate change impacts on European viticulture.
Food Energy Secur. 2012, 1, 94–110. [CrossRef]

http://dati.istat.it/
http://doi.org/10.3390/foods10112769
http://doi.org/10.1016/j.agrformet.2003.06.001
https://report.ipcc.ch/ar6/wg1/IPCC_AR6_WGI_FullReport.pdf
http://doi.org/10.5194/gmd-9-1937-2016
http://doi.org/10.5194/gmd-12-1443-2019
http://doi.org/10.3390/app10093092
http://doi.org/10.1038/d41586-020-00177-3
http://www.ncbi.nlm.nih.gov/pubmed/31996825
http://doi.org/10.1007/s00382-022-06493-w
http://doi.org/10.1007/s41748-021-00199-5
http://doi.org/10.1029/2021EF002625
https://www.isprambiente.gov.it/files2017/pubblicazioni/periodici--tecnici/memorie--descrittive--della--carta--geologica--ditalia/volume--92?b_start:int=0
https://www.isprambiente.gov.it/files2017/pubblicazioni/periodici--tecnici/memorie--descrittive--della--carta--geologica--ditalia/volume--92?b_start:int=0
http://doi.org/10.1002/joc.5086
http://doi.org/10.1002/joc.1495
https://climate.copernicus.eu/sites/default/files/2021--02/C3S_Climate_Bulletin_change_from_1981--2010_to_1991--2020_reference_period_v08--Feb--20_all.pdf
https://climate.copernicus.eu/sites/default/files/2021--02/C3S_Climate_Bulletin_change_from_1981--2010_to_1991--2020_reference_period_v08--Feb--20_all.pdf
http://doi.org/10.1002/joc.5320
http://doi.org/10.1175/JCLI-D-11-00425.1
http://doi.org/10.1111/j.1755-0238.2007.tb00247.x
http://doi.org/10.3390/atmos12040495
https://www.researchgate.net/publication/267855409_Climate_and_Wine_Quality_Issues_in_a_Warmer_World
https://www.researchgate.net/publication/267855409_Climate_and_Wine_Quality_Issues_in_a_Warmer_World
http://doi.org/10.3389/fpls.2022.835425
http://www.ncbi.nlm.nih.gov/pubmed/35693157
http://doi.org/10.1002/fes3.14


Agriculture 2023, 13, 644 14 of 14

41. Schultz, H.R. Global climate change, sustainability, and some challenges for grape and wine production. J. Wine Econ. 2016, 11,
181–200. [CrossRef]
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