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Summary

The present PhD thesis is organized in three sections as follows.

The first part of thePhD thesis was focused on the assessment of the climate change in the
Emilia-Romagna, whereas considered research periods werg dioe both, past (1962015

for the entire EmiliaRomagna; 1952013f or t he O Romagna Sangiovese
future decades (2018027, 20112040 and 20712100 for the entire EmilisERomagna). Two

types of the spatiallynterpolatedmeteorological datéor past periodghigh resolution and low
resolution) spatially interpolated climate data with corrected bias from Regional Climate Models
for future periodsdiverse statistical methods (trend analysis with MEendall test, trend
homogeneity analysis with Pettitt test etc.) and appropriate bioclimatic indices developed
particularly for the climatic classification of viticulture region were used to identify climatic
suitability to cultivate grapes in the EmidRomagna.Additionally, a real case studyas
performedwith data from seveR o0 ma g wirgedesin orderto identify the potential impact of

the climate change on the Sangiovese berry sugar content and grape yield.

The second part of the PhD thesis was focuseth@developmenof mitigation techniques that

may be used to face the impact of climate change in the future decades. In particular, late winter
pruning was applied tav. Sangiovesgrapes aiming to reduce concentration of total soluble
solids in berries. Additionallydealcholization and acidification of Chardonnay winesrev
achieved by addition of must from unripe Chardonnay grapes artilization of non
Saccharomycegeast strainsObtained results in the present PhD thesis may help viticulturists
and winemakers to further develop wine industry by choosing climatologagbsopriategrape
varieties orresearcherso further develop mitigation techniques which will allow sustdimab
grape production in the EmiiBomagna.

The third part was related tthe development ofan analytical method to evaluate wine
parameters affected by climate change and mitigation strategies, same as to analytical profiling
of potential additives to t& climate change.



Riassunto

La presente tesi di dottorato &€ organizzata in tre sezioni come di seguito indicato.

La prima parte della tesi di dottorato goealizzatasulla valutazione del cambiamento climatico
nell'Emilia=Romagnagdovei periodi di studio considerati sorstati entrambi in passato (1961

2015 pe l'intera EmiliaRomagna; 1952013 per ladRomagnaS a n g i pevfetgi edcenni
(2018 2027, 20112040 e 20712100 per tutta I'EmiliaRomagna). Due tipi di dati
meteorologiciinterpolati spazialmentger periodi passafalta risoluzione e bassa risoluzione),

dati climatici interpolati spazialmente con bias corretto dai modelli climatici regionali per periodi
futuri, metodi statistici diversi (analisi di tendenza con test M&aandall, analisi di omogeneita

di tendenza con test di Pettitt ecc.) E indici bioclimatici adeguati sviluppati in particolare per la
classificazione @natica della regione viticolaoso stati usati per identificare I'idoneita climatica

per coltivare l'uvanell'EmiliazRomagna. Inoltre, e stato condotto uno studio di casi concreti con
dai provenienti da sette cantine oRagnole per individuare limpatto potenziale del
cambiamento climatico sul contenuto di zucchero di bacche di Sangiovese e la resa dell'uva.

La seconda parte della tesi di dottorato e sfatalizzata sullo sviluppo di tecniche di
mitigazione che possono essere utilizzate per affrontare lI'impatto del cambiamento climatico nei
prossimi decenni. In particolare, la potatura tardiva invernakata applicata av. Sangiovese

per ridurre la concentrazione di solidi solubili totali nelle bacche. Inoltre, la degradazione e
I'acidificazione dei vini Chardonnay sono stati ottenuti mediante I'aggiunta di mosti provenienti
da uve Chardonnay non ableia I'utilizzazione di ceppi neBaccharomyced risultati ottenuti
nell'attuale tesi di dottorato possono aiutare i viticoltori e gli enologi a sviluppare ulteriormente
l'industria del vino scegliendo le variglauve climatologicamente appropriaiericercatori per
sviluppare ulteriormente tecniche di mitigazione che consentiranno la produzione sostenibile
dell'uva in EmiliaRomagna.

La terza parte era legata allo sviluppo di un metodo analitico per valutare i parametri del vino
influenzati di cambimento climatico e distrategie mitigazione, anche per la profilazione
analitica di potenziali additivi per affrontare il cambiamento climatico.
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1 Introduction and Project aim

1.1 Introduction

Climate chang@is a change in theveatherpatterns that can bdetected(e.g. using statistical test) as
deviation in the mean and/or the variability of its featuresich is persistentfor the certain period
(decades or longer). These deviations refer to any changes in the weather patterns, whether they occurred
due to natural factors (e.g. volcano activities, forest flEé$\ifio) or anthropogenidactors (e.gexhaust
gasedrom carsand factoriesIPCC, 2007) Apart from constantly present changes in weather patterns

due to natural factors (e.g. five major ice ages), since the middle of theefury exist also
considerable influencef anthropogenidactors(Fig 1.1). Influenceof climate change may be manifested
though many direct or indirect consequences (e.g. increase of Global temperature, increased risk of
droughts, accelerated ice cape melting), which further alter vast number of ecosystems on the Earth.
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Figure 1.1 Contribution of natural (blue) and anthropogenic (red) factors to the observed (black) and
simulated (gray) mean Global temperature incréammlified fromHuber and Knutti2011).

Vitis viniferais highly sensitive to climateonditions(Fraga et al, 2012; Gladstones2011; Holland

and Smith, 2014)such as air temperature and precipitatibbereforeclimate changean modify grape

and wine composition ttarge extent. Sensitivity to climate characteristic is reflected by narrow areas
suitable for the higlguality wines production, often determined by growing season isotherms that vary
from too cold (<12°C) to too hot (>22°CJones 2009 (Fig. 1.2).

2|Page



I‘ y - ’ e 3
I Wine Regions ;k

12-22°C Growing Season Temperatures*

Figure 1.2 Global wine regions and 122°C growing season tempenauwzones (AprilOctober in the
Northern Hemigphere and OctobeApril in the Southern Emisphere)adopted with permission from
Jones2012)

Hypothesis thatlimate conditions, in particular temperatyd®nes 2012, have strong influence on
viticulture is also supported by historical evidence of apneducing existence in the north coastal zones

of the Baltics and southern England from 900 to 1300, due to the higher temperatures in that period
(Gladstones 1992, and also production fade from the same regions making them inadequate due to the
dramatic demase of temperature, starting from th&' Latil the 19" century(Jones et al. 2005 (Fig

1.3).
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Figure 1.3 Standardized temperature variation in central England during last thousandnyedified
from Crowleyand Lowery 2000)

The influence of thelimate changen wine sector is depending on vast number of direct and indirect
variables such are air temperat@iéeethling et al, 2012) precipitationgsee 4.2.2.2)atmosphere level

of CGO, (Kizildeniz et al., 2015) ultraviolet (U\:B) radiation(Schultz, 2000) planted grape varieties
(Tomasi et al, 2011) application of adaptatiaiechniquesndhusbandrypracticeHunter et al., 2016;
Palliotti et al., 2014; Varela et al, 2015) topography and soil chatacistics(Fraga et al, 2014a)etc.
Combination of all mentioned factors is in greater or legggcentunique for each grape producing
region, which is evident in many published works related to this {Buinnefoy et al, 2013; Fraga et
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al., 2014b Hal and Jones 2010; Lorenzo et al, 2013; Resco et al2016; Vrg i | , 20tL4) thusthere

is a needo examine alseurrently unstudied areasich as the traditional wine region EmiR@magna

(Italy) due to its great importance ahational andnternational levelAssessmentf climate change may

be conducted whether for the past or the future, whereas both parts are required to fully understand
climate change trends and gather information which later serve as a tool to develop adaptatjms strate

The final outcome and consequencescliinate changeanfluence on wine industry could rather be
positive or negative. Negative consequences on wine industry are manifested as crop load reduction
(Ramos and MartinezCasasnovas 2010, production of unbatzced wines with excessive alcohol
(Jones et al. 2005, utilization of additional investment expenses in mitigation technologies, reduction of
anthocyaningMori et al., 2007) lower must acidityGodden et al, 2015)etc. On thecontrary, h some

high quality wine regions, such as Chianti (Italy), Bordeaux and Burgundy (France), Barossa and
Margaret River (Australia), warming resulted in increasing trends of wine vintage ratings osecdhd

half of the 28' century(Jones et al. 2005. Furthermore warmingin future decadesnay translocate

zones with optimal growing seasoreantemperature (1i22°C) poleward, towards the coast and higher
elevations(Jones 2012 and transform notraditiond wine producing zonesto suitable for grape
cultivation (Bardin-Camparotto et al. 2013.

The wine and grapdandustry is widely spreadver the worldwith approximately 7534 Kha of planted
vineyard surfaces worldwide, wi74 MhL of wine and must production per ygaarvest 2015). Even
though, wine consumptiowas reduced worldwide after economic crisis in 2008, total volume of
exported wine, same as the total v @n algobeostale e x por t
suggesting that sustainable wimgking industry is animportant factor for the economicstability in
counties which are the largest wine exporters (Frdtadg, Spain)(OIV, 2016). Nowadays, alsstainable
wine industryin environment of accelerated climathangebecomes a great challenge, thus it is
necessary to develop appropriatiaptationtechniqguego mitigate upcominggvents. In literature, there
are alreadya various aaptationtechniques that cape divided imo four principal groups(i) viticulture
techniques(ii) pre-fermentation techniquesiji) biotechnologicatechniques andy) postfermentation
techniques However, due to high diversity of climatic conditions over entire wine industry and
everlastingtrend to decrease cost of gduxtion and increase quality of final products there is a need to
further develop new mitigation techniques and to examsynergisticeffect of existing techniques.

1.2 Project aim

The aim of this PhD thesis titledClimate change vs Wine industry in theika-Romagna: Assessment

of the climate change, influence on windustryand mitigationtechnique8is to examine climate change
trends in the&Emilia-Romagna ER) during both, past and future decades, with appropriate meteorological
data base and suitable statistic tools. identify the link, if any, between climate trends and grape
quality/quality parameters and to develop new adaptéidmiquego moderate th influence otlimate
changeon wine industry.
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To achieve this aim, several experiments were designed as followed:

V.

Climatic shifts in theE R 60 s -qhalitygwiine production areas covers examination aglimate
changedy calculatingbioclimatic indices @ls) for currently wellestablished higlguality wine
production area®f the ERduring theperiod 1961 2015 examination ofclimate change in
currently grape nowcultivated areas of the E® identify, from climatological aspect, a new
suitable are#or grape production in the ER.

Projections of &matic shifts in theER wine production areas covers examination aflimate
projections in the periods 203027, 2011 2040 and 20712100 under two possible scenarios
(Representative concentratipathway RCP 4.5 and RCP 8.5) bgalculating Bs for currently
well-established higlguality wine production areasf the ERduring

Influence of climate change aggrape yieldand sugar contenbf Sangiovee grapesfrom the
studied part oRomagnd covers asessment of climate change trendsr 61 yeas (from 1953
to 2013) in thestudiedareaby calculatingBIs; relation betweerBls and grape sugasontent
from seven winerieduring the perio®001 2012 relation betweeiBls and grape yieldluring
the periodl982 2012

Development of new adaptation techniques to climate change

a. Effect of late winter pruning on Sangiovese grape berry composition from organic
managemeni covers examination ofate winter pruningas potential technique to
modeate effect of increasing total soluble solids must concentration in organic
Sangiovese grapes caused by warmer and/or drier climatic conditions.

b. Combination of viticulture and biotechnological techngses a methodo redue
alcohol contentand pHi covas assessment of possibilities to ug#culture and
biotechnological technigseas a combined method to mitigate negative impact of hot
and dry vintages (e.g. excessive ethanol concentratiorhighdpH) on Chardonnay
wines.

Development of analytical riteod to evaluate wine parameters affected by climate change and
analytical profiling of additives to face climate change

a. Development of method using Waveguide Vectgre@rometerto examine
alcohol and glycerol content of red wines.

b. Analytical profiling of commercial tannins by IGHMS andspectrophotometric
methods to identify potential additives in winemaking that could be used during
hot vintages.
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CHAPTER 2

Climate clange inthe EmiliaR o ma g n a appelldlidddreas
(1961 2015)
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2 Climate change in the EmiliaR o0 ma g highéygality wine DOP
appellation areas(1961 2015)

Tes!| iMuj andi,novil, M., Ruml, M., Antolini, .OersaiMykovil,
2017.Climatic shifts in high quality wine production areas, Emilia Romagna, Italy,iZ®d5b. Climate Research
73, 195206

Versari, A., Ricci, A, T e s | i ParpineNb. G.P., 2017Climate change trends, grape production, and potential
alcohol concentration in Italian wines. In Proceedings of the SIAVEN Symposium. Chile

2.1 Introduction

As mentioned beforergpe production is strongly affected by climaggiables(Fraga et al. 2012), thus
climate changenay modify grape and wine composition to a great extdotvever, due vast number of
relevant climatic factors (e.g. temperature) and-cianatic factors (e.g. topography) tineagnitudeof
climate changenaydiverseamong wine regionglones et al., 2005)This was confirmed byones et al.
(2005 that reporteda significant growing season temperature tsefudl the majority of Europe and
North-Americawine regionsduring the last 50 years of the "™6entury with an average increase of
1.26°C. Howeverauthorsalso reported the laclof statistically significanttemperaturgrends for the
majority of Southern Emisphere wia regionsThus despite the importance of tlggobal climate change
trend, from theviticulturist/winemakerpoint of viewit is also importantto understanchnd examine
regionalclimate change trersdin orderappropriatelyadapt to potential upcoming climate changes that
could have impact on grape and wine compositidrerefore, imate change examination on regional
levelis particularly important for currentiynstudied areas, such as the traditional Italian wine rdgfion
due to its great importance ahational and international level.

Sincethe magnitude oflimate modificationglepends on mutual interaction of climatic and-obmatic
variables examinations of simple temperature and precipitation values areiérentfto explain climate
changeon regional levelThus certainBls developedfor effective monitoring of climatehangein wine
regions have to besed. Whereas compion of commonly used Blallows easier comparison of
climate characteristics and climate chamstéts between wine regiong.heseBls may be divided into
three groups: (i)Bls derived from a single climatic variable (e.g. minimum temperatures during
Septembeii Cool night index(Tonietto, 1999); (ii) Bls derived from two or more climatic variables
(e.g.maximum and mean temperatures from April to Septerlbirglin index(Huglin, 1978); (iii) Bls
derived from climatic and nedimatic variables (e.g. monthly precipitation aevbporation of bare soil

T Dryness indexTonietto and Carbonneau, 2004) In the last two decade8| were computedy
spatially interpolated meteorological datets(Fraga et al., 2012b; Hall and Jones2010)or datasets
directly from the meteorological statior®uchéne and Schneider, 2005; Tomasi et al., 2011)
Meteorologicaldatasetsfrom meteorologicaktations are surely a valuable tool for the regional climate
changeexamination Howe\er, spatilly interpolated datasets may allow more preciseestimates of
climatevariables at locations distant from the measurregeorologicaktations. Furthermoyespatially
interpolated data setshave often temporally complete serieshich allows easieimplementation
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(Haylock et al., 2008) The suitability of the spatially interpolatedlata ses for the regionalclimate
change studies is stronglglated tospatial resolution. This isf the paramouhimportancedueto often
complex topography of thgrapecultivationregions, where data sets witkatively lowspatial resolution
provided by global climate models (up to 250 kK@dnes et al. 2005; Webb et al, 2007) or regional
climate nodds (up to25 km)(Andrade et al., 2014; Lorenzo et al., 2013)aybe inadequatéo present
vineyard climatecharacteristicsTherefore, highresolution, spatial interpolated climatic data (up ®
km) (Fraga et al., 2014; Lorenzo et al., 2016nay be a valuable tool for the regional climate change
examinatiorof the grape growing areas.

ltaly is one of thetovo r | d 6 s  wiwithe49.5 16 bLdofipcoduced wine during theéntage2015
and682 000 ha of the totaineyardarea(OlV, 2016). Total value of all exported wine reached5 18

G during the2015(0IV, 2016, whereaspproximately50% of thetotal value of all exported Italian wine
during 2015 was obta@d by trading highguality wine with ProtectedDenomination of OriginfDOP)
(www.italianwinecentral.com). Therefore high-quality wine industry affectsthe economic, social and
cultural aspects of Italyo a great extentThus the aim of thisexperimentwas to ascertainthe
appearanceif any, of climatic change that couldffect thewinemaking industry in DOP appellation
zones in th&R.

2.2 Materials and Methods

2.2.1 Study region

The traditional viticulture regioER is located in the northern Italy and stretcieen~4 3 A 806 t o 4!
106 N | at9P2t0udd et oa nld2 A  RiBhdped@ogitabandyclimatididessity caused by the
impactof the Adriatic Sea tthe east and theountains tdhe south, create aniquederroirbsuitable for

the cultivation of severagrape varieties, both international and autochthonous. The ER counts about 55
000 ha of vineyards, representing 8.1% of the total Italian vineyard surface, with the main grape varieties
such as Trebbiano Romagnolo white grape that covers 30.4%, Lambedsgmape 17.7%, Sangiovese

red grape 15.5%, Ancellota red grapat covers/.9% of the total ER vineyard surfadg®ollini et al.,

2013) Thetotal ER wine production is estimated on 7.92 HIOduring vintage 2014placing the ER s

the 2 winemakingregion with 18% of the total Italian wine production by volume. A considerable
volume of thet ot a | winE Rrdduction (15.9%, vintag@014) is highquality DOP Protected
Denomination of Originwines, which are divided into subgroups, DOCG (Controlad Guaranteed
Denomination of Origin) and DOC (Controlled Denomination of Origin) wines. The production of the
DOP wines is widespread over tlamtire ER region except forthe mountain zonesnd certain
northeastern and northwestern zoffgg. 2.1).
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Figure 2.1 Location DOC (Controlled Denomination of Origin) and DOCG (Controlled and Guaranteed
Denomination of Origin) grape production areas in the EfRbanagna (modified from
www.enotecaemiliaromagng.it

2.2.2 Meteorological data and bioclimatic indices

The experimentvas conducted using a higbsolution griddedtlimate data provided by th&egional
Agency for Prevention, Environme and Energy of the EmiliRomagna(www.arpae.it). Gridded
meteorological data fothe period 19602015 were obtainedrom precipitation (254 locations) and
temperature (60 locations) time series, preliminacihecked for quality, temporal homogeneity and
synchronicity.The dailyclimatedata were interpolated on a 5 x 5 km grid, by the algorithms as described
in details elsewherg¢Antolini et al., 2016) Algorithms considertopography (lapse ratexamination
including thermal inversions; topographic barriers; topographic relative position), land use (urban
fraction), and a dapy-day error minimizing procedure for thexaminationof the interpolation
parametersSpecific Bk were computedfor the DOP appelldion viticulture zonesover the two periods:
1961 1990, as a standard climatological period, and 19885, as the latest 3@ar timeseries.TheBls

used for this experiment were calculated as presentEabiie 21.
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Table2.1 Mathematic definitiosand classes of used$BI

Bioclimatic
index

Mathematical
definition

Classes

Temperature related indices

Growing season
mean temperature
1
(Tmear)

8 8
vaoet®  ad
V]

88

Tni Mean air temperature (°C)
N i Number of days

Too cool: < 12
Cool: 1215
Intermedate: 15 17
Warm: 1719

Hot: 19 21

Very Hot: 211 22
Too Hot: > 22

Number of days with
max temperaturi the
range25i 30°C(ND
25i 30°0)*

.UV ommJ# .UV omnJ#
88

ND 25 30°C1 Nunberof days with
max temperatura therange 25 30°C

Number of days with max
temperaturen the range25i
30°C(ND 25i 30°C)?

Number of days with
max
temperature- 30°C

(ND > 30°C)?

. $ o .S omd
88

ND > 30°Ci Number of days
with max temperature 30°C

Number of days with max
temperature 30°C(ND >
SOOC)Z

Cool night indexCl)®

88
4 i
8

C:l-o

Tm1 Min air temperaturg°C)
N7 Number of days

Warm nights> 18
Temperatenights:14i 18
Cool nights:12i 14
Very cool nights< 12

Huglin index (HIf

o

8

Yo p TO Ye p O

z°Q
88

Tx 1 Max air temperaturg°C)
Tni Meanair temperatur¢°C)

k1 Length of the day correction coefficient

Very warm:> 3000
Warm: 20 01 3000
Temper ate w@alr m
Temperatel 8 0071 2100
Cool:1 50011800
Very cool:< 1500
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Mathematical Classes

Bioclimatic index definition
s & Too hot > 2700
Yo "Yda . Regi on V: 2222
Growing degree day oo’ — p @O Region | V: 194.
(GDD)*® 88 Regionl | 1| : 16671
Region |1 138"
Region | : 8501
Tmi Min air temperature (°C) Too cool <850
Tx T Max air temperatur¢°C)
Precipitation related indices
8 8
Total precipitation "YRi 20 0
(Tprea 88 -
Pi Precipitation (mm)
88
0"Y™D . $ paa
Dry spell index (DSH .
ND < 1 mmi Numberof days with
precipitation < 1mm
Temperature, precipitation and non-climatic variables relatedindices
88
0 wé 01 % %C _
88 Humid : > 150
Moderately dry: 58150
%™ A0 %4 Sub-humid:-100+50
Dryness Index (Df ] o Very dry: <-100
. 0%p A. ABODAA
%C 5
ai Plant radiatiorabsorptiorcoef
W, T initial soil moisture (200 mm) (a=0.1,0.3,0.5 in AprilMay,
P, montly precipitation Juné September, respectively)
E;T Water losghroughtranspiration Nemredl Monthly effective soll
Esi Bare soil evaporation evaporation
PET1 Potentialevaporation N1 Number of days imonth

Y(Fraga et al., 2014)%(Ramos et al., 2008)(Tonietto, 1999) *(Tonietto and Carbonneau, 2004)°(Hall and
Jones, 2010)° (Winkler et al., 1974), "(Dubuisson and Moisselin, 2006
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2.3 Results andDiscussion

Narrow areas suitable for the production of higlality wines are often determined by growing season
isotherms thatangesfrom too cooluntil too hot (12°C<T..a22°C) (Fraga et al., 2014) Average Trean

in theE R dhigh-quality wine production areaturing the periods 1961990 and 19862015 was 17.64

and 18.72°C, respectivelffable 2.2) However, even if averageda,in the EmiliaRo magna 6 s DOP
zones was chwamacderi zgdt e $H20E5pin certapm ®OR zorks of thed 8 6

ER, TawWwas characterized as(dkstédéideting.theodame pe

Table 2.2 Average bioclimatic indicesaluesduring the two period$1961 1990; 19862015)in the
Emilia-R o ma g n a 6 s -qualityiPretected Dpimomination of Origiappellation zones

Period Tmean  ClI ND25i 30°C ND>30°C HI GDD e DSl DI
[°C] [°C] [days] [days] [units] [units] [mm] [days] [mm]
19611990 17.64 13.19 61.42 24.77 2048.35 1663.67 47256 165.00 99.48
19862015 18.72 13.31 60.04 45.60 2299.90 1888.84 469.04 165.18 71.52

The increase of heanSuggestslifferent impact on regional viticulture suitability and production of high

quality wines.n particularlesser appearancewfi nt a g @as8mMTi..0 &r i cul ar (Fig. after
2.2), which areoptimal for Sangiovese, one of the main red cultivars in th¢FeRini et al., 2013) may

induce viticulturists to cultivate latenaturinggrapevine varieties in oed to adapt to upcoming warming
conditionsthatareexpectedor the entire northern ItalfRuml et al., 2012) Grape varietieshat may be
potentiallysuitablefor cultivationduring the future decadé@s DOP area of ER region includ&renache,
Carignane, Zinfandel and Nebbidleig. 2.3).

Tmean [°C]

Hot

19

18 Warm

17

16 | ||

| | Intermediate

Figure 2.2 Average mean growing season temperature in the ERitiama g n aedtsghqualityn
Protected Denomination of Origiagppellation zoneBom 1961until 2015

Furthermore as a direct consequenceinfreasingtemperaturesan averagenumber of daygxceethg
30°C increaseth the ERd ®OP Ddnesin the second periodt).60 days1986 2015) canparing to the
first period @4.77 days;1961 1990) (Table 2.2) Inversely anaverage number of days with maximum
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temperatures was appr oxi mat (@dblg 2.2) Dhase thangas may maffedct h e ER
vine photosynthesis and growth process, since days with maximunetatage in the range of 230°C

is optimal for thevine photosynthesigCarbonneau et al, 1992. On the other hand certan number of
daysexceethg 30°C may induce vinbeat stress, premature véraison, berry abscission, reduced flavor
development and enzyme activatidullins et al., 1992. During the 2% century, daily maximum
temperature in the vegetative perioty evenexceed45°C, reaching uppdgemperature limit for the
photosynthesis proceg¢&reer and Weedon 2012, and having anegativeimpact on thegrapeberry

composition androp load

«—— Cool —» < Intermediate —» €— Warm—» €«——Hol——»
Average Growing Season Temperature (NH Apr-Oct; SH Oct-Apr)
13-15°C 15 -17°C 17 - 19°C 19 - 24°C

 Muller-Thurgau_|
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Pinot Noir

1
1
1
:
Gewurztraminer | :
1
1
1
]
1
1

Chardonay

Sauvignon Blanc
Semillon! B
Cabernet Franc: 1

Teénpranillo K
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Figure 2.3 Optimal mean growing season temperatureg.gr for the cultivation of certain grape
varieties.The ange of the Feanfor two periods (19611199Q black 1986 2015 red presents standard
deviationof Teaduring respective periodsodified from Jone2006).

I n the ERGEIWDEDrebated to the grapeds synthesis ¢
constant in the both period3able 2.2) and nights were characterized &s0ol6 during most of the

vintages in the last 55 yea(Big. 2.4). Several studie¢Kliewer, 1977; Tonietto and Carbonneau,

1998) reported apositive effect of the night temperatures in an approximate range ©f52C on

anthoganin accumulation during théerry maturing periodHence obtained resultsn presented
experimentsuggested optimal night conditions faultivation ofred grape varieties which are used for

red and rosé wine productitimatrepresents 55% of the total ER wine produc{®allini et al., 2013)
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Figure 24 Average Cool night index in the EmdRo magnads

2003
2006
2009
2012
2015

Denomindion of Originappellation zoneBom 1961 until 2015

Average thermal accumulationtheER6s DOP areas presented as
during the period 19611990 and 19882015, respectivelyTable 2.2) During the first period (1961
1990 vintages itheER&s DOP wer e ma i dehmpegratevaanrteanperaeecarding o

Huglin classification(Fig. 2.5). However, due to warming,

areas were characterized Gvarm temperate/wardn(Fig. 2.5). This increase of thermal accumulation

during the second period (1B&Bb) same

-quality ePotettad g h

HI

as

will mostlikely continue in thaupcoming decadest is predicted that the entire northern Italy, including
the ERDOP zonescould be characterized @ a r adcording to Huglin classificationyine region in

the upcomingdecades (2042070; A1B scenariofFraga et al., 2013) In general, the magnitude of

these changes will strongly depend atfevel of anthropogenic carbon emissions into the atmosphere

during theupcomingdecades. Higher temperatures and cguestly higher thermal accumulation may

havea negative impact on grape/wine quality (see 44.1.6).

HI [units]
2700
Warm
2500 +
2300 Temperate
warm
2100
1900 Temperate
I
1700 I I Cool

Figure 2.5 Average Huglin index in the EmiiR 0 ma g n
Origin appellation zonekom 1961 until 2015
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I n the EROGs DOP 2z o n elationinahe presantee as GNasrléd@a6T andd 883884 m
units during the period 1961990 and 198&015, respectivelyTable 22). To producehigh-quality
wines about1400Q 2000 GDD units areften required, depending ograpevariety and environmental

factors (Gladstones, 1992) Thu s, obtained results are suggest:i
thermal accumulation for the production of higality winesduring mostof the vintages from 1961
unt il 2015. However, due to temperatures i ncreas

accumuléon higher than 2000 GDD uniis tending to benore frequen(Fig. 2.6). Furthermore, a recent

study reported that certain currently established DOP zones in the ER had more than 2000 GDD units
during the period from 1986ntil 2015( Te s | i |  esuggesting that gadi duiFently established

DOP zones may b etleprodection bfdighquality tvides. fThasris especially related to

white grape varieties that often demand lower temperatures for optimal cultivation con(@itiprs3).

GDD [units]
2200
Region IV
2000 +
1800 I Region IIT
1600
| || ‘ Region 1T

2003
2006
2009
2012
2015

Figure 2.6 Average Growingdegree day index in the EmdHRo ma g n a 6 s -qualitynRotecked g h
Denomination of Origirappellation zones from 1961 until 2015.

Averagetotalpr eci pi t ati on i rwastappexintatielp constBaDd it was 47 A6sand

469.04 mm during the period 19611990 and 19862015, respectivelyTable 2.2) A recent study also

reported similar values of,ici n t he ERGs DOP zcbangessin previgit@ionegaitsrn c er t a
wereobserved during the period 198®15 compared to the period 196990, howevermostly with a

lack of statistical differencgs T e s | i |  eOSl valles graregidnal l2vel were also approximately

constant and were 165 and 165.18 days during the period 1981 and 19862015, respectivelyTable

2.2). However, in certain DOP zone§ Romagna Sangi ov asire@asimy®enyqy3® S | had
days)which may reslt in a higher sugar content in Sangiovdserries(see 4.2.2.2)Drier conditions

(evaluated with DI) were detected in the@®R D O Pduring thepesiod 19862015 (71.52 mmTable

2.2) comparing to the period9611990 (99.48;Table 2.3 suggestingthat besides precipitation,
temperaturas well, had an importantle in soil water availability in the ERs D O P. The oegatiwe

effect of the increasing temperatures on soil water availabiitybe due to higher evaporatitnmom soil

under warmerconditions (Alcamo et al.,, 2007) Thevi nt ages in the ERG6s DOP
characterized as moderately dry during the first period (1B80) (Fig. 2.7). However due tomost

likely higher soil evaporatign cer t ain vintages ritin culhar ER6Oaf DOP @
characterized as stitumid (Fig. 2.7). Theappearancef sulbhumid vintages in the ER
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DOP zones will most likely occur during the future decaslét was supported kyrecentstudy(Fraga

et al., 2013. Authors reportedthat during the period 2042070 under the A1B scenario certain areas in
the ERmay becharacterizedsGulbhumida Detected changes may legiticulturists to nstallirrigation
systems, nottraditionally used for grape cultivation in the ER, mitigate consequences caused by
warmer and drier conditions (see 4i411.6).

DI [mm]
200
Humid

150
100 -+ Moderately
50
0 ‘ ‘ ‘ ‘ Sub-humid
-50 1

- T S MY S MY ¥ o= T S ;oS oo

B e e O S B~ BT =N N~ N = S B~ S = R

- - - N - N - - N O O - S N - N - N — S T = S = S — R

e T T R B T R B B T T B Y Y o R o IR o B ot B |

Year

Figure 2.7 Average Dryness index in the HmiR 0 ma g n a 6 s -qualityrP@tected [@ehomination
of Origin appellation zones from 1961 until 2015.

2.4 Conclusiors

The findings of the present experimamghlighted the changes in climate related to the viticulture
suitability of the ER s D O P dudng twe periods, 1961990 and 286 2015. Detected changes in
the Bl may affect suitability to produce higjuality wine in the ER' s D OB which epaldsbecome

6t oo fohthet groduction of these wine3he regative impact ofrising temperatures on wine
production could be mitigatebdy planting later ripening grape varieties comparing to those currently
present in the EROP zonesAlso, theexperimentesults suggested that warmer and drier conditions in
thelast 3 decade$1986 2015) decreased soil water availability necessarpffamtsdevelopment irthe

ER DOP zoneswhich implies the need of updated strategy for future implementation of irrigation
systems in vineyards.
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Climatic shiits in high quality
wine production areas, Emilia Romagna, Iialy,
1961-2015
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HydroMeteoClimate Service [ARPAE-SIMC]), 40122 Bologna, Haly

ABSTRACT: In the presented work, daily observations of minimum and maximum temperatures
and precpitation —spatially interpolated in a high-resolution grid (5 x= 5 km)—were used to
detect climate shifts in the viticultural appellation areas of the Emilia-Romagna [ER) region, in the
periods 1961-1200 and 1886-2015. The growing season [Apnl to October) minimum, mean, and
maximum temperatures were significantly increased in the second period compared to the first
over the majority of the ER. Predpitation did not differ significantly, with the exception of certain
small northeastern areas of the ER. The detected changes affected the ER viticultural environment
in several ways: (1) an increase in the number of days with maximum temperature exceeding
30°C, which can induce plant stress; (2) changes in starting and ending dates of the dimatologi-
cally defined growing season, dates of the first fall frost and the last spring frost, and length of the
frost-free period; (3) shifts of most vineyard areas from ‘Region 2/Region 3" to "Region 3/Region 4'
(according to the Winkler Index); [4) shifts of the majority of the grape-produdng zones from
‘temperatefwarm temperate’ to "warm temperatefwarm' {according to the Huglin Index); (5) de-
creased availability of soil water, which is necessary for grapevine development

KEY WORDS: Climate change - Emilia-Romagna - Vibiviniculture sustainability - Bioclimatic
indices
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1. INTRODUCTION

Italy is one of the top wine producers in the world
[40.5 x 10° hL of wine produced during the harvest in
2015; of. France, 47.6 = 108 hlL, and Spain, 36.6 =
10° hL) and has 682000 ha of total viticultural area,
along with €525 = 10° total export value of all wines
[Organisation Intermationale de la Vigne & du Vin,
OI, 2016). Roughly 50% of the total lalian wine
export value for 2015 was from high-guality wines
with Protected Denomination of Orgin (DOF) (http.s

* Corresponding author: nemanja teslic@stodio unibo it

Riziala or rapublcalion Dol | [

£ o i prshlsh

italianwinecentral. com). Thus, the winemaking in-
dustry and the production of high-quality wines
influence the economic, social, and cultural aspects
of Italy to a great extent

Vitis vimifera {Vv) is highly sensitive to climate
characteristics (Gladstones 2011, Fraga et al. 2012a,
Holland & Smit 3014), such as tempemature and pre-
cipitation, and therefore the weather can be consid-
erad as a major drver of grape production (Hannah
et al. 2013). The strong influoence of dimate condi-
tions on viticulture, in particular temperature (Jones

& Inter-Research 2017 - www.int-res.com
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2012), is supported by historical evidence of vine pro-
duction in the northern coastal zones of the Baltics
and southern England from 800 to 1300, due to the
higher temperatures in that perod (Gladstones
1802], and its decline from the 14th century due to
the dramatic decrease in temperature (Jones at al
2005]).

Duse to the industrial revolution and anthropogenic
carbon emissions, the atmospharic OO0 concentration
has increased from 280 to 400 ppm, with an estimated
trend peaking at approximately 700 ppm by the end
of the 21st century (Collins et al. 2012) and with cor-
responding temperature increase between 2.5 and
4.5°C in western and northern Burope (Schulkz &
Labon 2005). Projectad temperature trends, with sida
effects such as longer drought periods due to the
higher soil evaporation (Alcamo et al. 2007), could
have many negative consequences on the wina in-
dusiry, including yield reduction (Ramos & hMartinesz-
Casasnovas 2010), production of unbalanced wines
with excessive alcohol and low pH (Jones st al 2005),
and the utilization of additional investment expenses
in mitigation technologies. However, the impact of
climate change is not necessarily detrimental to the
wine industry. In some European high-guality wine
regions, such as Chianti (Taly), Bordeaox, and Bur-
gundy (France), warming has resulted in inreasing
trends for wine vintage ratings over the second half of
the J0th century (Jones et al. 2005). Additionally, fu-
ture warming could spatially shift zones with optimal
growing season temperature (12 to 22°C) (Jones
2006) pelewards, towards the coast and higher elava-
tions (Jomes 2012), and transform non-traditional
wine areas into regions suitable for grape cultivation
[Bardin-Camparotto et al. 2014).

Spedes such as Vv are affected by climatic and
non-climatic factors (O'Donnell & Ignizio 2012). There-
fore, temperature or precipitation measurements
alone might be insuffident for the characterization
and examination of viticultural suitability. For exam-
ple, soil water availability presented only as seasonal
or annual precipitation does not indude non-climatic
factors related to water loss through transpiration
and evaporation from bare seil. On the other hand,
the Dryness Index (D), which was developed spe-
dally for viticultural use [Tonietto & Carbonneau
2004), incorporates particular climatic and non-
climatic factors relevant for soil water availability.
Hence, certain bioclimatic indices (BI) designed for
effective monitoring of climate shifts in viticultural
regions should be used.

In the last 2 decades, the potential impact of di-
mate change on viticulture suitability has been stud-

ied in many different wine regions using either spa-
tially interpolated meteorological data (Hall & Jones
2010, Fraga et al. 2012b) or data taken directly from
meteorological stations (Meethling et al. 2012, Han-
nah et al 2013, Neumann & Matzarakis 2014). Cli-
mate data from weather stations are clearly a valu-
able tool for regional climate change assessment.
However, spatially interpolated data sets could allow
better astimates of weather variables at locations
distant from the measuring stations. Additionally,
gridded data sets are often easier to implement due
to temporally complete series [Haylock et al 2008).
The suitability of gridded data for regional climate
change studies strongly depends on  spatial
resolution. This is particularly important for vitivini-
culture studies, doue to the often complex topography
of the grape-growing regions, where data sets with
spatial resolution provided by global climate models
{up to 250 km) [Jones et al. 2005, Webb et al. 2007) or
regional dimate models (-25 km) (Lorenzo et al
2013, Andrade et al. 2014) might be insufficient to
present vineyard climate. Therefore, high-resolution,
spatially interpolated climatic data (1 to 5 km) may be
a valuable tool for the regional climate change as-
sessment of grape-growing areas (Fraga et al. 2014,
Lorenzo et al. 2016).

Basad on previously poblished studies which
addressed climatic changes in several wine regions
(Hall & Jones 2010, Bonnefoy et al. 2013, Lorenzo et
al. 2013, Fraga ot al. 2014, VrEi ot al 2014, Resco et
al. 2016), it is evident that each region has a unigue
combination of factors relevant to witiculture suit-
ahility. Thus there is a nead to focus on the currently
unstudied areas, such as the raditional alian wine
reqgion Emilia-Romagna [ER], which has great impor-
tance at a national and international level. Therefore,
the aim of this study was to ascertain the ocourrence,
if any, of dimatic change that may affect the suit-
ahility of the high-guality wine production in the ER
Teqion.

2. MATERIALS AND METHODS

2.1. Study region

The traditional viticulture region ER is located in
northern Italy, approximately between 43°80" and
45°10°' M, and 9° 20" and 12° 75" E. Great pedological
diversity and climatic vamability, caused by the in-
fMuence of the Adriatic Sza to the east and mountains
to the south, create a unigque ‘terroir’ suitable for the
production of numerous grape vaneties, both inter-
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Fig. 1. Protecied Denomination of Origin [P, shaded areas) grape producton and topography in the Emilis-Romagna region

national and autochthonous. The total ER wine pro-
duction is estimated at 7.91 x 105 hL [harvest 2014),
placing the ER as the second largest wine-producing
region in Italy, providing 18% of the total Ialian
wine production by volume. A considerable volumea
of the total wine production of the ER (15.9%, harvest
2014) consists of high-quality DOP wines. The pro-
duction of DOP winas is widespread over the entire
ER with the exception of the mountainows areas and
cartain northeastern and northwestern areas (Fig. 1).

2.2, Climate data

The study was conducted using high-resolution
gridded meteorological data provided by the Re-
gional Agency for Prevention, Environment and
Energy of Emilia-Romagna (www.arpae.it). Gridded
climate data for the perod 1861-2015 were produced
from precipitation (254 locations) and temperature
(60 locations) time senes, preliminarily checked for
quality, temporal homogeneity, and synchronicty.
The daily data were interpolated on a 5 = 5 km grid
using the algorithms described by Antolini et al
(2016), which take into account topography (lapse
rate estimation, including thermal inversions; topo-
graphic barniers; topographic relative position), land
use (urban fraction), and a day-by-day ermor-mini-
mizing procedure for the estimation of the interpola-
tion parameters. An average elevation is available for
each of the 1024 cells.

2.3. Bioclimafic indices

Specific Bl were calculated for the viticultural ap-
pellation areas, as well as for the non-traditional
grape cultivation zones, over the 2 periods: 1961-
1900, as a standard climatological period, and 1986—
2015, as the latest 30 yr time-series. The most com-
mon climate parameters and Bl were considered
(Table 1, Table 51 in the Supplement at www.int-
res.comyarticles/supplfic07 3p1 85_supp.pdf].

Growing Degree Day (GDD) or the Winklar Ther-
mal Index presents thermal accumuolation during the
growing season where only temperature accumula-
tion above 10°C (base temperature) is taken into
account (Winkler et al. 1974). Due to temperature
increase and consequently prolongation of the grow-
ing season length, the standard growing season
pericd relevant for GDD calculation (1 April to 31
October, northern hemisphera) may no longer be
accurate. Therefore, in order to verify the suitability
of standard GDD to display thermal accumulation in
the ER, GDD} was calculated wsing 2 methods: (1)
calculating ‘standard” thermal accumuolation from
1 April to 31 October; {2) calculating thermal accu-
mulation from the start of the growing season (G5,
Table 1) until the end (GS5a, Table 1).

The Heliothermal Index or Hoglin Index (HI) pres-
ents thermal acoumulation during the growing
saason, caloulated using daily mean and maximuom
temperatures, providing more weight to maximom
temperature compared to GDID. HI caloulation also
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Tahle 1. Description of growing season and frost indices used in the: study
Variable Description Reference
Growing season indices
 — Crowing sexson mean temperature (1 Aprl-31 October) [Jones 2006, Fraga et al. HH4)
Trnin Crowing sexson minimum temperature (1 April-31 Odober) [Bamos et al. 200E)
Tomer Crowing sexson marimum temperatures (1 April-31 October) [Ramos =t al. 200E)
ND 25-30°C Number of days with a maximmm temperature in the range of 25-30°C [Carbonnean et al. 1892}
1 April-31 Oclober)
MD = 30°C  MNumber of days with a maximmim temperatore =30FC [1 April-31 October] [Neethbng =t al. 2003)
Wi Growing Degres Day or Winkler Thermal Index; see Section 2.3, [Winkler =t al. 1574)
HI Helothermal Index or Huglin Index (1 April-30 September) see Seciion 2.3, (Hoglin 1578)
G5 Crowing season length (G5y—G8.4); the number of days betweesn [Buml =t al . HH2)
the start and end of the growing s=ason
G Chlmatologically defined end of the growing season; day followed by [Fuml &t al. H12)
a series of 5 sequential days with an average temperature below 10°C,
which are not followed by a sequence of 5 days with an aversge
temperature above 10°C
GSa Clhimatologically defined start of the growing season; day preceded [Jones & Davis 200)
by the frst coowrrence of 5 consecutive days with an average temperature
above 10°C, which are not followed by a sequence of 5 days
with an average tempembone below 10°0C
CMl Cool Might Index [1-30 September); avemge of minimum temperatures (Tonictto 199959)
DTR Diurnal temperature range (1 Auvgust-30 September); thermal amplitude  [Ramos et al. 200E)
during the ripening months
Bz Growing sexson total rainfall {1 Apel-31 October) [Buml et al. HH2)
W Mumber of wet days (1 April-31 October); the mumber of days [Fuml et al. HH2)
with precipitation =5 mm
| Deyness Index (1 April-30 September); see Section 2.3 [Tonietto & Carbonnean 2004 )
Frost indices
FFP Length of the frost-free period [LF-FF); the number of days befween [Ruml &£ al. H12)
the last spring frost and the Grst fall frost
EF Diaxter of the: first fall frost; the first fall day with temmperahre S0°C [Buml 4t al. HH2)
LF Diater of the: last spring frost; the last spring day with temperature <070 [Fuml &t al. HH2)

26|Page

takes into consideration a commection factor related to
increasing daylight length towards higher latitudes
[Huglin 1978).

The I was developed specially for vineyard use
(Tonietto & Carbonnean 2004). The index character-
izes soil water reserves at the end of the growing sea-
son, taking into account initial soil moisture (Wy =
200 mm), monthly predpitation (P.), water loss
through transpiration (Ep) and evaporation (Eg) from
bare soil. Transpiration losses are defined by poten-
tial evaporation (PET) and the plant radiation absorp-
tion coeffident (a), while bare soil evaporation is
additionally driven by the number of days with effec-
tive soil evaporation.

2.4. Statistics
Statistical differences in the mean of a dependant

variable (ie. Bls) between the first period (1960-
18681) and the studied perod (1086-2015) were

investigated by independant i-test with a confidence
lewel of B5%._ The test was performed for each of the
1024 grid calls.

3. BESULTS AND DISCUSSION
3.1. Growing season indices

Mamow areas suitable for the production of high-
guality wines are often determined by growing sea-
son isotherms that vary from too cold {<12°C) to too
hot [>22°C) (Jones 2006). In the ER region, the mean
growing season temperature significantly inoeasad,
with a magnitude of up to 1.5°C in certain areas,
causing classification shifts (according to Jones) in
the majority of vineyard areas. In particular, in the
perod 1861-1080, grapes were mostly cultivated in
the ‘warm' areas of the ER (17 to 19°C), which shifted
to hot" (19 to 21°C) in the later period 1086-2015
{Fig. 2a,b,c). This increase in the mean growing
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Fig. & Average growing season mean temperature in Emilia-Romagna for the periods (a) 1961-1990 and (b)) 1986-2015.

(€] Differences between the 2 periods in average growing season mean temperature, where areas with statistically signifi-

cant (p < 0.05) differences are shown with hatched lines and a black border. [d) Elevation mean [central line), maximum and

minimum values [whiskers), and standard deviation (box) of areas within the same clas=ification group (s=e Table 51 in the
Supplement]; black: 1961-1950; red: 19862015

season temperature is likely to have an impact on
regional viticulture suitability and the production of
high-guality wines. For example, the reduction in
areas with 'warm’ tempermature, which is optimal for
Sangiovese, one of the main red cultivars in the ER,
may induce viticulturists to cultivate later ripening
grapevine varieties in order to adapt to the upcoming
warming conditions which are predicted for the
whaole of northern Italy (Ruml et al. 2013). Apart from
notable area redoction, zones with "warm' mean
growing season temperature shifted towards higher
elevations, with mean heights of 67 and 335 m in the
first (1961-1980) and second periods [1886-2015]),
respectively (Fig. 2d). In contrast, smaller elevation
shifts ware detected for zones with 'oold” and ‘inter-
mediate’ mean growing season temperatures. Zones
characterized by 'hot” mean growing season tem-
perature had approximately constant mean height
[Fig. 2d; sea Table 51 in the Supplement for classifi-
cation definitions).

Similarly to the mean temperature, the minimum
and maximum temperatures mostly increased in the
ER during the second studied period compared to the
first, which is supported by other studies |Antolini et

al. 201&) (see Figs. S1a,b & 52a,b in the Supplemeant).
Unlike the maximum and mean temperatures, how-
aver, the increasa in minimum temperature was not
significant over the entire ER, and certain small araas
aven showed a decrease (Fig. 2c. see Figs. 51c & 52c
in the Supplement). According to Tomozeiu et al
{2007), the maximum and minimum temperatures
will confinue to rise in foture decades, with the mini-
mum temperature increasing by 2°C during winter,
summer and fall, and the maximum temperature
increasing by 3 to 5°C during spring and summer by
the end of the 21st century under the A2 scenario.
The temperature rises caused spatial shifts of zones
characterized by particular temperatures towards the
south of the ER region, which is predominantly hilly
and mountainous. Additionally, as a direct conse-
guence of rising maximoum temperatures, the number
of days with a maximom temperature in the range of
25 to W*C diminished (results not shown), while
the number of days exceeding 30°C significantly in-
creased over the ER grape-growing zones and most
of the mountainous areas (Fig. 3} in the second perod
(1986-2015) compared to the first (1961-1900).
Thesa changes may affect plant photosynthesis and
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growth, since days with maximum temperatures in
the range of 25 to 30°C are optimal for grapevine
photosynthesis (Carbonnean at al 1882). On the
other hand, several days exceading 30°C can pro-
voke plant heat stress, premature véraison, berry
absdssion, reduced flavor development, and enzymea
activation (Mullins et al. 1902). Dunng the 21st cen-
tury, daily maximum temperature in the vegetative
period could even exceed 45%C, reaching the upper
temperature limit for photosynthesis (Greer & Wee-
don 2012}, and having a detrimental impact on barry
composition and yield.

The GDD values calculated using 2 methods (see
Section 2 for details) were not significantly different
for most of the ER area (see Fig. 53a,b in the Supple-
ment). Hence, the ‘standard’ GDD calculation method
(1 Aprl to 31 October) was suitable for displaying
thermal accumulation in the growing season. How-
ever, due to the higher temperatures, the climatologi-
cally defined growing season might start before 1
April and end after 31 October. Therefore, the ‘stan-
dard’ GDD calculation method might not be suitable
in the future and may need additional adjustments
(as presented in Method 2; see Saction 2.3) in order to
provide more accurate predictions of seasomal
thermal accumulation in the coming decades. Using
the standard method of calculation, a significant in-
crease in the GDD value was detected for the entire
region. The magnitwde of the inoeasa vaned from

B B

LA

Fig. 1. Average number of days with maximuom tesmpeern-
ture =>WPC during the growing sesson in Emilia-
Romagna for the periods (a) 1861-19%0 and (b) 1986-
2015. [c] Differences between the I periods in average
mumnber of days with a maximamm =JFC,
where areas with siatisti significant [p < 0.05] differ-
ences are shown with hatched lines and a black barder

<100 GDD units ("D} in some mountainous areas to
»350 GDD *D units in some central zones (Fig. 4c).

For the production of the high-quality wines, 1400 to
2000 GDD "D units are typically required, depending
om vine variety and environmental factors [(Gladstones
18492). The total area with optimal growing season
thermal accumulation (1400 to 2000 GDD °DY) for pro-
duction of the high-quality wines was approximately
constant in the ER during the 2 studied periods, despite
the spatial shifts of these areas in the second period
(1886-2015). In the center of the ER, some current
grape cultivation areas became ‘too hot' (= 2000 GDD
“D) while some areas in the south of the ER became cli-
matologically optimal for the production of high-qual-
ity wines [Fig. 4ab). According to the Winkler et al
{1974) classification (s2& Table 51 in the Supplement),
the majority of the current grape cultivation areas in
the ER wera characterized as "Region 2/Region 3' and
"Region 3 Region 4" during 1961-1000 and 1986-2015,
respectivaly, with spatial shifts oriented towards zones
with higher elevation and with the ccrurrence of "heat
islands’ in central zones (Fig. 4a,b). Areas characterized
as ‘Region 3" had the strongest shift towards higher al-
evabions, with mean heights of 41 and 271 m, in 1861-
1990 and 1986201 5, respectively. Zones characterized
as Regions 1 and 2" had a mean elevation difference in
the range of 150 to 204 m betwean the 2 pariods, while
the mean elevation shift of areas classified as 'Regiond”
was <10 m (Fig. 4d).
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growing Ermilia-Romagna
(GDOY) for the perods (@) 1961-19590 and (b) 19886-2015. |c) Differences betwesn the 2 periods in average GO, where areas
m&mﬂmﬂrngmﬁcmttp d:ﬂ.lk’.'fj differences are shown with hatched Bnes and a black border. [d) Elevation mean [oentral

lime), maximmam and

5], and standard deviation [box) of areas within the same classification group

determined bj' ‘Winkler [see T.uhl.e 51 in the Supplement); black: 1961-1590; red: 19862015

Displacement of the areas determined by the
Huglin (1878) classification (see Table 51 in the Sup-
plament) was orented towards higher elevations,
with the highest thermal accumulation detected in
the central and northern grape oultivation zones in
the second period (1986-2015) (see Fig. S4a,b in the
Supplement). The majority of the high-quality grape-
producng areas was dassified as 'temperate’warm
temperate” in the first parod (1861-1090). However,
these areas shifted to ‘warm temperatefwarm' in the
second period (1086-2015), due to a significant
increase in thermal accumulation (see Fig. 54a,b,cin
the Supplement). This increase in thermal accumula-
tion will likely continue in the future. It is predicted
that the whole of northern Italy, including the ER,
could be characterized as a “warm' (according to the
Huglin Index) grape-growing region in future
decades (2041-2070. Al1B scenario] (Fraga et al
2013). In general, the magnitude of these changes
will depend strongly on future anthropogenic carbon
emissions into the atmosphere. Higher temperatures
and consequently higher thermal accumolation
could lead to an earlier appearance of the phenolog-

ical stages (e.g. bud-breaking, fowering, véraison)
(Kartschall et al. 2015, Fraga et al. 2016, Buml et al
2016), in certain cases, a shorter ime between 2 phe-
nolegical stages (Fraga et al. 2016), and an earlier
harvest [Jones & Davis 2000, Bock et al. 2011). This
accelerated pace of phenological events and earlier
harvest in warmer conditions may hawve negative
impacts on berry composition and wine quality, e.qg.
changes in the sugarfacd ratio due to faster sugar
accumulation and acid degradation (Urhausen et al.
2011), and reduction of aromatic compounds
{Druchéne & Schneider 2005) and anthocyanins (Mori
et al. 2007). However, the negative effect of higher
temperatures will strongly depend on vineyard man-
agement and adaptation of grape vaneties to the
warmer conditions (van Leeuwen et al. 2013, Palliott
et al. 2014). However, it is possible that warming
could also positively influence wine quality (Jones et
al. 2005).

The dimatologically defined start, end, and length
of the growing season have a limited ability to pre-
dict the exact occurmence of phenolegical events for
certain grape vaneties in the ER. This is due to the
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wide diversity of grape vaneties planted in the ER
and the important influence of the 'cultivar” factor on
these predictions (de Cortdzar-Atauri ot al 2004).
However, the presented method could provide a
valuable insight into the general changes in the start-
ing and ending dates of the growing season for stud-
ies on a regional scale. Warming during the past
decades has induced an extension of the growing
season length in the ER, where areas with minimal
indispensable vegetative season length, roughly 170
to 180 d (Mullins et al. 1982), shifted towards the south
of the region to the non-traditional viicultural zones,
thereby, making them climatologically suitable for
the growing of early ripening grape vareties [sea
Fig. 55a,b in the Supplament). Howevar, changes
were not homogeneous, or statistically significant
owver the entire reqgion. The central ER areas, like the
hilly and mountainous areas, profited significantly in
growing season prolongation (=10 d). In the rest of the
ER, season length increase was not significant [sea
Fig. 55c in the Supplement). Growing season length
extension was affected more by an earlier start than
by a later end of the climatologically defined growing
season (see Fig. 55d,e in the Supplement).

Ower the entire ER region, the Cool Might Index
[CMI), related to the synthesis of anthocyanins in
grapes, was approximately constant in both studied
periods. It ranged from 10°C in mountainoos and
hilly areas to 15°C in zones close to urban areas, with
the majority of vineyard areas being undar the cool
night regime [see Table 51 in the Supplement). Sim-
ilar observations were reported in a recent study con-
ducted for the period 1850-2003 {Santos et al. 2013),
in which the authors detected CNI values in approx-
imately the same range (10 to 15°C) over the entira
ER area. Several studies (Kliewer 1977, Tonietio &
Carbonneau 1808) have reported a favorable effect
of night temperatures in an approximate range of 10
to 15°C on anthocyanin accumulation during the
rpening months. Therefore, the results obtained in
this study suggest optimal night conditions for red
and rosé wine production, which represents 55% of
the total ER wine production [FPollini et al. 2013). The
diurnal temperature range (DTH) during the ripening
months, an index mostly related to red wine quality
(Ramos et al 2008), increased in the second period
comparad to the first for most of the ER. However, the
changes were not necessarly significant (see
Fig. Seab,c in the Supplement). A significant in-
crease in DTR was detected in most of the ER high-
quality wine-producing zones, suggesting an effect
on red wine composition, which would be positive
only up to a certain limit (Hamos et al. 2008). An ax-

cessively large DTR, which may occur in future
decades due to the likely additional warming in the
ER (Tomozein et al. 2007, Fraga et al. 2013}, may also
have negative effects on wine quality.

Growing season precipitation in the perdod 1961-
1900 varied from approximataly 1000 mm in the
mountainous areas to below 400 mm in areas close to
the River Po Delta, while most of the vineyard areas
had precipitation in the range of 400 to 550 mm. In
the second pericd, an increase in precipitation was
detected in northeastern, certain central, and south-
westarn ER areas, while a reduction was detected for
the rest of the ER (Fig. 5a,b). However, a statistically
significant change was identified only in small sec-
tions of the northeastern area (Fig. 5c).

The changes in precipitation detected in the pres-
ent study were accompanied by a significant reduoc-
tion in wet days (precipitation >5 mm) in the small
sertions of the southeastern area, while a significant
increase was detected in sections of the small central
area and the area close to the River Po Delta (see
Fig. 57 in the Supplementf). Even though certain
areas in the ER had more precipitation in the second
studied period [1986—2015) (Fig. 5c), the entire ER and
northern Italy could see a decrease in predpitation,
with a magnitude of up to 100 mm in certain areas
(Ruml &t al. 2012}, by the end of the 21st century, sug-
gesting longer droughts and drer conditions.

Drier conditions (evaluated with the DI} were
detected in almost the entire ER during the second
pericd compared to the first (Fig. 6). This was the
case even in certain areas with increasad precipita-
tion (e.g. some parts of the central area), indicating
that, besides predcpitation, temperature also has a
noticeable effect on soil water availability in the ER
{Figs. 5c & br; see Fig. S2c in the Supplement). The
negative effect of the increasing temperatures on so1l
water availability could be due to higher soil evapo-
ration under warmer conditions (Alcamo et al. 2007).
As expected, significantly drier conditions were de-
tected in the areas that had less precipitation and the
highest warming in the second period compared to
the first [Figs. 5c & bc; see Fig. 52c in the Supple-
ment]. Even thoogh the majority of the wvineyard
areas were classified as humid/moederately dry’ in
both periods (Fig. 6a,b; see Table 51 in the Supple-
ment], the detected drer conditions suggest potential
challanges for the production of high-quality wines
in the ER during foture decades. This is due to the
possible ocourrence of ‘sub-humid' (see Table 51 in
the Supplement) conditions in some areas tradition-
ally cultivated with grapes. The possibility of drer
conditions in future decades is supported by a recent
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study (Fraga et al. 2013), in which certain areas in the
ER were classified as "sub-humid' during the period
2041-2070 under the A1B scenario. The detected
changes could drive viticulturists to implement irri-
gation systems, which are not traditionally used for
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grape cultivation in the ER, in order to mitigate the
consequences of warmer and drier conditions, such
as crop load reduction (Ramos & Martinez-Casas-
novas 2010) or higher sugar accumulation in berries
(Poni et al. 2007).
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3.1, Frostindices

The timing of frost occurrence, as well as the
length of the frost-free perod [FFF), may have a sig-
nificant influence on viticulture. For axample, spring
frost oocurrence after budburst could damage devel-
oping buds and decreasa crop load, while the ooour-
rence of fall frost before grape harvest could damage
maturing canes and berries (Ruml et al 2012). In our
study, a signifiant reduction in the length of the FFP
was detected in small sections of the southeastern
and northwestern cultivated areas, while it signifi-
cantly increased in small sections of the central and
northern viticultural areas of the ER (Fig. Fa—c). Tha
decrease in the length of the FFP in certain grape
cultivation areas was most likely doe to lower mini-
mum temperatures in those areas during the second
studied period (192B6-2015) compared to the frmst
[1961-1900) (Fig. 7c; s=e Fig. S1cin the Supplament).
Furthermore, positive or negative variations in the
FFP were causad by the different timing of both the
first fall frost (FF) and the last spring frost (LF). Aver-
age FF occurrence, depending on the area, varned
over the ER from late October to the beginning of
December in the peried 1861-1990 (data not shown).
In the second studied pericd (1986-2015), signifi-
canily earlier FF occurrence was detected in small
sections of the southeastern and southwestern oulti-

Fig. 7. Average frost-free period (FFF] duning the

growing season in Emilia-Romagna for the perods (a)

1961-1980 and (b} 1886—HH1 5. [c) Differences between

the 2 perinds in avernge FFP, where areas with statisti-

cally significant [p < 0.05) differences are shown with
hatched Bnes and a black border

vated areas, while delayed timing of FF was detected
in small sactions of the central and northern areas of
the ER |see Fig. 58a in the Supplement). Average LF
occurrence over the entire ER ranged from early
March tolate April in the parod 1961-1290 (data not
shown), with significantly earlier timing during the
sacond period (1886-2015) in small areas spread
over the ER and significantly later LF timing in small
sertions of the northwestern and northern areas (see
Fig. 58b in the Supplement].

4. CONCLUSIONS

The findings of the present study highlight the
changes in dimate related to the viticultural suitabdl-
ity of the ER region during 2 periods, 1861-1990 and
1586-2015. Detected changes in the growing season
temperatures and Bl may affect suitability for the
production of high-guality wine in the ER, which
could become too hot' for this purpose. Negative
impacts of increasing temperatures on wine produoc-
tion could be mitigated by planting later npening
grape vareties, compared to those currently present
in the ER, or by establishing new vineyard areas at
higher alevations. Also, the study results suggest
that warmer and drer conditions in the last 30 yr
[1886-2015) have decreased soil water availability,
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which is important for grapevine development in
certain areas of the ER. This implies the need for an
updated strategy for the future implementation of
irrigation systems in vineyards. Furthermore, the
obtained results suggest that wine production expan-
gion in the ER will depend greatly upon upcoming
climatic changes. Thus, there is a need for further
studies based on the assessment of BI for future
demades, computed from climate model output data
under different C0O; emission scenarios.
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Climate change and sustamakbality are tero major elements of the ongoing miernational
vitrimenlture worldwide scenarios. When dealing with sustainability m the wine
sector, it 15 essential to bear m mund that it mmst be camed out on the basis of four
fundamenta]l pillars: environmental, social (safety and food hygens), cultural and
economic (resohufion OV CST 1/2004). Sustainable winegrowing 1= a comprehensive
set of practices that are emvironmentally sound, secially equitable and economically
viable. Thas apphes to the whole producthon and processme chain, from grapes to grape
As a very sumphification, the chmate change is mamly due fo OO0 emission that is
driven by the economic growth. The noticeable effects of climate change are dry and
hot perieds, high evaporation, unexpected beavy ramnfall and generally unfavorable
distnbufion of precipitation. In particular, the release of C0; and other gases has
increased the average temperature worldwide, and an merease of 1.0-5.0°C in the mean
temperature 15 expected depending on the location It 15 noteworthy that an increass of
1.0-2.5°C 1n average temperatore can advance the grape phenclogical phases of about
6 to 22 days. However, as the grapevine developmental stages are regulated by
temperature. the varions parts of the grape berry do not neceszanly mature at the same
rhythm From the prachical point of view, the ccouwrence of warmer weather advances
the technological matwity of grapes (Le. grapes will become sweeter earlier) which
cause 2 npeness Imbalance with the phenolic matunty (Le. the seeds and skins npen
slower). Purther practical implication related to climate change includes:
- Earher phenology (plant prowth events)
- Altered ripening profiles, wine styles:
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Decrease m the total acudity confent (of early-npeming vanetes), mirogen,
primary aroma (atypical agemg), and anthocyamns (7)

Diecrease protection from oxdation (S0; less active), atypical ageing;
Increase 1n potassium and sugar confent of grapes, 1.e. potental alechel of
WIS

Increase the nregularity of the yields;

Altered/new disease’pest timing and seventy (e.g. Botryhs, Peronospora)
Changes m soal ferfility and erosion (orgamc matter).

What are the consequences of climate change on wime produchon and
consumption?

Howr will change the peography of wine production?

To what extent can orgamc, biodynamic and natural wines be an alternative
approach?

At local level, there 1s 2 need o consider the most appropriate short- and long-term
adaptation strategy, the former meludes:

Uze of ummpe grapes harvested dunmg cluster thinming;

Techmiques to increase wine acidity and decrease pH (e.z. new yeasts, resins);
Organic wine (Reg EU No. 203/2012") and biodynamic manapement with
spontanecus fermentation;

Parhial dealcoholization of wines: “sweet spot’ appros. 2% viv.

“The European Begulation on organic wines spply restriction on some physical techmiques (2.2
Cation exchangers Partial dealcobolisation and Electrodiatyses) and additives (e.z malic acid).

Follownng the mam results found m case studies of Eoulia-Romagna regon (Tialy):

Chmate change m the whculture appellation areas of the Emvha-Romagna
region in the penods 1961-2015 showed (1) mereased mumber of days with
o temperature exceeding 30°C, which can induce plant stress; (i) shaft
of the majonty grape producing zones from the “temperate/warm temperate”™ to
the “warm temperatewarm™ (according to Huglin classification); (v) decreased
soil water avalabihity necessary for grapevine development (Teshe et al
2017y

Matwally occwrmg aleohol content in Sangiovese red wimes showed a
sipnificant increasmy trend with 0.07 % (viv)fvear and 0.83 % (v/v) over a 12-
vyear period (2001-2012). Dry Spell Index (DSI) - the number of days with <1
mm of precipitation dunng the grape-growing season - showed hopgh

2
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relationship with potential aleohol (adjusted B* =0.81) suggesting a large
conmbuhon of caleulated chmate vanables as a dover of increasing potential
alechol confent mn red wines from the Romagna Sangmovese appellation area
(Teshé et al 2016);

The effects of beodynamic production prachces on composifion and sensory
atimbutes of Sangiovese wines were examined for 2 vears (2009 and 2010} ma
vineyard that was converted from ocrgamie (ORG) to biodyname (BDN)
viticulture. During the first year (2009, the BDN wines were characterized by
low alechol strempth, colowr mtemsity, total polyphencls, monomeric
anthoeyanins and catechin. Conversely, the second vear BDN wines differed
from the crganic wines m terms of total polyphenols and phenolic compounds,
including polymeric pigments, co-plpmentation, fanmns and ron-reactive
polyphencls (Parpinello ef al. 2015},
Alﬂmghﬂnyaasrpqmlahm:smns&ynﬂatadtuﬂmgnpemmgmnutLe
wmalmgmss,auﬂ.ﬂmnbyﬂmgnpemmg&mt@amgnamﬂi
2017).
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appellationarea until the end othe 21 century
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3 Predictions of climate changan the Emilia-R o0 ma g n a GappellatiorP
areas until the end of the 21% century

3.1 Introduction

Vitis vinifera is perennial plant allowing commercial exploitatidaring at leastcouple of decades
(Lereboullet et al., 2014) thus a longterm strategy neadto be appliedto maximize commercial

exploitation of planted vineyasd Therefore, climate change predictioase a valuable tool for
development of lorngerm stategieqe.g. planting new cultivarA recent study evaluated the importance

of climate predictions for longerm decision making by examiningl56 Australian
vinegrowers/winemakers throughe online survey(Dunn et al., 2015) Results indicated tha2% of

participants consider nf or mati on related to climate predictioc
long-term strategiewhile 35% of participants considerish nf or mat i on 6 Budhaenwd, at 6 us
48% of participants indicated that climate predictionthi6i 10 yeads timeframe would help to develop

long-term strategies while 73% of participamslicated that future climate information in timefranie 6

20 years may be useful to decidapme variety. part from timeframe, spatial scale adémate data

resolition areplaying imporant role in decision making. Dunn et al. reported that ~85% of participants
considethatc | i mat e prediction information at Osaenewhat
useful in longterm decision making.

It is well known tha global warming is caused by human activijegy. 1.1), related tahe emission of
greenhouse ges aerosols and their precursamio the atmosphereThus, climate change prediction will
strongly depend othe concentration othese compounds (whethaready present or emitted afterwards)
in the atmosphere during future decades and centuries. In that régdhd, Fifth AssessmerReport
(ARS5), Intergovernmental Panel ofli@ate Change (IPPC) introducednew climate scenarios called
Representate Concentration Pathways (REFRCP 2.6, RCP 4.5, RCP 6 and RCP &tcker et al.,
2013) RCPscenarios are estimating the global warming according to trajectoa@gsgoféenhouses gases
concentration (e.g. GOCH,;, N,O etc.) aerosols and their precursonghich concentratiorwill depend
onthesociceconomicdevelopment of human societyoncentration of air C&not the only greenhouse
gas, however the most relevant) durthgpre-industrial era was ~280 ppm whiecurrent concentration
of air CQ, is ~400ppm. Whereas, according to RGBenaios until the end ofthe 21* centuryair CO,
concentration will reack420ppm,~540 ppm,~670 ppm and-940 ppm according to RCP 2.6, RCP 4.5,
RCP 6 and RCP 8.5, respectivéBtocker et al., 2013)Combined with other greenhouse gasesosols
and their precursorgquivalent of air C@concentration Wil be even higher until the end dfie 21
century (Fig. 3.1), which could cause increase of global temperatume 1i 4°C, depending on RCP
scenariqFig. 3.2).
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Figure 3.1 Air concentrations of greenhouse gases (e.gp, @M, N,O etc.), aerosols and their
precursors until the end the 21st century according to RGBenarios presented e equivdent of air
CO, concentratior{modified fromhttps://19january2017snhapshot.epa.gov/clintdi@ngescience/future
climatechange_.html

For climatological studiesften used RCP scenarios are 4.5 andR&ga et al., 2015; Lee et al., 2015;
Shope et al., 2016)RCP 4.5is assuming thatadiatve forcing (difference betweeanergyabsorbed by
the Earth and energy radiated back to spiscether words global warmipgvill be stabilized by thend
of the 21* century, while RCP 8.Eepresers the worstcaseRCPscenario assuming theddiative forcing
will continue toincrease even after the2dentury(Fig. 3.1; Fig. 3.2).
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Figure 3.2 Average global surface temperature change until the 21st century according to RPCs scenarios
(modifiedfrom Stocker et al2013).

Thus, evaluation of climate predictioaslocal spatial scale (1% 11km) during the eriods2018 2027
and 2011204Q uncer RCP 4.5 and RCP 8.5 scenariosthe EmiliaRomagna DOP appellation areas
may help locabiticulturists and winemakers to develop lorgrm strategiesAdditionally, the period
2071 2100 was studied as well.
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3.2 Materials and Methods

3.2.1 Study region, nodel dataand bioclimatic indices

Study region is the entire EmitlRomagna with DOP areas (see 2.2Mathematical definitions same as
classifications of used Blinthe present studwre presented iflable 2.1 Daily minimum temperatures,
maximum temperatures and precipitat@imate datave r e obt ai ned from 6 Coor di n:
Downscaling Ex per i me (nttp:dcordexCo@R.DiEeX gore pfr GORIEXC froject
presentanensemble oRegional Climate ModeldRCM) obtained with empirical statistical downscaling

from Global Climate Models, which are made for two Representative Concentration Pathways scenarios
(RCP 45 and RCP 8.5). Used climatologickdta for past period (1961990, asthe standard
climatological period) and future periods (202827, 20112040 and 20712100) are inlocal spatial

scale ~11 x 11kmWhereas, Bls for the past were calculated with historical data while Bls for the future
were calculated from RCM (Table 3.1) The bias ofRCM data used for Bls calculationascorrected

and adjusted according tdtp://cordex.org/data-access/biasadjusted-rcm-data/. Prior to calculation

climate datavere spatially interpolated to 5 x 5 knthd scaleo 1024 grid cells

Table 3.1 List of all GlobalClimate Model/ Region Climate dlel chainsised in present study

GCM RCM

CNRM-CERFACSCNRM-CM5 CCLM4-8-17
ICHEC-EC-EARTH CCLM4-8-17
MOHC-HadGEM2ES CCLM4-8-17
MPI-M-MPI-ESM-LR CCLM4-8-17

ICHEC-EC-EARTH HIRHAMS
ICHEC-EC-EARTH RACMO22E
MOHC-HadGEM2ES RACMO22E
MPI-M-MPI-ESM-LR REMO2009
MPI-M-MPI-ESM-LR REMO2009

3.2.2 Statistical analysis

Student {test with 95% confidence level was appliedetaluatestatisticd differences inmean of a

dependent variable (e.g. BI) for each grid cell betwbestandard perio@961 1990 andother studied
periods(2018 2027, 2011 2040 and 20712100. Statistical test is ruron one model (e.gMPI-M-MPI-
ESM-LR/CCLM4-8-17), one RCP scenari¢e.g. RCP 4.5) and one studied period (e.g. 19830 vs

2011 2040)each timelf 6 models(9 in total)arestatistically significanaccording to Studenttestin

the same grid cell for the same period (e.g. 12620 vs 20112040) sameBI (e.g. HI) under same

scenario (e.g. RCP 4.5), those areas are marked as dotted on thelfigottesr wordsd i f f er ences of

model s are great er calvaability onensembleadf thodedglve statistically o g i
significantchange
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3.3 Results and Discussion

Growing seasomeantemperaturgTea), as it wasdiscussedn Chapter 2 (see 2.3) during the period

196111 990 was mai nl y c lffer classification defirétidn segable Q.0 forr muogi of

the DOP zones in the EfFig. 3.3). Comparing tothe period 196i1199Q T.eancould significantly

increasefor the all other studied periods (20183027, 20112040 and 20712100) under both RCP
scenarios(4.5 and 8.5)(Fig. 3.4a; Fig. 3.4b; Fig 3.4c; Fig. 3.5a; Fig. 3.5b; Fig. 3.5¢) Due to
temperaturgotentialincreasemostDOP zones in the ERiay bec har act er i z e dericgls 6 hot ¢
2018 2027and 20112040for both scenarios RCP 4.5 aR€CP 8.5(Fig. 3.4a; Fig. 3.4b; Fig 3.5a; Fig

3.5b) A recent study reported th#te majority of DOP zonemit he ER wer e character
during the period 198&015( Te s | i |  eThus,adsults frorth@pie3eht study are suggesting that

Tmean May increaseslightly until 2040 comparing to current conditions, under both RCP scenarios.
According to RCP 4.5 scenario during the period 2@700 certain central and northeastern DOPsarea

of the ER may be characterized as O6very hoto whil
conditions whichmay be suitable for productionf high-quality grapes/wineshowever adjustments

would be necessary (e.g. new grape varietieg). 3.4c). On the other hand, according to RCP 8.5
scenariomanyDOP areas in the ER may be characterized as
high-quality grapes/wines with current technology and varieties would be questigfadple3.5¢).

Obtainal results are suggesting that the ER may be suitabliégroduction of higkgrapes/wines at

least until 2040, whereas furthsuitability will depend a factors related taine industry development

(vine adaptation on warmer conditiongchnologydevelopment)and external factors (reductionof

greenhouse emissions irttee atmosphere).
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Figure 3.3 Average growing season mean temperature for the period 198Q in the EmilieRomagna,
calculated with historical data previously describe@hapter 2 (see 2.2.2).
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Figure 3.4 Growing season mean temperature in the Effbianagna for the periods a) 202827 b)

2011 2040 and c¢) 2042100, calculated as median of 9 models under RCP 4.5 scenario. Dotted areas are
stistically significant (p < 0.B) according to-test.
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Figure 3.5 Growing season mean temperature in the Effbianagna fothe periods a) 2012027 b)

2011 2040 and c) 2072100 calculated as median of 9 models under RCP 8.5 scenario. Dotted areas are
statistically significant (p < @5) according to-test.
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Comparing to thgeriod 19611990 potential temperature increaseuld causelecreasemumberof days
with maximumtemperaturen the range 2530 °C(ND 25 30°C) during the studied periods 201827
(data not shown) and 2012040, under both RC8&cenariofRCP 45 [data hoshown] and RCP 8.5)n
the entire ERFig. 3.6a Fig. 3.7a).
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Figure 3.6 Average number of days with a) maximum temperature in the rain@d25 b) maximum
temperature >30°C, in the EmidRomagna during the period 198090, calculated with hista@l data
previously described i@hapter 2 (see 2.2.2).

Obtained results are also suggesting that differeimce® 25 30°C could beminor betweerl 961 1990
vs 20181 2027 and 1961 1990 vs201%7 2040 undersame RCP scenario (e.g. RCP 4.8jnilar as
differencesbetween same period (eP61 1990 vs2011 2040) undeRCP 4.5 and RCP 84cenarios
(data not shown)Potential decrease of ND 250°C could havea negativeimpact on grape quality as it
was previously described in Chapter 2 (see 2.3). Interestingly, NB026 in the ERduring the period
1961 1990 vs 20712100 under both RCBcenarios increasezbmparing to e.g. period 1961990 vs
2017 2040 undeiRCP 8.5 scenario (Fig. 3.7a; Fig. 3.7b; Fig. 3.€). In some mountain areas of the ER
ND 25 30°C during e.g. 2072100 RCP & scenario, could be higher even that during 12620(Fig.
3.7).
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Figure 3.7 Difference in number of days during growing season with maximum temperature in the range
25i 30°C between periods a) 196090 vs 20102040 under RCP 8.5 scenario b101990 vs 2071

2100 underRCP 85 scenario ¢) 1®1i 1990 vs 20712100 under RCP .8 scenario, in the Emila
Romagna calculated as median of 9 models. Dotted areasteticatly significant (p < 0.8) according

to t-test.
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Figure 3.8 Difference in number of days during growing season with maximum temperature above 30°C
between periods a) 1961990 vs 20112040 under RCP 8.5 scenario b) 108990 vs2071 2100 under

RCP 8.5 scenario ¢) 1961990 vs 20712100 under RCP 4.5 scenariotlie EmiliaRomagnacalculated

as median of 9 modelBotted areas are statsdlly significant (p < 0.8) according to-test
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In comparison with the period 1961990, umber of days with maximum temperature above 30°C

during growing season (ND > 30°C) could significantly increase over entire ER region in all studied
periods (20182027 [data not shown], 2002041 and 20712100) under both RCP scenari{®$g. 3.6b;

Fig. 3.8a; Fig. 3.8b; Fig 3.8d, which could negatively influence the grape quality (see 2.3). While in the
closer future ND > 30AC in the ER #tgeeatend®egqg t o F
differences between 1961990 vs 20112040 under RCP 8.and 19611990 vs 20112040 under RCP

8.5), until the end of the ZIcentury ND > 30°C will be notably higher during the period 2@2D0

under RCP 8.5 scenario comparing to the period iZ2I10 under RCP 4.5 scena(keg 3.8b; Fig 3.8),

suggesting that development of wine industry will also depend on external factors (reduction of
greenhouse emissions into atmosphere).

Night temperatures ovanany DOP zones in theER during the period 1961990 (Fig 3.9) same as
during the period 198&2015(Table 2.2)werec har act er i z e dfor dassificatondefihiiomi ght s 6
seeTable 2.).
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Figure 3.9 Average Cool Night Index for the period 198990 in the EmilieRomagna, calculated with
historical data previously describedChapter 2 (see 2.2.2).

However due topotential temperature increasduring the following decades (2003027 [data not

shown]and 20112041) according tboth RCPscenariogRCP 4.5 [data not shown] and RCP &ight
temperaturegouldb e ¢ h ar dempemten i zgelwliterst@ny DOP zones in the ERFig. 3.10n).

Until the end othe21®cent ury ni ght temperatures coul dinbe eve
certain DOP zonewhich will depend whether RCP 8.5 or RCP 4.5 scenario occur in the {lfigre

3.10b; Fig. 3.1@). Therefore, results are suggesting thatertain DOP zoes night temperaturemight

exceed by far optimal conditions for anthocyanins synthesis which is in the rarige(Kllewer, 1977,

Tonietto and Carbonneau, 1998) Thus, production of red grape varieties in those areas would be
guestionable.
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Figure 3.10 Cool Night Index in the Emilid&Romagna for the periods a) 202040 under RCP 8.5
scenaridh) 2071 2100under RCP 8.5 scenaramd ¢)2071 2100under RCP 4.5 scenaricalculated as
median of 9 models. Dotted areas aggistically significant (p < @5) according to-test.
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According to Huglin classificatioffor classification definition se€able 2.3 mostDOP zones in the ER
characterized
due toatemperature increashiring the period 198&015majority of DOP zonesvere characterized as
6temperate( Wasimi Waemoéal

wer e

Obtained results from present study are suggesting that according ®EB{RCP 4.5 [data not shown)]
and RCP 8.5) scerias until the 2040 (periods 20il8027[data not shown] and 2012040) the majority

of DOP zonesnayb e
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Figure 3.11 Average Huglin Index for th@eriod 19611990 in the EmiliscRomagna, calculated with

sti

charact er i z(Eigl3.18} Thast strintlp a&ccoalihge
to Huglin classification the ER would be suitable for cultisatiof highquality grapes unti2040.
Howeve, according to bottrRCP scenarios until the end dfie 21%* centurymany DOP zones will be
characteri z & 342b; Fig.wAal2)mbherefore, according to Huglin classification,
implementation of certaiadjustmentgplanting new grape varieties/ould be necessatg produce high
quality grapesn the DOP zones of the ER even possibleespecially in case of RCP 8.5 scenario
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historical data previously described@hapter 2 (see 2.2.2).
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Figure 3.12 Huglin Index in the EmiliERomagna for the periods a) 202040 under RCP 8.5 scenario
b) 2071 2100 under RCP 8.5 scenario and c¢) 2@400 under RCP 4.5 scenario, calculated as median of
9 models. Dotted areas aretistizcally significant (p < 0.8) according to-test.
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Due to temperature risingrayving season thermal accumulation expressed as Growing Degree Day
(GDD), increased significantlguring the studied period2018 2027 (data né shown) and201% 2040
comparing tahe period 196i11990(Fig. 3.13 Fig. 3.14a). Increae of GDD occurred according both

RCP scenarios (RCP 4.5 [data not shown] and RCP &hhilarly to HI, warming resulted in
classifications shifts of DOP zones, whereas during the period 198Q the majority of DOP zones in
6Regi on
definition se Table 2.3 while during the studied periods 20227 and 20112040 (under bothRCP
characterized
6 Re gi o ndurhd theel9862016( Beds | i | et
2017) suggesting that only sligwvarming could occur unt?2040 comparing to nowadays conditions.
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Figure 3.13 Average Growing Degree Day Index for the period 19880 in the EmiliZRomagna,

calculated with histocial data previously described@napter 2 (see 2.2.2).
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Figure 3.14 Growing Degree Day Index in the EmilRomagna for the periods a) 202040 under RCP
8.5 scenario b) 2072100 under RCP 8.5 scenario and ¢) 2@400 under RCP 4 .&cenario, calculated
as median of 9 models. Dotted areas are statistically significan®05) according to-test.
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However, further warming towards the endtloé 21° century (20712100) will cause thamany DOP
zonesinthe ER' s going to be classified as ORegion 4/ Re
6Region 5/ Too hot 6 i {Fig. R.CA, Fig. .384). sThus, nhmhgualdy g@mec u r
production will be questionablespeciallyin the case of RCP 8.5 scenario.

During the period 1961990 in the ERgrowing season precipitatioraried from approximatel¢00 to
550 mm inmostof thevineyard aredFig. 3.15.
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Figure 3.15 Total precipitation for the period 1961990 in the EmiliscRomagna, calculated with
historical data previously described@hapter 2 (see 2.2.2).

According to RCP 4.5 scenario total precipitat@muld decrease in the majority of DOP vineyard zones
during the all studied periods (202827, 20112040 and 20712100) comparing to the period 1961
1990(Fig. 3.16a; Fig. 3.16b; Fig. 3.16). While, in certain central and northwestern vineyard areas, same
as aeas of Po River Delteouldincrease during the 2018027 and 201i12040(Fig. 3.16a; Fig. 3.1®).
Interestingly, according to RCP.38scenarionoticeably larger surface of DOP zonesuld havemore
growing seasomotal precipitationduring the periods 2012027and 20112040 comparing to the same
periods according to RCP 4.5 scendtig. 3.16a; Fig. 3.1®; Fig. 3.17a; Fig. 3.1D). On the other
hand,during the period 2072100 growing season total precipitation could be noticeably lower in the
most of DOP zones according to RCP 8.5 scenario comparing to the same period under f¢P 4.5
3.16c; Fig. 3.1%).
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Figure 3.16 Relative difference in total precipitation during growing season between periods &) 1961
1990 vs 20182027 b) 19611990 vs 201012040 c) 19611990 vs 20702100, under RCP 4.5 scenario in
the EmilizRomagna calculated as median of 9 models. Dotted areastscally significant (p < @5)
according to-test.
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Figure 3.17 Relative difference in total precipitation during growing season between periods &) 1961
1990 vs 20182027 b) 19611990 vs 20112040 c) 19611990 vs 20712100, under RCP 8.5 scenario in
the EmilizRomagna calculated as median of 9 modetgted areas argtatistically sgnificant (p < 0.8)
according to-test.
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Dry Spell Index (DSlwhich was related to increasé grape sugar concentratiom Sangiovese wines
60 Roma gseha aSepredilavte on
studied periods (2012027 [data not shown], 2012040 [data not showrgnd 20712100) under both
RCP scenariogFig. 3.19a; Fig. 3.19%) comparing to the period 196199Q The potential increase of
DSI could be up to 5 daym most DOP zones during 2812027 and 201112040 under bottRCP

from

ar ea

( s imceeasdduripg the all2 )

coul

scenarios (data not shown). In certain DOP zones DSI could increase up to 10 days during the period
2071 2100 under RCP 4.5 scenario, or even up to 15 days during the same period under RCP 8.5 scenario
(Fig. 3.19a; Fig.3.1%). Thus, obtained results are suggesting that grape sugar concentration might be

even higher in the future decades. Normally, grape sugar concenfrasiively is related toincrease
DSI up toacertain limit whereas too londroughtperiods couldchavea negative impact on grape quality

(if not irrigated).
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Figure 3.18 Dry Spell Index for the period 1961990 in the EmilisRomagna, calculated with histcai
datapreviously described i€@hapter 2 (see 2.2.2).
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b)

Figure 3.19 Difference in Dry Spell Index during growing season between periods a) 19®1 vs
2077 2100 under RCP 4.5 scenario b) 1084990 vs 207012100 under RCP 8.5 scenario, in the Emilia
Romagna calculated as median of 9 modatited areas are sistically sgnificant (p < 0.8) according

to t-test.

58|Page


























































































































































































































































































































































































































































































