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Abstract
Temperatures have increased by approximately 1°C over the course of the 20" century and will continue to rise over the next century at a rate
depending on greenhouse gas emissions. Modifications of rainfall patterns show local variability, but most winegrowing regions worldwide are
being affected by more frequent and intense periods of summer drought, because reference evapotranspiration increases with rising tempera-
tures. Wine quality and yield are strongly influenced by climatic conditions and depend on complex interactions between plant material,
temperatures and water availability. In established winegrowing regions growers have optimised output in terms of yield and quality by
choosing plant material and viticultural techniques according to local climatic conditions. When the climate changes, plant material and
cultural practices need to be adjusted. Winegrowers worldwide are facing this challenge. In Europe, awareness about the potential impact of
climate change on viticulture rose at the end of the 20" century and created a strong research focus on potential adaptations. Adaptations to
higher temperatures include all possible techniques (trunk height, leaf area to fruit weight ratio, timing of pruning, etc.) and modifications in
plant material (rootstocks, cultivars and clones) which maintain harvest dates in the optimal period at the end of September or early October
in the northern hemisphere. Vineyards can be made more resilient to drought by planting drought-resistant plant material (rootstocks and
cultivars), planting goblet-trained bush vines or trellised vineyards at wider row spacing or selecting soils with greater soil water-holding
capacity. Most vineyards in Europe are dry farmed. Implementation of irrigation is also an option to grow sustainable yields under dry condi-

tions but should be avoided when possible because of environmental impacts.

Introduction

Like other agricultural crops, grapegrowing is impacted by environ-
mental conditions such as soil and climate. The profitability of agricul-
tural production is driven largely by yield; however, for winegrape
growing, the quality potential of the grapes is also important, as it
can significantly affect the quality of the resulting wine and the price
consumers are willing to pay. In fact, wine prices can vary by a factor
up to 1,000 (from 1 to 1,000 € per bottle), while yields generally vary
by a factor of about 10 (from 3 to 30 tonnes/ha). Environmental condi-
tions play an important role, not only in yield but also grape quality
potential, and hence the overall profitability of wine production.

The output of grape production in terms of yield and quality can
be optimised through the choice of plant material (variety, clone,
rootstock) and viticultural techniques (training system, vineyard
floor management, etc.). Profitability is also impacted by production
costs which can be reduced through mechanisation. In established
winegrowing regions, growers have historically adjusted their plant
material and viticultural techniques through trial and error and
research to achieve the best possible compromise between yield,
quality and production costs. Because environmental conditions are
different in each location, there is no general recipe that can be applied
to all. This explains why plant material and viticultural techniques
vary so much across the winegrowing regions of the world.

Depending on environmental conditions and access to market,
high profitability can be more easily achieved in some regions by
optimising yields and reducing production costs, while in other
locations profitability can be driven by high quality and high wine
prices. High yields can be obtained when soil and climate induce
little or no limiting conditions for photosynthesis: moderately high
temperatures, non-limiting light, nitrogen and water availability.
When soil and climate induce a limitation of water and nitrogen,
these can be supplied through irrigation and fertilisation.

Highest possible quality potential is generally achieved when
environmental conditions are moderately limiting. Ideal balance in
grape composition at ripeness—sugar/acid ratio, colour and aroma—

is obtained when grape ripening occurs under moderate tempera-
tures. Excessively cool climatic conditions during ripening can result
in ‘green’ and acidic wines. On the other hand, temperatures between
veraison and harvest that are too high can result in unbalanced fruit
composition, with sugar levels too high, acidity too low and aromatic
expression dominated by ‘cooked fruit’ aromas (van Leeuwen and
Seguin 2006; Pons et al. 2017), resulting in wines that lack fresh-
ness and aromatic complexity. Mild temperatures during grape
ripening, favourable to wine quality, are generally met late in the
growing season, roughly between 10 September and 10 October in
the northern hemisphere and in March or early April in the southern
hemisphere. White wine production is optimised under cool ripening
conditions which are of particular importance in obtaining intense
and complex aroma expression. When varietal heat requirements
match the critical temporal window to obtain ripeness, the best wine
quality ensues. For red wine production, water deficits at specific
stages of grape development are favourable for wine quality, because
they reduce berry size and increase phenolic compounds in grape
skins (Matthews and Anderson 1988; Ojeda et al. 2002; van Leeuwen
et al. 2009; Triolo et al. 2019). Recently, it has also been shown that
vine water deficits positively influence aromatic expression in mature
wines (Picard et al. 2017; Le Menn et al. 2019). Moderate nitrogen
uptake induces similar effects on grape composition, reducing berry
size and increasing skin phenolics (van Leeuwen et al. 2018). For
improved quality in white wines, a limitation in vine water status
is also desirable, although this limitation should be milder than for
red wine production (Peyrot des Gachons et al. 2005). For white
wine from thiol-driven aromatic varieties such as Sauvignon Blanc,
Colombard, Sémillon and Riesling, vine nitrogen status should not
be limiting (Helwi et al. 2016).

Given the factors promoting yield versus quality, it makes sense to
optimise profit by maximising yield in warm areas on rich soils, while
under cool climate conditions and in poor soils maximum profit-
ability is better achieved by producing premium wine quality, to be
sold at the highest possible price.
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Although soil and climate are both major environmental compo-
nents in wine production, the latter is of greater importance for the
development of yield components, vine phenology and grape compo-
sition (van Leeuwen et al. 2004; van Leeuwen et al. 2018). Until the
end of the 20" century, soil and climate were considered stable in a
given site, with the exception of year-to-year climatic variability. In
the 1990s some European researchers became aware that the shifting
climatic conditions due to climate change might possibly have a great
impact on viticulture worldwide (Schultz 2000). Progressively, over
the first two decades of the 21% century, climate change has become
a topic of increasing importance in the viticulture and oenology
research community. In 2011, 23 French research laboratories collab-
orated in the LACCAVE (long-term adaptation to climate change in
viticulture and enology) project to study the effect of climate change
in viticulture and potential growers” adaptations (Ollat et al. 2017).
Several peer-reviewed scientific journals, including the Journal of
Wine Economics (Storchmann 2016) and OENO One (Ollat et al.
2017) released special issues on this subject. Today, a substantial
body of literature is available to assess the effects of climate change
in viticulture and wine production, including effects on vine physi-
ology, phenology, grape composition and wine quality. Also, potential
adaptations have been studied to help continue production of high-
quality wines with economically sustainable yields under changing
climatic conditions.

Temperature and drought effects of climate change

Temperature changes associated with climate change are not homoge-
neous around the globe. Temperatures are currently 1°C higher
on average than pre-industrial revolution (IPCC 2014), but the
increase is even higher in some regions. In Bordeaux for example,
Average Growing Season Temperature (AvGST; Jones et al. 2005) has
increased by approximately 2°C over the past 70 years, with a remark-
able jump between 1985 and 2006 (Figure 1A). Temperatures have
become increasingly warm during the period of grape ripening, as
is shown by temperature summations >30°C during 45 days before
harvest (Figure 1B for Bordeaux). This can significantly affect the rate
and timing of vine phenology and the eventual quality of the grapes.
Also, as increased temperatures increase the evaporative demand
driving both vine transpiration and soil evaporation, the soil water
balance over the season will become increasingly negative (Figure 1D;
van Leeuwen and Darriet 2016). And while annual rainfall has not
seen much change in long-term trends, there has been an increase in
extreme wet and dry years (Figure 1C for Bordeaux). Taken together,
increased temperatures resulting in higher reference evapotranspi-
ration values (Figure 1D) and more frequent years with low rainfall
have induced, and will continue to induce, more intense and frequent
drought conditions for vineyards in Bordeaux and around the world.

Temperature effects

Temperature is the major driver of vine phenology (Parker et al.
2011, 2013). Increased temperature as a consequence of climate
change leads to advanced phenology (van Leeuwen and Darriet 2016;
Duchéne and Schneider 2005; Figure 2). Similar trends are observed
in many winegrowing regions around the world (van Leeuwen and
Darriet 2016). Advanced budbreak may expose vines more frequently
to spring frost, although this risk depends on the climatic situation
of each specific winegrowing region (Sgubin et al. 2018). Varieties
which have historically been selected for performing best in a given
winegrowing region may move out of their ideal ripening window.
Harvest dates in Alsace (France) for Riesling used to occur in the first
two weeks of October. Today in this region, harvests more frequently
occur in the first week of September and sometimes even at the end
of August. This evolution can be detrimental for the quality potential
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Figure 1. Climate data for Bordeaux (Bordeaux Mérignac weather station) from
1951-2018. A. Average growing season temperature; B. Temperature sum >30°C
during 45 days prior to harvest; C. Rainfall April — September; D. Annual sum of refer
ence evopotranspiration (ETg)
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Figure 2. Long-term evolution of vine phenology for Riesling in Alsace. Data source:
budbreak, flowering and veraison adapted from Duchéne and Schneider (2005);
harvest dates from Conseil Interprofessionnel des Vins d'Alsace (CIVA)
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of the grapes, which are increasingly high in sugar content (Duchéne
and Schneider 2005) and may eventually become less aromatic.

In Bordeaux, major grapevine varieties include Sauvignon Blanc,
Merlot, Cabernet Franc and Cabernet Sauvignon. Harvest dates can
be modelled by using the Grapevine Sugar Ripeness model (GSR) to
predict sugar ripeness (Parker et al. 2019). According to this model,
200 g/L of grape sugar is attained when a daily mean temperature
summation reaches a value F* (base temperature of 0°C, start date
day of the year 91, which is 1 April in the northern hemisphere). F* is
variety specific, where a higher value indicates a later ripening variety
(Figure 3).

In the following example, the GSR model was used to predict
the day when four major grapevine varieties grown in Bordeaux
(Merlot, Cabernet Sauvignon, Cabernet Franc and Sauvignon Blanc)
would reach 200 g/L of sugar, with input temperature data from the
Bordeaux Mérignac weather station and F* values retrieved from
Parker et al. 2019 (Figure 3). To predict harvest dates, five days were
added for Sauvignon Blanc, which is picked at around 210 g/L of
grape sugar (12.5% potential alcohol). For harvest dates of the three
red varieties, 15 days were added, because they are generally picked
at 230 g/L of grape sugar (13.5% potential alcohol). When the model
was run with average historical temperature data from 1951-1980,
modelled ripeness was 22 September for Sauvignon Blanc, 4 October
for Cabernet Franc, 7 October for Merlot and 14 October for
Cabernet Sauvignon (Figure 4). These projections are perfectly in
line with observed harvest dates from Bordeaux (van Leeuwen and
Darriet 2016). If the ideal window for grape ripeness is defined from
10 September to 10 October, when temperatures are not excessive but
still high enough to achieve full ripeness, all varieties fall within this
window except Cabernet Sauvignon. This is consistent with the obser-
vation that during this period high-quality Cabernet Sauvignon wines
could only be produced in early ripening locations on warm gravel soil.
In the cooler parts of Bordeaux, wines from Cabernet Sauvignon used
to be ‘green’ (high in methoxypyrazine content) and acidic. When the
same projection is made with average climate data from 1981-2010,
the following harvest dates were obtained: 7 September for Sauvignon
Blanc, 18 September for Merlot, 21 September for Cabernet Franc
and 28 September for Cabernet Sauvignon (Figure 4). At the turn of
the millennium, Bordeaux became suitable for growing high-quality
Cabernet Sauvignon over most of the region but marginally too warm
for Sauvignon Blanc. It is predicted that it will still be possible to grow
high-quality Sauvignon Blanc in cooler locations of the region on
north-facing slopes or on cool soils. When 1°C is added to the average
1981-2010 temperatures (which is close to temperature projections
for around 2050), the Bordeaux climate is still perfectly suitable for
producing high-quality wines from Cabernet Franc and Cabernet
Sauvignon (projected harvest 11 and 18 September respectively), but
Merlot is moving out of the ideal ripening window (8 September) and
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Figure 3. Temperature summation (F*) to reach 200 g/L of grape sugar according to
grapevine sugar ripeness (G5R) model for 15 major grapevine varieties

the Bordeaux climate will be too warm to produce crisp and aromatic
wines from Sauvignon Blanc (29 August; Figure 4). Hence, among the
traditional Bordeaux varieties, Sauvignon Blanc and Merlot will be
the first victims of climate change. During the past decade, Bordeaux
wines containing a majority of Merlot, which is still the most widely
planted variety in this region, are increasingly dominated by ‘cooked
fruit’ aromas and excessively high alcohol content (Pons et al. 2017).

In general, grape and wine compositions have dramatically changed
over the past three decades worldwide. Mean data from Languedoc,
France shows that over a 35-year time span, grape sugar content
expressed in potential alcohol increased from 11% to 14%, pH from
3.50 to 3.75 and total acidity decreased from 6.0 to 4.5 g/L (Figure 5).
Similar observations have been made in many regions around the
world (Schultz 2000; Duchéne and Schneider 2005; Petrie and Sadras
2008; Mira de Ordufia 2010).

Drought effects

Climate change will also expose vines to increased drought, either
because of reduced rainfall, or because of higher reference evapotran-
spiration due to elevated temperatures. This may lead to lower yields,
because several yield parameters are impacted by water deficits, in
particular berry size (Ojeda et al. 2002; Triolo et al. 2019) and bud
fertility (Guilpart et al. 2014). On the other hand, water deficit has
a positive effect on red wine quality because grape skin phenolics
increase (Ojeda et al. 2002; van Leeuwen et al. 2009; Ollé et al. 2011)
and wines develop more complex aromas during bottle ageing (Picard
et al. 2017; Le Menn et al. 2019). So far, the best vintages in Bordeaux
(where vines are not irrigated) are dry vintages (van Leeuwen and
Darriet 2016). The frequency of dry vintages has increased over the
past three decades and this has resulted in better vintage ratings in
recent years. In white wine production only very mild water deficits
are positive for wine quality, while more severe water deficits are
detrimental (Peyrot des Gachons et al. 2005). For red wines, the
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Figure 4. Modelled harvest dates for Sauvignon Blanc (S bl), Merlot (M), Cabernet
Franc (CF) and Cabemet Sauvignon (CS) in Bordeaux for the following periods:
1951-1980, 1981-2010 and 1981-2010 + 1°C. Sugar ripeness is modelled with the
Grapevine Sugar Ripeness model (GSR; Parker et al. 2019). Temperature data is from
the Bordeaux Mérignac weather station. Warm colours indicate higher temperatures
and cool colours indicate lower temperatures.
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Figure 5. Evolution of red wine compesition in the Languedoc region (France) from
1984 to 2018. Each data point is the average of several thousands of analyses of
red wines just after alcoholic fermentation (data: Dubernet laboratory, F-11100
Montredon des Corbigres)
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Figure 6. Layout of the 52 varieties planted in the VitAdapt experiment, with five replicates per variety

in the southern hemisphere) grape composition can be
and 10 vines per replicate

unbalanced (e.g. high sugar levels and low acidity), with
red grapes containing less anthocyanins. Wines from
these grapes will lack freshness and aromatic complexity.
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Adaptations to higher temperatures encompass all changes
in plant material or modifications in viticultural techniques
with the purpose of delaying ripeness.

Later ripening variefies

In all traditional winegrowing regions in Europe, growers
have planted varieties that ripen between 10 September
and 10 October under local climatic conditions. This is
the case for Riesling in the Rheingau; Chardonnay and
Pinot Noir in Burgundy; Merlot, Cabernet Franc and
Cabernet Sauvignon in Bordeaux; Grenache and Carignan
in Languedoc; Tempranillo in La Rioja; Sangiovese in
Tuscany; Nebbiolo in Barolo; Touriga Nacional in Douro
and Monastrell (Mourvédre) in Alicante. Now that temper-
atures have increased, traditional varieties may move out
of the ideal ripening window with detrimental effects
on wine quality. In this context, one potential adapta-
tion to a changing climate is to plant later ripening varie-
ties. The Ecophysiology et Génomique Fonctionelle de la

Vigne research unit (EGFV) from the Institut des Sciences 8 é é é é é
de la Vigne et du Vin (ISVV) near Bordeaux planted the
VitAdapt vineyard experiment in 2009, where 52 varie-
ties are planted with five replicates to study physiology,
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Figure 7. Box-plot of observed mid-veraison dates of varieties planted in the VitAdapt experiment
(average day of the year from four replicates per variety over the period 2012-2018)

phenology, ripening dynamics and wine quality (by small-scale vinifi- 240

cations) to assess how these varieties behave differently in a warming

climate (Destrac-Irvine and van Leeuwen 2016). The experimental 20

set-up includes later ripening varieties from warm locations like

Touriga Nacional, Tinto Cio (Portugal, red varieties) and Assyrtiko 200

(Greece, white variety; Figure 6). Data from this vineyard shows %

average veraison dates (2012 to 2018) spanning over 34 days, demon- i 180

strating the extent to which later ripening can be achieved by simply §

changing the variety (Figure 7). % 160
In European wine appellations, the choice of varieties is regulated 7]

to allow only varieties that perform best in terms of quality and 140

typicity under local climatic conditions. Under a changing climate,

however, these regulations will need to be modified. Recently seven 120

new varieties, including Touriga Nacional, were accepted for planting

in up to 5% of area in Bordeaux winegrowing estates to allow testing 100

oSept  16Sept 23 Sept
Figure 8. Sugar accumulation dynamics in 2013 from a private clonal selection
program on Cabernet Franc. A — J represent 10 different clones (van Leeuwen et al.

2013)

with full-scale vinifications. This percentage may be increased if the 12 August 19 August 20 August 2 Sept

experiments are conclusive. The choice of the varieties allowed for
testing was based directly on results from the VitAdapt experiment.
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Later ripening clones

Within a given variety a certain level of genetic variability exists,
referred to as clonal variability. Historically, clones have been
selected for traits such as high productivity, early ripening and high
sugar content in grapes. In the context of a changing climate it may
be preferable to select new clones with the opposite characteristics.
Sugar accumulation dynamics vary among clones, as shown from an
example of a clonal selection trial on Cabernet Franc (van Leeuwen et
al. 2013; Figure 8). At ripeness, differences in grape sugar concentra-
tion among clones can be more than 17 g/L (1% potential alcohol). In
the same clonal collection, differences in mid-veraison dates ranged
from six to nine days depending on the vintage (data not shown).

Later ripening rootstocks

Rootstocks can influence the phenology of the grafted scion. Some
rootstocks induce earlier phenology and ripening, while others
induce a longer cycle (Bordenave et al. 2014; van Leeuwen and Destrac
2017). Precise data on this effect is scarce in scientific literature. In
2015 the GreffAdapt experiment was planted by the EGFV research
unit from the ISVV. In this project, 55 rootstocks are phenotyped with
five different scions in field conditions. Each combination is planted
with three replicates (Marguerit et al. 2019). Over the coming years
this experimental vineyard will yield precise information regarding
whether and how rootstocks may induce differences in grapevine
phenology and the timing of ripeness.

Increasing trunk height

Trunk heights determine the distance from the soil to the grapes
and can vary according to training systems from 30 cm to over one
metre. Maximum temperatures are higher close to the soil and the
resulting vertical temperature gradient can be used to fine-tune the
microclimate in the bunch zone through variations in trunk height.
In Bordeaux, where the climate historically has been marginal for
ripening Cabernet Sauvignon, growers planted this variety on warm
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Figure 9. A. Temperature sensors installed at 30, 60, 90 and 120 cm heights in a
vineyard in Saint-Emilion (France). B. Variations in Canopy Winkler Index between 30
and 120 cm in height

gravel soils and trained the vines with short trunks to have the
bunches as close as possible to the soil. In warmer climatic condi-
tions as caused by climate change, the temperatures may be too high
close to the soil surface, in particular for early ripening varieties in the
Bordeaux context like Sauvignon Blanc and Merlot. An experiment
was set up in the Saint-Emilion winegrowing region where tempera-
ture sensors were installed at 30, 60, 90 and 120 cm on vine posts
with three replicates in four different vineyard blocks (Figure 9A).
The Winkler Index as measured in these canopies was 60 degree days
lower at 120 cm compared to 30 cm (Figure 9B). Based on a 19°C
average temperature (which corresponds to 9°C above a base of 10°C)
this difference may induce a delay of seven days in grape ripening.

Reducing leaf area to fruit weight ratio

A leaf area to fruit weight ratio (LA:FW) of at least 1 m?/kg of fruit is
generally considered as necessary to ensure optimum ripening condi-
tions and in particular sugar accumulation (Kliewer and Dokoozlian
2005). Reducing LA:FW ratios can considerably delay veraison and
sugar accumulation in grapes, with limited effect on total acidity
(Parker et al. 2014, 2015). Lower LA:FW ratios, however, adversely
affect anthocyanin accumulation in grapes, which makes this technique
more applicable in white wine production than red wine production.

Late pruning

When winter pruning is carried out late, budbreak is delayed by a
few days (Friend and Trout 2007). However, differences tend to
become smaller for subsequent phenological stages. Maturity is more
substantially delayed when vines are pruned a second time, well after
budburst (Fiend and Trout 2007; Martinez-Moreno et al. 2019). This
technique, however, is still experimental and long-term carry-over
effects on vigour need to be studied.

Moving to higher altitudes

In mountainous areas, temperatures decrease by 0.65°C per 100 m
of elevation. If other vineyard adaptations are not adequate, and if
topography permits (Douro, Portugal; Mendoza, Argentina), moving
vineyards to higher altitudes can be an effective adaptation to a
warming climate. In Mendoza, varieties are grown according to the
altitude—in very warm conditions at 800 m above sea level (a.s.l.)
entry-level wines are produced from high-yielding vines. Finer wines
are produced from Malbec and Cabernet Sauvignon planted at 1,100
m a.s.]. and early ripening Chardonnay and Pinot Noir planted at
1,500 m a.s.l. Moving vineyards to higher elevations, however, may
have detrimental environmental effects associated with disruption to
wildlife habitat and ecosystem services, which need to be considered
(Hannah et al. 2013).

Combination of adaptations

The previously mentioned changes in plant material and viticultural
techniques can be progressively implemented. Some of them do not
require major changes in viticultural management (e.g. late pruning),
while others may involve replanting vineyards with a potential change
in wine typicity (e.g. change of varieties). To a certain extent, these
techniques can be combined, but further research is needed to assess
if the delaying effect of combining several techniques is additive.
Overall, depending on the rate of climate warming, such adaptations
should be effective for decades to come, except perhaps for already
very hot winegrowing areas.

Adaptations to increased drought

Water deficits reduce yield but, except in situations of severe stress,
can have a positive effect by promoting red wine quality. The produc-
tion of high-quality white wines requires mild water deficits. With
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increasing water deficits as a consequence of climate change, yields
are negatively impacted, decreasing profitability of wine production.
Hence, adaptations to drier growing conditions is becoming increas-
ingly pertinent in viticulture worldwide. The vine is a highly drought-
resistant species. In the Mediterranean basin there are thousands of
years of experience growing vines in warm and dry conditions. In a
context where water is an increasingly scarce resource it is important
to take advantage of this expertise. Potential adaptations to increased
drought include the use of drought-resistant plant material, the imple-
mentation of specific training systems, locating vineyards where soils
have greater soil water-holding capacity, and possible use of irrigation.

Drought-resistant rootstocks
Since phylloxera reached Europe in the second half of the 19 century,
most vines in the world are grafted on rootstocks. Rootstocks vary

Table 1. Drought tolerance among rootstocks (adapted from Ollat et al. 2015)

Usual Phylloxera Water stress
Rootstocks name resistance adaptation
Riparia Gloire de . . High to Very
Montpellier Riparia Gloire High Low
. Low to
Grézot 1 G1 Medium Low
Foéx34 Ecolede |3,y High Low to Medium
Montpellier
Millardet et de ) )
Grasset 420 A 420 A High Very Low to Medium
Kober-Téléki 5 BB S5 BB High Low to Medium
Teleki 5 C 5C High Low to Medium
Couderc 1614 1616 C High Low to Medium
gi%?_;z:s du Lot (St. Rupestris mgﬂium to Low to Medium
Millardet et d ) )
Craseot 10112 101-14 MGt High Very Low to Medium
) Very Low to High;
Couderc 3309 3309 C High mostly Low to Medium
Téléki-Fuhr Selection ) Very Low to High;
Oppenheim n°4 o4 High mostly Low to Medium
Téleki 8 B 8B High Low to Medium
Dog Ridge Dog Ridge High Very Low to High
Schwarzmann Schwarzmann E:SE to Very Very Low to Medium
Couderc 1613 1613C powto Low to Medium
Couderc 161-49 16149 C High Low to Medium
Kober-Téléki 125 AA | 125 AA High Medium
Millardet et de 218 Medium to Very Low to High,
Grasset 41B High mainly Medium
Castel 216-3 216-3Cl High Medium
Fercal INRA Bordeaux | Fercal mgﬂium to Medium
Gravesac INRA High to Very X
Bordeaux Gravesac High Medium
Freedom Freedom Medium to Medium
High
Harmony Harmony k?;iﬁ?m Medium to High
Foéx 333 Ecole de Medium to Low to High, mainly
Montpellier B High Medium to High
Richter 99 99R High Medium to Very High
Bérmer Bérner Very High High
Castel 196-17 196-17 Cl kﬂ"e":iffm Medium to High
Georgikon 28 Georgikon 28 High High
Malégue 44-53 44-53 M High Medium to Very High
Ramsey Ramsey High Medium to Very High
Paulsen 1103 1103 P High High to Very High
Paulsen 1447 1447 P High High to Very High
Richter 110 110R High High to Very High
Ruggeri 140 140 Ru High High to Very High

considerably in their ability to resist drought. Several authors have
addressed this issue (Carbonneau 1985) and recently a compilation
was made by Ollat et al. 2015 (Table 1). Physiological mechanisms
behind drought tolerance in rootstocks (as measured on the scion)
were studied by Marguerit et al. (2012). This issue will be further
investigated in field conditions in the GreffAdapt experiment in the
EGFV research unit in Bordeaux (Marguerit et al. 2019). The use of
drought-resistant rootstocks to sustain yields and avoid quality losses
from excessive water stress is a powerful and environmentally friendly
adaptation to increased drought, and once planted such rootstocks do
not increase production costs.

Drought-resistant varieties

Grapevine varieties are highly variable in their tolerance to drought
(Chaves et al. 2007). This may be linked to the way different varieties
regulate their water potential in response to increasing atmospheric
demand and decreasing soil water content. Some varieties appear
to control their water potential more closely (isohydric behaviour)
under drought conditions (Schultz 2003), although the characteri-
sation of this response has recently been challenged (Charrier et al.
2018).

The way varieties modify their water use efficiency in response to
drought is another useful indication of varietal drought tolerance. At
the leaf level, water use efficiency is the amount of carbon assimi-
lation (i.e. carbohydrates produced by photosynthesis) for a given
amount of transpiration through the stomata (i.e. water loss). At
the plant level, it is the yield of grapes and change in vine biomass
compared to the amount of water consumed by the vine over the
season (Tomads et al. 2012). Clonal differences in water use efficiency
have been observed (Tortosa et al. 2016) and may be a useful tool for
assessing the drought tolerance of different varieties. Analysing the
carbon isotope discrimination in grape berry juice sugars provides an
integrative measure of the water use efficiency of a grapevine over the
course of the berry ripening period (Bchir et al. 2016). A comparison
of changes in carbon isotope discrimination (i.e. water use efficiency)
between wet versus dry years can help characterise the drought resist-
ance of different varieties.

Most grapevine varieties originating from the Mediterranean basin
(Grenache, Cinsault, Carignan) are considered drought tolerant,
while varieties like Merlot, Tempranillo or Sauvignon Blanc are
not. Some local varieties from Mediterranean islands, like Xinisteri
from Cyprus are reported to have a very high drought resistance and
deserve experimentation outside this original region of production
(Manganaris, pers. comm.). A study of the underlying physiological
mechanisms of drought resistance is currently being undertaken in
the VitAdapt projects (EGFV research unit, ISVV Bordeaux; Gowdy
et al. 2019). Planting drought-resistant varieties in dry environments
is a logical step in adapting to climate change, and therefore these
varieties deserve increased attention.

Training systems

Over centuries, winegrowers in the Mediterranean basin have devel-
oped a training system which is particularly resistant to drought and
high temperatures: the so-called Mediterranean goblet or bush vine.
With this training system it is possible to dry farm vines in extremely
dry environments, down to a mere 350 mm of rainfall/year. Although
goblet-trained vines generally produce low yields, they are easy to
cultivate at reduced production costs on a per hectare basis. Despite
low yields, production costs expressed on a per kilogram basis are not
necessarily high. They present the drawback, however, of being diffi-
cult to harvest by machine. If harvesting goblet-trained vines could
be mechanised, this would further reduce production costs for this
otherwise drought-resistant training system.
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An alternative solution to increasing the drought resistance of a
vineyard is to increase row spacing. Row spacing is traditionally high
in regions where water deficit is not a major issue, like Bordeaux,
Champagne and Burgundy (France). Close row spacing optimises
sunlight interception, which allows the production of high-quality
wines at moderately high yields. When water is, or becomes, a limiting
factor, close row spacing increases water use because sunlight inter-
ception is providing the driving energy for transpiration. The effect of
row spacing on water balance was recently modelled by van Leeuwen
et al. (2019) for three row spacings (2 m = 5,000 vines/ha; 3 m = 3,333
vines/ha and 4 m = 2,500 vines/ha) and three levels of total trans-
pirable soil water (TTSW), a concept similar to soil water-holding
capacity (Lebon et al. 2003). The output of the water balance model
is the fraction of transpirable soil water (FTSW), where the lower
the FTSW, the greater the water deficit experienced by the vines.
The output of the water balance modelling demonstrated that vine
spacing had an important effect on water balance and water avail-
ability during grape ripening, except when TTSW was already low
(Figure 10). It should be noted that increased vine spacing reduces
both yield (and related revenue) and production costs, with profita-
bility depending on the trade-off between these two effects. Modelling
found production cost savings outweighing yield-related revenue loss
when producing lower-value grapes, while the opposite was true for
production of higher-value grapes (van Leeuwen et al. 2019).

Soil water-holding capacity

TTSW or soil water-holding capacity has a major impact on vine
water status. In the analysis described above and presented in Figure
10, average FTSW for the 30 days prior to modelled harvest is 0.43,
0.26 and 0.19 for TTSW of 300 mm, 200 mm and 100 mm respec-
tively. Note that vines do not face any water deficit when FTSW is
between 1.00 and 0.40 and that water deficits are increasingly intense
for FTSW between 0.40 and 0.00 (Lebon et al. 2003). TTSW depends
on soil type (texture and content in coarse elements) as well as rooting
depth. In dry climates it makes sense to plant vineyards in soils with
at least medium TTSW. Rooting depth can be promoted by thorough
soil preparation, such as deep ripping.

Irrigation

To avoid yield losses due to drought, irrigation is also an option
when adequate water resources are available. Vineyard irrigation
is not a historical technique in the Mediterranean basin, where the
vast majority of vines are still dry farmed. Although the acreage of
irrigated vineyards is increasing, it is likely that there will never be
enough water to irrigate the total area which is currently under vines.
Hence, dry farming should be considered as a precious skill, of which
the underlying mechanisms need to be better understood. Another
drawback of irrigation is that in some situations (in particular when
winters are dry), it can lead to increased soil salinity, which results in
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Figure 10. Modelled average fraction of transpirable soil water (FTSW) during 30 days
prior to modelled harvest dates for three vine spacings (2 m, 3 m and 4 m) and three levels
of total transpirable soil water (100 mm, 200 mm and 300 mm). Input weather data from

1981-2010, Bordeaux Mérignac weather station
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reduced long-term suitability of vineyard soils for cultivation.

When irrigation is chosen as a technique for vineyard manage-
ment in dry climates, consideration must also be given to the poten-
tial negative impacts on regional surface and groundwater resources,
including the effect on other potential users of water and the
surrounding environment. If irrigation is implemented, techniques
such as deficit irrigation should be used with precise vine water
status monitoring (e.g. by measuring stem water potential) in order
to limit, as much as possible, the amount of irrigation water applied.
However, even with finely tuned irrigation management, the blue
water footprint of an irrigated vineyard is generally at least 100 times
higher than a dry farmed vineyard.

Conclusion

Due to climate change, vines are facing increasingly warm and dry
growing conditions. The vine is, however, a plant of Mediterranean
origin which is well adapted to these conditions. But higher temper-
atures shift phenology and the ripening period to a time in the
season which is less favourable for the production of quality wine
and increasingly dry conditions lead to yield reduction. In some
situations this improves wine quality, in particular in the produc-
tion of red table wines, while excessive water stress may jeopardise
wine quality. Adaptations to climate change include modifications
in plant material and viticultural techniques which delay phenology
and grape ripening and increase drought tolerance. The use of late-
ripening and drought-resistant plant material (varieties, clones and
rootstocks) is an environmentally friendly and cost-effective tool for
adaptation. The vast genetic diversity in vines for these traits consti-
tutes a precious resource to continue to produce high-quality wines
with sustainable yields in a changing climate.

References

Bchir, A.; Escalona, J.M.; Gallé, A.; Hernindez-Montes, E.; Tortosa, 1.;
Braham, M.; Medrano, H. (2016) Carbon isotope discrimination (§"*C)
as an indicator of vine water status and water use efficiency (WUE):
Looking for the most representative sample and sampling time. Agric.
Water Manag. 167: 11-20.

Bordenave, L.; Tandonnet, J.P; Decroocq, S.; Marguerit, E.; Cookson, S.J.;
Esmenjaud, D.; Ollat, N. (2014) Wild Vitis as a germplasm resource
for rootstocks. In: Exploitation of autochtonous and more used vines
varieties — Oenoviti International Network meeting. 3 November;
Geisenheim, Germany.

Carbonneau, A. (1985) The early selection of grapevine rootstocks for
resistance to drought conditions. Am. J. Enol. Vitic. 36: 195-198.

Charrier, G.; Delzon, S.; Domec, J.-C.; Zhang, L.; Delmas, C., Merlin I;
Corso, D.; Ojeda, H.; Ollat, N.; Prieto, J.; Scholash, T.; Skinner, P; van
Leeuwen, C.; Gambetta, G. (2018) Drought will not leave your glass
empty: Low risk of hydraulic failure revealed by long-term drought
observations in world’s top wine regions. Sci. Adv. 4(1): eaa06969.

Chaves, M.; Santos, T; Souza, C.; Ortuiio, M.; Rodrigues, M.; Lopes, C.;
Maroco, J; Pereira, J. (2007) Deficit irrigation in grapevine improves
water-use efficiency while controlling vigour and production quality.
Ann. Appl. Biol. 150: 237-252.

Destrac-Irvine, A; van Leeuwen, C. (2016) VitAdapt: an experimental
program to study the behavior of a wide range of Vitis vinifera varieties
in a context of climate change in the Bordeaux vineyards. Ollat, N. (ed.)
Proceedings of the conference Climwine, sustainable grape and wine
production in the context of climate change. 11-13 April, Bordeaux:
165-171.

Duchéne, E.; Schneider C. (2005) Grapevine and climatic change: a glance
at the situation in Alsace. Agron. Sustain Dev. 25: 93-99.

Friend, A.; Trought M. (2007) Delayed winter spur-pruning in New
Zealand can alter yield components of Merlot grapevines. Aust. J.
Grape Wine Res. 13: 157-164.

Gowdy, M.; Destrac, A.,; Marguerit, E.; Gambetta, G.; van Leeuwen C.
(2019) Carbon isotope discrimination berry juice sugars: changes in
response to soil water deficits across a range of Vitis vinifera cultivars.
Koundouras, S. (ed.) Proceedings of the 21% International GiESCO
meeting. 24-28 June, Thessaloniki, Greece: 813-814.

PROCEEDINGS e SEVENTEENTH AUSTRALIAN WINE INDUSTRY TECHNICAL CONFERENCE » 21-24 JULY 2019 33



VAN LEEUWEN ET AL

Guilpart, N.; Metay, A.; Gary C. (2014) Grapevine bud fertility and
number of berries per bunch are determined by water and nitrogen
stress around flowering in the previous year. Eur. ]. Agron. 54: 9-20.

Hannah, L.; Roehrdanz, PR; Tkegami, M.; Shepard, A.V;; Shaw, M.R;;
Tabor, G.; Zhi, L.; Marquet, P.A ; Hijmans, R.]. (2013) Climate change,
wine, and conservation. Proceedings of the National Academy of
Sciences 110(17): 6907-6912.

Helwi, P; Guillaumie, S.; Thibon, S.; Keime, C.; Habran, A.; Hilbert, G.:
Gomes, E.; Darriet, P; Delrot, S.; van Leeuwen C. (2016) Vine nitrogen
status and volatile thiols and their precursors from plot to transcrip-
tome level. BMC Plant Biol. 16: 173.

IPCC (2014) Climate Change 2014. Synthesis Report. Contribution
of working groups I, II and III to the fifth assessment report of the
Intergovernmental Panel on Climate Change. Core writing team;
Pachauri, R.K; Meyer, L.A.; (eds) IPCC; Geneva, Switzerland: 151 p.

Jones, G.; White, M.; Cooper, O.; Storchmann, K. (2005) Climate change
and global wine quality. Clim. Change 73: 319-343.

Kliewer, W.; Dokoozlian, N. (2005) Leaf area/crop weight ratios of grape-
vines: influence on fruit composition and wine quality. Am. J. Enol.
Vitic. 56: 170-181.

Lebon, E.; Dumas, V;; Pieri, P; Schultz, H. (2003) Modelling the seasonal
dynamics of the soil water balance of vineyards. Funct. Plant Biol. 30:
699-710.

Le Menn, N; van Leeuwen, C; Picard, M.; Riquier, L.; de Revel G
Marchand, S. (2019) Effect of vine water and nitrogen status, as well as
temperature, on some aroma compounds of aged red Bordeaux wines.
J. Agric. Food Chem. 67: 7098-7109.

Marguerit, E.; Brendel, O; Lebon, E.; Decroocg, S.; van Leeuwen, C.; Ollat
N (2012) Rootstock control of scion transpiration and its acclimation
to water deficit are controlled by different genes. New Phytologist
194(2): 416-429.

Marguerit, E.; Lagalle, L.; Lafargue, M.; Tandonnet, J.-P; Goutouly, ].-P;
Beccavin, L; Roques, M.; Audeguin, L.; Ollat, N. (2019) GreffAdapt: a
relevant experimental vineyard to speed up the selection of grapevine
rootstocks. Koundouras, S. (ed.) Proceedings of the 21st International
GiESCO meeting. 24-28 June, Thessaloniki, Greece: 204-208.

Martinez-Moreno, A.; Sanz, E; Yeves, A.: Gil-Muifioz, R.; Martinez, V.
Intrigliolo, D; Buesa, L. (2019) Forcing bud growth by double-pruning asa
technique to improve grape composition of Vitis vinifera L. cv. Tempranillo
in a semi-arid Mediterranean climate. Sci. Hortic. 256: 108614.

Matthews, M.; Anderson, M. (1988) Fruit ripening in Vitis vinifera L.:
responses to seasonal water deficits. Am. J. Enol. Vitic. 39(4): 313-320.

Mira de Ordufia R. (2010) Climate change associated effects on wine
quality and production. Food Res. Int. 43: 1844-1855.

Ojeda, H.; Andary, C; Kraeva, E; Carbonneau, A; Deloire, A. (2002)
Influence of pre- and postveraison water deficit on synthesis and
concentration of skin phenolic compounds during berry growth of
Vitis vinifera cv. Syrah. Am. ]. Enol. Vitic. 53: 261-267.

Ollat, N; Peccoux, A.; Papura, D; Esmenjaud, D.; Marguerit, E;
Tandonnet, J.-P; Bordenave, L.; Cookson, S.; Barrieu, E; Rossdeutsch,
L; Lecourt, J; Lauvergeat, V.; Vivin, P; Bert, P-E; Delrot, S. (2015)
Rootstock as a component of adaptation to environment. In: Grapevine
in a changing environment: a molecular and ecophysiological perspec-
tive. Geros, H.; Chaves, M.; Medrano, H.; Delrot, S. (eds) John Wiley
& Sons, Ltd: 68-108.

Ollat, N.; van Leeuwen, C.; Garcia de Cortdzar-Atauri, I.;Touzard, J.-M.
(2017) The challenging issue of climate change for sustainable grape
and wine production. OENO One 51(2): 59-60.

Ollé, D.; Guiraud, ].L.; Souquet, ].M.; Terrier, N.; Ageorges, A.; Cheynier,
V.; Verries, C. (2011) Effect of pre-and post-veraison water deficit on
proanthocyanidin and anthocyanin accumulation during Shiraz berry
development. Aust. J. Grape Wine Res. 17: 90-100.

Parker, A.; Garcia de Cortdzar-Atauri, I.; van Leeuwen; Chuine L. (2011)
General phenological model to characterise the timing of flowering and
veraison of Vitis vinifera L. Aust. ]. Grape Wine Res. 17(2): 206-216.

Parker, A.; Garcia de Cortazar-Atauri, I.; Chuine, 1.; Barbeau, G.; Bois, B.:
Boursiquot, J.-M.; Cahurel, J.-Y.; Claverie, M.; Dufourcq, T.; Gény, L;
Guimberteau, G.; Hofmann, R;; Jacquet, O.; Lacombe, T;; Monamy, C;
Ojeda, H.; Panigai, L.; Payan, ].-C.; Rodriquez-Lovelle, B.; Rouchaud,
E.; Schneider, C;; Spring, J.-L.; Storchi, P;; Tomasi, D.; Trambouze, W;
Trought, M.; van Leeuwen C. (2013) Classification of varieties for their
timing of flowering and veraison using a modelling approach. A case
study for the grapevine species Vitis vinifera L. Agric. For. Meteorol.
180: 249-264.

Parker, A.; Hofmann, R;; van Leeuwen, C.; McLachlan, A; Trought M.
(2014) Leaf area to fruit mass ratio determines the time of veraison in

Sauvignon blanc and Pinot noir grapevines. Aust. ]. Grape Wine Res.
20: 422-431.

Parker, A;; Hofmann, R; van Leeuwen, C.; McLachlan, A.; Trought,
M. (2015) Manipulating the leaf area to fruit mass ratio alters the
synchrony of soluble solids accumulation and titratable acidity of
grapevines: implications for modelling fruit development. Aust. J.
Grape Wine Res. 21: 266-276.

Parker, A.; Garcia de Cortdzar-Atauri, I; Gény, L.; Spring, J.-L.; Destrac,
A; Schultz, H;; Stoll, M.; Molitor, D.; Lacombe, T.; Graga, A.; Monamy,
C; Storchi, P; Trought, M.; Hofmann, R;; van Leeuwen, C. (2019)
The temperature based Grapevine Sugar Ripeness (GSR) model for
adapting a wide range of Vitis vinifera L. cultivars in a changing climate.
Koundouras, S. (ed.) Proceedings of the 21% International GiESCO
meeting. 24-28 June; Thessaloniki, Greece: 303-308.

Petrie, P; Sadras, V. (2008) Advancement of grapevine maturity in
Australia between 1993 and 2006: putative causes, magnitude of trends
and viticultural consequences. Aust. J. Grape Wine Res. 14: 33-45.

Peyrot des Gachons, C.; van Leeuwen, C; Tominaga, T.; Soyer, ].-P;
Gaudillere, J.-P; Dubourdieu, D. (2005) Influence of water and nitrogen
deficit on fruit ripening and aroma potential of Vitis vinifera L. cv
Sauvignon blanc in field conditions. J. Sci. Food Agric. 85(1): 73-85.

Picard, M.; van Leeuwen, C.; Guyon, E; Gaillard, L; de Revel, G;
Marchand, S. (2017) Vine water deficit impacts aging bouquet in fine
red Bordeaux wine. Front. Chem. 5: 56.

Pons, A; Allamy, L.; Schiittler, A;; Rauhut, D.; Thibon, C.; Darriet P.
(2017) What is the expected impact of climate change on wine aroma
compounds and their precursors in grape? OENO One 51(2): 141-146.

Schultz, H.R. (2000) Climate change and viticulture: a European perspec-
tive on climatology, carbon dioxide and UV-B effects. Aust. J. Grape
Wine Res. 6: 2-12.

Schultz, H.R. (2003) Differences in hydraulic architecture account for
near-isohydric and anisohydric behaviour of two field grown Vitis
vinifera L. cultivars during drought. Plant Cell Environ. 26: 1393-1405.

Sgubin, G.; Swingedouw, D.; Dayon, G.; Garcia de Cortdzar-Atauri,
L; Ollat, N.; Pagé, C; van Leeuwen, C. (2018) The risk of tardive
frost damage in French vineyards in a changing climate. Agr. Forest
Meteorol. 250-251: 226-242.

Storchmann, K. (2016) Introduction to the special issue devoted to wine
and climate change. ]. Wine Econ. 11: 1-4.

Tomads, M.; Medrano, H.; Pou, A.; Escalona, J. M.;: Martorell, S.; Ribas-
Carbo, M,; Flexas, J. (2012) Water-use efficiency in grapevine cultivars
grown under controlled conditions: Effects of water stress at the leaf
and whole-plant level. Aust. ]. Grape Wine Res. 18(2): 164-172.

Tortosa, 1.; Escalona, J.; Bota, J.; Tomas, M.; Hernandez, E.: Escudero,
E.; Medrano, H. (2016) Exploring the genetic variability in water use
efficiency: Evaluation of inter and intra cultivar genetic diversity in
grapevines. Plant Sci. 251: 35-43.

Triolo, R.; Roby, ].-P; Pisciotta, A.; Di Lorenzo, R.; van Leeuwen, C. (2019)
Impact of vine water status on berry mass and berry tissue develop-
ment of Cabernet franc (Vitis vinifera L.) assessed at berry level. J. Sci
Food Agric. 99(13): 5711-5719.

van Leeuwen, C.; Darriet P. (2016) The impact of climate change on
viticulture and wine quality. ]. Wine Econ. 11: 150-167.

van Leeuwen, C.; Destrac A. (2017) Modified grape composition under
climate change conditions requires adaptations in the vineyard. OENO
One 51(2): 147-154.

van Leeuwen, C.; Friant, Ph.; Chone, X; Tregoat, O.; Koundouras, S.;
Dubourdieu D. (2004) Influence of climate, soil and cultivar on terroir.
Am. J. Enol. Vitic. 55(3): 207-217.

van Leeuwen, C.; Pieri, P; Gowdy, M.; Ollat, N.; Roby C. (2019) Reduced
density is an environmental friendly and cost effective solution to
increase resilience to drought in vineyards in a context of climate
change. OENO One 53(2): 129-146.

van Leeuwen, C; Roby, J.-P; Alonso-Villaverde, V.; Gindro, K. (2013)
Impact of clonal variability in Vitis vinifera Cabernet franc on grape
composition, wine quality, leaf blade stilbene content and downy
mildew resistance. J. Agric. Food Chem. 61(1): 19-24.

van Leeuwen, C.; Roby, J.-P; de Rességuier L. (2018) Soil related terroir
factors, a review. OENO One 52: 173-188.

van Leeuwen, C.; Seguin, G. (2006) The concept of terroir in viticulture.
J. Wine Res. 17(1): 1-10.

van Leeuwen C.; Trégoat, O.; Choné, X; Bois, B; Pernet, D.; Gaudillére,
J.-P. (2009) Vine water status is a key factor in grape ripening and
vintage quality for red Bordeaux wine. How can it be assessed for
vineyard management purposes? J. Int. Sci. Vigne Vin 43(3): 121-134.

34 PROCEEDINGS = SEVENTEENTH AUSTRALIAN WINE INDUSTRY TECHNICAL CONFERENCE = 21-24 JULY 2019



