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Viticulture is a complex and dynamic system, where climate is a key environmental component of plant suitability and productivity. From ﬁeld to farm level, climate also plays a prominent role in ongoing practices,
shaping winegrowers’ decision making and adaptive management. With a changing climate, the wine sector
faces many environmental and socio-economic challenges, to which winegrowers are required to adapt. Given
the perennial nature of grape growing, there is a need to develop strategies that deal with both short- and longterm climate changes, while likewise accounting for contextual vulnerability. The content of this article aims to
provide an overview of climate-driven scales, outlining the spatial complexity and temporal dynamics in viticulture. In addressing these aspects, this literature review oﬀers a framework of scale and cross-scale interactions
for policymakers and stakeholders to use when considering responses to attenuate climate change and to reduce
its impacts on grape and wine production. The article concludes by discussing the local and context-dependent
nature of viticulture in a changing global climate, by emphasizing that the question of scale is fundamental to
assessing expected impacts, understanding uncertainty and framing sustainable policies and responses over
space and in time.

1. Introduction
Cultivated and shaped by human uses for many centuries, the
grapevine (Vitis vinifera L.) has a rich geographical spread, covering
more than seventy countries today (OIV, 2018). Given the genetic diversity found in grapevine varieties (This et al., 2006), it can be grown
in diverse climates, ranging from Mediterranean (e.g. Mediterranean
Basin) to continental (e.g. Hungary), oceanic (e.g. New Zealand), dry
subtropical (e.g. Argentina) and humid subtropical conditions (e.g.
Uruguay). Over these geographical areas, long-term climate structures
inﬂuence regional grape growing and winemaking potential (Tonietto
and Carbonneau, 2004), while seasonally, aﬀects grape productivity
and wine quality (Salinger et al., 2015; Real et al., 2017). Many studies
have demonstrated this central role of climate on vine parameters such
as perennial biomass, yield and berry composition (Buttrose et al.,
1971; Coombe, 1987; Jackson and Lombard, 1993; Jones and Davis,
2000; Van Leeuwen et al., 2004). As wine structure and ﬂavour are
much dependent on grape attributes (Cadot et al., 2012; Bindon et al.,
2013), any climate changes impact wine quality and volume produced,
resulting in considerable eﬀects on the economic viability of the wine
sector (Haeger and Storchmann, 2006; Ashenfelter and Storchmann,

⁎

2016). For example, world wine production was 8.2% lower in 2017,
than compared with 2016, particularly in the European Union following an extreme frost event in April (OIV, 2017). Viticulture is
therefore highly sensitive to changing climate conditions, both temporally and spatially (Jones and Webb, 2010).
Although until the year 2000, few studies about climate change and
its impacts on viticulture emerged (Dry, 1988; Smart, 1989; Kenny and
Harrison, 1992; Bindi et al., 1996), this topic has received much attention in recent years. Across wine growing regions, climate change
has essentially resulted in regional warming (Jones et al., 2005; Cook
and Wolkovich, 2016), and to some extent, though less spatially coherent and statistically signiﬁcant, in greater variability in seasonal
rainfall (Laget et al., 2008; Ramos et al., 2015). In response to increasing temperatures and declining soil water contents (Webb et al.,
2012), grapevine phenology has shifted earlier by several days (Jones
and Davis, 2000; Tomasi et al., 2011), while a warmer ripening period
has resulted in changes in berry composition, increased alcohol contents and altered wine sensory proﬁles (Orduna, 2010; Neethling et al.,
2012). With climate playing a key role in viticulture, a changing climate
raises many questions ranging from regional wine quality and style to
issues such as geographical shifts in suitable grapevine varieties and
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production areas over the long term (Schultz and Jones, 2010; Ollat
et al., 2016). Vineyards planted over the next decade, and remaining
economically productive for many years, are likely to be exposed to
unprecedented climate conditions (Mora et al., 2013). Adjusting grape
growing and winemaking practices and techniques are therefore an
immediate priority to attenuate climate change and to reduce its impacts (Van Leeuwen and Darriet, 2016).
When addressing these issues, one of the key challenges is strategically planning mitigation eﬀorts and adaptation measures across and
within diﬀerent sectors and scales (Tol, 2005). Firstly, they act at different time periods, where for instance the beneﬁcial eﬀects of mitigation eﬀorts may take many years to emerge (Meehl et al., 2012).
Secondly, despite the global extent of climate change (IPCC, 2014), the
relevant factors and processes that contribute to increasing greenhouse
gases or the consequences of a changing climate are local and contextdependent in nature, varying from one location to another (Mimura
et al., 2014). Hence, the question of scale is central to understanding
the challenges, or even the opportunities, brought by a changing climate (O’Brien et al., 2004). For viticulture, the understanding of scale
and cross-scale interactions is speciﬁcally important as produced wines
are the result of complex interactions between physical, biological and
human factors (Van Leeuwen and Seguin, 2006), taking place at different levels and times, known as the components of terroir (OIV,
2010). The content of this article aims to provide an overview of climate-driven scales, outlining the spatial complexity and temporal dynamics in viticulture. In the context of climate change mitigation and
adaptation, the article concludes with a discussion of the implications
of this literature review on assessing expected impacts, understanding
uncertainty and framing sustainable policies and responses in viticulture.

Fig. 1. Example of the schematic representation of the diﬀerent spatial levels of
viticulture for cv. Chenin blanc in the Loire Valley, France, from national to
ﬁeld level.

therefore dependent on these environmental processes, taking place at
diﬀerent spatial levels. As each level has its own attributes, it is important to understand what are the main inﬂuencing factors that
emerge (Willis and Whittaker, 2002), while also knowing that spatial
heterogeneity becomes increasingly important at ﬁner scales (Quénol,
2014).
2.1. Global level
Apart from a few exceptions (e.g. Brazil, India), the main wine
producing regions are roughly located between latitudes 30 to 50 degrees, in both hemispheres. This geographical distribution of wine
grape varieties is shaped by the spatial variability of large-scale macroclimatic conditions, which are strongly determined by the latitudinal
diﬀerences in solar energy intercepted at the surface of the earth
(Geiger et al., 1995; Ricklefs and Miller, 2005). As the equator receives
more incoming radiation during the year, the average annual temperature decreases with latitude, from the equator to the poles (Guyot,
1999). Consequently, it appears that favourable macroclimate conditions for cultivating grapevines are found between annual isotherms of
10 °C to 20 °C (De Blij, 1983; Spellman, 1999). Schultz and Jones (2010)
indicated that the geographical extension of viticulture is best represented by growing season isotherms of 12 °C to 22 °C. Regions with
seasonal average temperatures below 12 °C are unfavourable due to
short growing seasons and low amounts of sunshine hours and accumulated heat (Jones et al., 2012). In these areas, the high frequency and
intensity of extreme cold temperatures (e.g. winter or spring frosts) also
makes grapevine growing very diﬃcult. Conversely, in regions with
mean seasonal temperatures above 22 °C, grapevines are regularly exposed to very warm summers and extreme heat events. And depending
on the seasonal rainfall rhythm, they may also be subject to either very
arid conditions (e.g. North Africa), or very humid conditions where pest
and disease pressures are particularly high (e.g. Thailand). Regarding
the distribution of the most recognized cultivars (e.g. Cabernet Sauvignon), Jones (2006) also showed that the production of high quality
wines from these varieties is located between isotherms 13 °C and 21 °C.
While there are more than 6 000 wine grape varieties known (This
et al., 2006; Myles et al., 2011), 13 cover more than one-third of the
world's vineyard area and 33 varieties cover 50% (OIV, 2017).

2. Spatial complexity in viticulture
The concept of spatial scale is fundamental to viticulture (Vaudour,
2002). At large scales, it explains wine geography and varietal distribution, while at ﬁne scales, it accentuates the variability that exist
from one location to another, enhancing wine identity and diversity
(White et al., 2009). Since vine behaviour is much dependent on climate, the spatial description of viticulture closely follows its organizational structure (Asselin et al., 2001; Vaudour et Shaw, 2005), where
two aspects are vital. Firstly, climate has a multi-level structure of four
spatial scales with distinct features (Geiger et al., 1995): the macroclimate applying to a large geographical area (e.g. horizontal range
greater than 200 km); the mesoclimate corresponding to the climate of
a region of a variable size, ranging from 1 km to 200 km; the local
climate which is the climate of a smaller area; and lastly, the microclimate referring to a very small geographic unit (Fig. 1). The horizontal
or vertical boundaries of the four levels vary with the nature of the
underlying surface (Geiger et al., 1995). For instance, the local climate
has a horizontal distance of 10 km in a ﬂat area, while a characteristic
distance of 1 km in a mountain area (Guyot, 1999).
Secondly, the hierarchical organization of climate must be considered, as lower spatial levels (i.e. with a ﬁner spatial resolution) are
embedded or nested within higher levels (Ackerly et al., 2010; Quénol
and Bonnardot, 2014). The reason for this organization is related to the
functioning of the atmosphere, knowing that the same air mass will
generate similar weather patterns for an extended territory, and it is
certain that at a smaller spatial entity within this territory, common
climate features will be present (Geiger et al., 1995; Guyot, 1999). The
higher level therefore provides a climatic context that imposes conditions and constraints in a top-down approach towards lower levels (Wu
and David, 2002). Still, local terrain eﬀects (e.g. altitude and aspect)
lead to large climate variations at smaller scales (Geiger et al., 1995;
Quénol, 2014), which means that lower levels also impose climate
feedbacks that modify large-scale patterns, by following an upward or
bottom-up approach. The individual characteristics of the grapevine are

2.2. Regional level
The wine sector is growing every day with emerging wine regions
and markets. In response to an increasingly competitive global industry,
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2012) and Stellenbosch South Africa (Bonnardot et al., 2012). This
spatial heterogeneity in local climates is a critical element in viticulture, making it possible for winegrowers to mitigate the conditions
and constraints imposed by the zonal climate (Quénol, 2014). For example, air temperature generally decreases by 1 °C per 150 m increasing
elevation, except during thermal inversions (Guyot, 1999). In areas
with very warm regional climates, the eﬀects brought by ascending in
elevation are beneﬁcial for growing wine grapes, as in the Uco Valley
(1000 m–1200 m, Argentina), or the Central Valley of Tarija
(1600 m–2150 m, Bolivia). At higher altitudes, vines proﬁt from lower
temperatures, allowing slower berry maturation and higher concentrations in organic acidity (Miguel-Tabares et al., 2002). The light
intensity is also higher, favouring phenolic compound synthesis in red
varieties. Conversely, in cool climate regions, it is worth mentioning the
importance of slope orientation and inclination, the latter describing
the angle between orientation and incoming sunlight. In high latitude
regions of the northern hemisphere (e.g. Burgundy), south facing slopes
allow for a higher amount of solar radiation reaching the surface,
whereas the steeper slopes of esteemed plots (e.g. Burgundy crus) increases light and heat energy interception (Huggett, 2006; Jackson,
2008). Although steep slopes enlarge erosion risks, they enable cold air
to drain away during radiative frost events, a frequent event in high
latitude vineyards. Similarly, in warm and dry Mediterranean climates
(e.g. Western Cape South Africa), vineyards may beneﬁt signiﬁcantly
from the cooling eﬀect brought by sea breezes (Bonnardot et al., 2005),
whereas in Oceanic climates with regular rainfall patterns (e.g. Loire
Valley France), soils with low water holding capacities favour grapevine earliness and wine production (Barbeau et al., 1998). Each wine
growing region therefore consists of unique environmental contexts,
providing winegrowers with a range of local climates and diﬀerent viticultural potentialities.

each region seeks to diﬀerentiate itself by promoting wines with a
strong identity (Hayward and Lewis, 2008; Easingwood et al., 2010). In
order to maintain a premium in the market by ensuring high quality
products, the cultivated grape variety and in particular its ripening
period must be in relation with the surrounding environment (Jackson
and Lombard, 1993). When berry maturation is reached too late, grapes
remain unripe, with high acidity, low sugar contents and herbaceous
ﬂavours, whereas reached too soon, grapes are rich in sugars, low in
acidity, giving place to unbalanced wines that lack in aromatic complexity (Van Leeuwen and Seguin, 2006). Since vine phenology and
ripening earliness are measurable (Parker et al., 2013), berry maturation under favourable conditions is usually achieved when varieties are
grown at their northern limits in the northern hemisphere, or southern
limits in the southern hemisphere. In European wine regions, extended
grape growing through several centuries has allowed the emergence of
the most adapted varieties in regional climates that are representative
of their northern limits (Barbeau et al., 2015). For example, Pinot Noir
and Chardonnay are the emblematic varieties of Burgundy wines, Cabernet Sauvignon and Merlot of Bordeaux red wines (France), Sangiovese of Tuscany red wines (Italy) and Riesling of Rheingau white
wines (Germany). Conversely, in new world wine regions, one of the
main challenges in deﬁning their success and competitiveness has been
to identify the most ﬁtted grapevine varieties (Van Leeuwen and
Seguin, 2006). Varietal suitability is strongly related to the regional
attributes of growing season accumulated heat (Tonietto and
Carbonneau, 2004; Jones et al., 2012), i.e. sum of daily temperatures
above a threshold where vine development is active. Still, for a given
variety, cultivated in diﬀerent regions but under similar heat sums,
climatic properties, such as rainfall regime and thermal conditions
during ripening, contribute to the unique traits of produced wines
(Shaw, 2012). With this context, several studies have led to the conception of bioclimatic indices, speciﬁc to viticulture. By integrating, in
one way or another, the temperature factor, there are simple or complex indices (i.e. mono- or multi-factorial), which enables to deﬁne a
region’s ability to produce wine, varietal suitability and vine phenology, possible environmental risks and to some extent, potential wine
styles. Today, the application of these indices allows an understanding
of the spatial variation in viticultural potentialities and limitations, as
e.g., in Australia (Hall and Jones, 2010), Chile (Montes et al., 2012),
United States (Jones et al., 2010), New Zealand (Anderson et al., 2012).
Fig. 2 illustrate the regional climate diﬀerences and their viticultural
potentialities encountered over Europe, which are essentially due to
latitudinal position and degree of continentality (e.g. rainfall patterns).

2.4. Field level
The grapevine is a perennial crop and requires a few years to reach
reproductive maturity, remaining then economically productive for
many years (Orlandini et al., 2009). As the lifespan of a plot may correspond to two generations of winegrowers, management decisions
prior to planting are very important. At this level, decision making is
closely related to winegrowers’ production objectives and the physical
attributes and constraints of planting sites (Coulon-Leroy et al., 2012).
To ensure sustainable productivity, winegrowers strive for appropriate
measures in terms of perennial practices in order to optimise seasonal
grapevine growth and fruit development. These practices vary considerably, from the choice of plant materiel to decisions involved in
vineyard design and layout, each practice aﬀecting microclimate conditions at ﬁeld levels (Smart, 1988; Matese et al., 2014). For example,
row orientation greatly aﬀects light interception and wind velocity and
as a result, canopy and fruit temperature (Giacosa et al., 2015; Hunter
et al., 2016). For vertically positioned shoots with East-West orientated
rows, less direct sunlight is reach in fruits than compared to NorthSouth orientated rows (Hunter et al., 2016). East-West orientated rows
also expresses greater thermal variations between exposed and shaded
leaves. These alterations in light exposure explains the greater suitability of North-South orientated rows in cool growing areas. Other
notable perennial practices are the choice in planting density (Archer
and Strauss, 1989, 1990), training system (Reynolds and Vanden
Heuvel, 2006) and trunk height, where these practices are to some
extent interconnected. For example, planting density is likely to determine the ﬁtted training system, whereas the latter may condition
trunk height. Vineyards with higher planting densities generally display
improved crop yield and quality (i.e. per ha), which are mainly due to
greater root competition (Jackson, 2008). Increased root competition
leads to lower vegetative growth and an enhanced microclimate, while
also allowing for deeper root penetration and a greater soil volume to
be explored. Still, in shallow soils with low water availability, high

2.3. Local level
Within a wine growing region, viticultural potentialities and limitations are described by local terrain features. Indeed, atmospheric
boundary layer characteristics are dependent on surface conditions that
modify ﬁne-scale environmental conditions (Geiger et al., 1995). Accordingly, each wine region is composed of various local climates depending on its terrain complexity (Fig. 3). Through interactions with
the atmosphere and diﬀerent weather patterns, topographical factors
(e.g. elevation, aspect) inﬂuence heat and moisture exchange at the
earth's surface, shaping topoclimates (Jacquet and Morlat, 1997;
Orlandini et al., 2006; Bonnefoy et al., 2012). Besides the topographic
context, soil parameters (e.g. texture, depth) and other proximity features (e.g. water masses, forests) also have signiﬁcant eﬀects on local
climate or pedoclimate conditions (Guyot, 1999). The latter refers to
soil moisture and temperature, which is a key factor of the earliness of
grapevine growth in spring (Morlat and Jacquet, 1993). All the elements of the surrounding landscape generate a strong spatial climate
variability, as for example described in the Coteaux du Layon France
(Neethling et al., 2014), Saint Emilion France (De Resséquier et al.,
2016), Canelones Uruguay (Fourment et al., 2013), Uco Valley Argentina (Grassin et al., 2014), Douro Valley Portugal (Jones and Alves,
3

Agricultural and Forest Meteorology 276-277 (2019) 107618

E. Neethling, et al.

Fig. 2. The average values of a) Winkler Index (WI), b) Huglin Index (HI), c) Cool Night Index (CI) and d) Dryness Index (DI), calculated at the European scale for the
period from 1950 to 2009 (adapted from Santos et al., 2012).

Fig. 3. Nested within a speciﬁc zonal climate, local climate conditions in viticultural areas are shaped by diﬀerent landscape elements, which varies strongly over
space (adapted from Quénol, 2011).
4
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Fig. 4. Temporal representation of long- and short-term factors aﬀecting vine ecophysiological variables and subsequently, harvest and wine quality.

high latitude vineyards, where vine earliness shifts berry ripening to a
warmer period of the year (Barbeau et al., 1998). Conversely, cooler
than normal growing seasons are challenging as accumulated heat is
lower than culture requirements, causing delayed vine phenology and
unripe grapes (e.g. low sugar contents, high acidity levels). For red
varieties, insuﬃcient amounts of heat also aﬀect fruit phenolic and
ﬂavour ripeness (Barbeau et al., 2004). Climate thresholds, especially
critical air temperatures (e.g. during spring frosts), may also greatly
aﬀect the intended outcome of yield (Neethling et al., 2017). Other
examples are episodes of extreme weather events (e.g. hail, heatwaves)
or the seasonal distribution and timing of rainfall. Seasonal rainfall
distribution plays a central role in vine water supply and fungal pathogen outbreaks, whereas rainfall timing is associated with vine phenology when dry conditions are crucial (e.g. during bloom). Annual
climate variability is therefore a decisive factor of vine productivity
(e.g. plant biomass, yield) and fruit composition. Strongly linked to
berry biochemical characteristics (Cadot et al., 2012; Bindon et al.,
2013), the qualitative attributes of wines (e.g. its sensory proﬁle, aging
potential) are also much climate dependent (Grifoni et al., 2006; Sadras
et al., 2007; Baciocco et al., 2014). In this perspective, and in relation to
its impact on the amount volume produced, annual climate variability
has considerable eﬀects on the economic viability of the wine sector
(Haeger and Storchmann, 2006; Ashenfelter and Storchmann, 2016).

planting densities are likely to cause severe vine water deﬁciencies, or
conversely, excessive vegetative growth in fertile soils with high water
and nutrient availability. In this context, the microclimate is strongly
dependent on human decisions, which makes the spatial variability in
viticulture even more complex. Winegrowers are therefore able to inﬂuence plant exposure to diﬀerent climate conditions (e.g. sunlight and
air temperature) and resources (e.g. soil water and nutrition). They
accordingly intervene at ﬁeld levels and further modify the viticultural
potential of their vineyard sites, by implementing practices that attenuate the undesirable impacts of the natural environment.
3. Temporal dynamics in viticulture
The notion of temporality is also central in viticulture. In the long
term, natural attributes of a vineyard site (e.g. zonal climate, topographic context) largely determines its viticultural potential, which can
be expressed according to two ecophysiological variables, namely vine
earliness and vine vigour (Bodin and Morlat, 2006; Coulon-Leroy et al.,
2012). Perennial practices are then ﬁxed and superimposed on natural
site features and act as a functioning parameter over many years
(Fig. 4). In this context, these long-term practices will either enhance or
modify vine earliness and vigour as conferred by the planting site. Indeed, grapevine performance is predictable depending on the timing
and duration of its phenological stages (i.e. level of vine earliness) and
the rhythm and amount of vegetative growth (i.e. level of vine vigour).
These variables are strongly linked with vine water supply (Morlat
et al., 1997; Barbeau et al., 1998), which is a key determining factor of
crop productivity and fruit quality at harvest (Matthews et al., 1990;
Kennedy et al., 2002; Van Leeuwen et al., 2009). As they are measurable in time, these two ecophysiological variables are used by winegrowers to monitor achieved harvest and wine quality (Coulon-Leroy
et al., 2012), depending on annual functioning parameters, namely
climate variability and management practices (Neethling et al., 2017).

3.2. Annual management practices
In time, winegrowers continually deal with inter- and intra-seasonal
climate variability (Neethling et al., 2017). As climate inﬂuence vine
growth and development, winegrowers seek to optimize its behaviour
by selecting a ﬁtting technical itinerary for each plot (Jackson and
Lombard, 1993; Hunter et al., 2010). This itinerary involves all annual
practices, from winter pruning to harvest date, including the diﬀerent
techniques of soil, vigour and disease management. Depending on
seasonal climate conditions, a vineyard plot may follow various technical itineraries, which will consequently cause diﬀerent grape qualities
at harvest (Coulon-Leroy et al., 2012). Likewise, the same attributes in
berry qualities can be achieved through diﬀerent combinations of
practices and techniques. In this context, the long-term viticultural
potential of a plot can be mitigated by farming strategies. For example,
winegrowers are able to manage temporal variations in vine water
supply through diﬀerent vine inter-row soil management techniques
(Wheeler and Pickering, 2003). Within a growing season, most adaptive
responses generally occur at harvest or in the cellar (Neethling et al.,
2017). During fruit development, winegrowers will closely follow the
berry ripening process in order to adjust their harvest management
decisions and pick grapes at the most adequate period (Coulon-Leroy
et al., 2012). From here, winegrowers will use an array of winemaking
techniques to produce a wine with a distinct structure, style, and sensory proﬁle (Cadot et al., 2012). Still, the impacts of climate variations
are not new and adapting to those conditions has always been a

3.1. Annual climate variability
Annual climate variability, known as the vintage eﬀect, refers to the
natural variation of climate conditions between adjacent years. Given
its strong temporality, i.e. between and within growing seasons, shortterm climate variations are key inﬂuencing factors of seasonal fruit
yield and quality (Jackson and Lombard, 1993; Van Leeuwen et al.,
2004; Ubalde et al., 2010). Climate conditions (e.g. air temperature,
rainfall) and associated factors (e.g. soil water supply) inﬂuence
grapevine behaviour and characterize vine earliness and vine vigour
according to their means or sums, critical thresholds or distribution
during vine growing cycle (Jones et al., 2012). Warmer than normal
growing season conditions results in higher heat accumulation to which
generally vines respond by an earlier onset of phenological stages.
Depending on the cultivated variety and its geographical position, improved vine earliness is likely to favour grape quality, as for example in
5
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spatial uncertainties are therefore likely to be further aggravated by the
diﬃculty of separating the eﬀects of long-term climate changes from
natural and short-term climate variations. This may hinder the perception of climate changes and the recognition of its impacts, resulting
in delayed implementations of mitigation and adaptation priorities
(Neethling et al., 2017).
In response to global climate change, adjustments made in practices
and techniques will need to be place-based and context-speciﬁc, as the
relevant factors and processes contributing to increasing greenhouse
gases or the consequences of a changing climate are local in nature
(Mimura et al., 2014). To that end, many diﬀerent strategies are being
discussed with ongoing research projects, for example, changes in the
areas of cultural practices related to vigour or soil management. Still,
based on the results of this literature review, ﬂexibility and robustness
become two key elements in framing sustainable policies and responses
over space and in time (Hallegatte, 2009; White et al., 2009). Flexibility
refers here to the ability of a viticultural system or itinerary to adjust to
changing circumstances, strengthening its resilience and lessening its
vulnerability to climate change. Whereas robust strategies should allow
winegrowers to manage uncertain climate impacts, by developing
practices and techniques that are able to deal with various climate
outcomes. Taking the example found in regions like the Douro Valley in
Portugal, robust strategies can imply planting various varieties, and
clones of the same variety, each developing and ripening at diﬀerent
stages, allowing producers to be more responsive to climate impacts.
Winegrowers can also look at implementing no-regret strategies
(Hallegatte, 2009), which can beneﬁt grape and wine quality in the
absence of a changing climate. For instance, adjusting rootstock varieties to actual environmental conditions and site-speciﬁc soil properties. Goulet and Morlat (2010) illustrated that very few vineyards in the
middle Loire Valley (France) are planted with the most suitable rootstock variety. As in the past with other global drivers of change (e.g.
ramiﬁcations caused by Phylloxera), there is also a great need for policy
and research to assist winegrowers. They may range from informing
and educating stakeholders to providing institutional and technological
support (e.g. varietal creation, ﬂexible regulations). While winegrowers
will seek to manage and adapt to the expected changes in grapevine
performance and wine quality, consumers will in like manner have to
adjust. The latter will need to be educated about the issues brought
about a changing climate and its impacts on the wine sector.

constant challenge faced by winegrowers. Through constant learning
experiences, decision making in viticulture is an ongoing process,
where winegrowers perform various forms and types of adjustments to
their existing management practices and techniques (Nicholas and
Durham, 2012; Lereboullet et al., 2013; Neethling et al., 2017). To that
end, the term practice describes the action exercised, while technique
refers to the knowledge of exercising the activity (Landais et al., 1988).
Adaptation in viticulture is an iterative process, involving many factors
that assist or constrain the process of adjusting practices and techniques, and understanding this dynamic nature of viticultural and winemaking activities is crucial (Neethling et al., 2017).
4. Discussing viticulture in a changing climate
In viticulture, contemporary climate change is positioning itself as a
major environmental challenge. Regional climate changes and its impacts are taking place at a substantial rate, aﬀecting grapevine productivity and fruit quality. As temperatures are projected to continue
warming, with likely changes in rainfall patterns and extreme weather
events (IPCC, 2014), the ﬁndings reported in this review disclose that
the territorial identity of wine growing regions may signiﬁcantly evolve
over time. This identity being shaped by a distinct product quality and
style, which are strongly related to its geographical origin. In the shortterm, as vine earliness is expected to keep improving under higher
seasonal temperatures, resulting in warmer ripening periods, berry
metabolism and hence wine composition and sensory properties will
strongly be altered. In the long-term, varieties currently cultivated at
their upper suitability threshold may accordingly become less ﬁtted
with future climate changes, where a varietal change will substantially
modify the territorial product identity. While the latter has a temporal
characteristic, evolving according to context, the evidence of rapid
climate changes brings strong attention to the socio-economic impacts
on the wine sector. With a changing climate, review ﬁndings show
likewise that important geographical shifts in viticultural potentialities
are likely to occur. At ﬁeld to local levels, land considered limiting for
viticulture in the past could develop into favourable planting sites (e.g.
sites with cooler facing slopes or with larger water holding capacities).
At the same time, traditional planting sites may become less adapted to
continued climate trends, creating an important relocation of growing
areas within wine regions, placing policy pressure on existing boundaries of geographical indications. At regional to global levels, the
northern and southern limits of vine distribution are also likely to shift,
an event already occurring with developing regions in Canada, Denmark and even Sweden. Conversely, with increasing vine water demands in warm and dry regions, such as in the Mediterranean Basin, the
substantial loss in crop productivity may hinder the long-term economic viability of those traditional wine regions (Costa et al., 2016).
Global climate change is aﬀecting more than just the local growing
environment, as it also denotes an increase in uncertainty (Dessai et al.,
2007). Indeed, the extent to which climate will evolve as a result of
natural processes and human activities is unclear, and likely to remain
unknown. Besides temporal uncertainties in climate estimates, the review has demonstrated that each vineyard site is unique, deﬁned by
speciﬁc natural, biological and human properties and interactions.
These results support the growing and urgent need for addressing
spatial uncertainties in expected vulnerability, which will vary considerably with location, relative to its exposure to extrinsic environmental changes and to the intrinsic features deﬁning its sensitivity (e.g.
site and plant characteristics) and adaptive capacity (e.g. resources,
technology, skills) to such changes and impacts. Although this strong
heterogeneity in natural site attributes lowers the transparency of
adaptation and mitigation actions, review ﬁndings suggest that it
should also constitute an important buﬀer in response to future climate
changes, allowing producers to spatially manage expected climate
changes. The review has highlighted the inﬂuence of a strong seasonal
climate variability on ongoing practices and techniques. Temporal and

5. Conclusion
Through time and space, climate has always played a central role in
viticulture. The literature review provided in this article has identiﬁed
the role of climate, outlining the spatial complexity and temporal dynamics in grape growing and wine production. By exploring climatedriven scales, the ﬁndings are of relevance in the context of adapting
viticulture to climate change, oﬀering support to arising questions that
increasingly require attention. Apart from discussing climate change
impacts and uncertainties, the perspectives brought by this article argue
that ﬂexibility and robustness will be two key areas to focus on when
framing sustainable policies and responses. While there are many adjustments possible, there is a need and urgency in developing strategies
that are adaptable and ﬂexible in time and over space (e.g. accounting
for short-term climate variability and long-term changes), while also
being planned and implemented to be more resilient to endure various
climate outcomes of an inherently unpredictable future. Therefore,
from climate change as a global driver to applying context-speciﬁc
actions, this understanding of the spatial complexity and temporal dynamics in viticulture should provide a good conceptual and theoretical
framework that can be used to address viticultural adaptation to climate change.

6

Agricultural and Forest Meteorology 276-277 (2019) 107618

E. Neethling, et al.

Acknowledgements

2013. Spatial variability of temperature and grape berry composition at terroir scale
in Uruguay. Ciência y Técnica Vitícola 28 (1), 329–334.
Geiger, R., Aron, R.H., Todhunter, P., 1995. The Climate Near the Ground, 5th ed.
Braunschweig, Germany.
Giacosa, S., Marengo, F., Guidoni, S., Rolle, L., Hunter, J.J., 2015. Anthocyanin yield and
skin softening during maceration, as aﬀected by vineyard row orientation and grape
ripeness of Vitis vinifera L. Cv. Shiraz Food Chem. 174, 8–15.
Goulet, E., Morlat, R., 2010. The use of surveys among wine growers in vineyards of the
middle-Loire Valley (France), in relation to terroir studies. Land Use Policy 28,
770–782.
Grassin, M., Quénol, H., Trapeteau, L., Pinson, L., Barbeau, G., et al., 2014. Variabilité
spatiale du climat dans les vignobles de la bodega Alta Vista. Proceedings from the
Xth International Terroir Congress.
Grifoni, D., Mancini, M., Maracchi, G., Orlandini, S., Zipoli, G., 2006. Analysis of Italian
wine quality using freely available meteorological information. Am. J. Enol. Vitic. 57,
339–346.
Guyot, G., 1999. Climatologie de l’Environnement. Edition Dunod, Paris, France.
Haeger, J.W., Storchmann, K., 2006. Prices of North American Pinot Noir wines: climate,
craftmanship, critics. Agric. Econ. 35, 67–78.
Hall, A., Jones, G.V., 2010. Eﬀect of potential atmospheric warming on temperaturebased indices describing Australian winegrape growing conditions. Aust. J. Grape
Wine Res. 15, 97–119.
Hallegatte, S., 2009. Strategies to adapt to an uncertain climate change. Glob. Environ.
Change 19, 240–247.
Hayward, D., Lewis, N., 2008. Regional dynamics in the globalising wine industry, the
case of Marlborough, New Zealand. Geogr. J. 174 (2), 124–137.
Huggett, J.M., 2006. Geology and wine, a review. Proc. Geol. Assoc. 117, 239–247.
Hunter, J.J., Archer, E., Volschenk, C.G., 2010. Vineyard management for environment
valorisation. Proceedings from the VIIIth International Terroir Congress.
Hunter, J.J., Volschenk, C.G., Zorer, R., 2016. Vineyard row orientation of Vitis vinifera L.
Cv. Shiraz/101-14 Mgt, climatic proﬁles and vine physiological status. Agric. For.
Meteorol. 228, 104–119.
IPCC, 2014. In: Core Writing Team, Pachauri, R.K., Meyer, L.A. (Eds.), 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. IPCC, Geneva,
Switzerland.
Jackson, D.I., Lombard, P.B., 1993. Environmental and management practices aﬀecting
grape composition and wine quality, a review. Am. J. Enol. Vitic. 44, 409–430.
Jackson, R.S., 2008. Wine Science, Principles and Applications. Ed. Academic Press, New
York.
Jacquet, A., Morlat, R., 1997. Caractérisation de la variabilité climatique des terroirs
viticoles en val de Loire. Inﬂuence du paysage et des facteurs physiques du milieu.
Agronomie 17, 465–480.
Jones, G.V., Davis, R.E., 2000. Climate inﬂuences on grapevine phenology, grape composition, and wine production and quality for Bordeaux, France. Am. J. Enol. Vitic.
51, 249–261.
Jones, G.V., White, M.A., Cooper, O.R., Storchmann, K., 2005. Climate change and global
wine quality. Clim. Change 73, 319–343.
Jones, G.V., 2006. Climate and terroir: impacts of climate variability and change on wine.
In: Macqueen, R.W., Meinert, L.D. (Eds.), Fine Wine and Terroir: The Geoscience
Perspective. Geological Association of Canada, St. John’s, Newfoundland, pp.
203–216 Geoscience Canada Reprint Series No. 9.
Jones, G.V., Duﬀ, A., Hall, A., Myers, J., 2010. Spatial analysis of climate in winegrape
growing regions in the western United States. Am. J. Enol. Vitic. 61, 313–326.
Jones, G.V., Webb, L.B., 2010. Climate change, viticulture, and wine, challenges and
opportunities. J. Wine Res. 21, 103–106.
Jones, G.V., Reid, R., Vilks, A., 2012. Climate, grapes and wine, structure and suitability
in a variable and changing climate’. In: Dougherty, P.H. (Ed.), The Geography of
Wine, Regions, Terroir and Techniques. Springer Press, Berlin, pp. 109–133.
Jones, G.V., Alves, F., 2012. Impact of climate change on wine production: a global
overview and regional assessment in the Douro Valley of Portugal. Int. J. Glob.
Warming 4, 383–406.
Kennedy, J.A., Matthews, M.A., Waterhouse, A., 2002. Eﬀect of maturity and vine water
status on grape skin and wine ﬂavonoids. Am. J. Enol. Vitic. 53, 268–274.
Kenny, G.J., Harrison, P.A., 1992. The eﬀects of climate variability and change on grape
suitability in Europe. J. Wine Res. 3, 163–183.
Laget, F., Tondut, J., Deloire, A., Kelly, M., 2008. Climate trends in a speciﬁc
Mediterranean viticultural area between 1950 and 2006. J. Int. Sci. Vigne 42,
113–123.
Landais, E., Deﬀontaines, J.P., Benoit, M., 1988. Les pratiques des agriculteurs. Point de
vue sur un nouveau courant de la recherche agronomique. In Études Rurales 109,
125–158.
Lereboullet, A.L., Beltrando, G., Bardsley, D.K., 2013. Socio-ecological adaptation to
climate change, a comparative case study from the Mediterranean wine industry in
France and Australia. Agric. Ecosyst. Environ. 164, 273–285.
Matese, A., Crisci, A., Di Gennaro, S.F., Primicerio, J., Tomasi, D., Marcuzzo, P., Guidoni,
S., 2014. Spatial variability of meteorological conditions at diﬀerent scales in viticulture. Agric. For. Meteorol. 159–167.
Matthews, M.A., Ishii, R., Anderson, M.M., O’Mahony, M., 1990. Dependence of wine
sensory attributes on vine water status. J. Sci. Food Agric. 51 (3), 321–335.
Meehl, G.A., Hu, A., Tebaldi, C., Arblaster, J.M., Washington, W.M., et al., 2012. Relative
outcomes of climate change mitigation related to global temperature versus sealevel
rise. Nat. Clim. Change 2, 576–580.
Miguel-Tabares, J.A., Martin-Luis, B., Carrillo-Lopez, M., Diaz-Diaz, E., Darias-Martin, J.,
2002. Eﬀect of altitude on the wine-making potential of listan negro and ruby carbernet cultivars in the south of Tenerife Island. J. Int. Sci. Vigne Vin 36 (4), 185–194.

This study was carried out with the contribution of the LIFE ﬁnancial instrument of the European Union, as part of the LIFEADVICLIM project (LIFE13 ENV/FR/001512).
References
Ackerly, D.D., Loarie, S.R., Cornwell, W.K., Weiss, S.B., Hamilton, H., et al., 2010. The
geography of climate change: implications for conservation biogeography. Divers.
Distrib. 16, 476–487.
Anderson, J.D., Jones, G.V., Tait, A., Hall, A., Trought, C.T., 2012. Analysis of viticulture
region climate structure and suitability in New Zealand. J. Int. Sci. Vigne Vin 46 (3),
149–165.
Archer, E., Strauss, H.C., 1989. The eﬀect of plant spacing on the water status of soil and
grapevines. S. Afr. J. Enol. Vitic. 10, 49–58.
Archer, E., Strauss, H.C., 1990. The eﬀect of vine spacing on some physiological aspects of
Vitis vinifera L. (cv. Pinot noir). S. Afr. J. Enol. Vitic. 11, 76–87.
Ashenfelter, O., Storchmann, K., 2016. The economics of wine, weather, and climate
change. Rev. Environ. Econ. Policy 10, 25–46.
Asselin, C., Barbeau, G., Morlat, R., 2001. Approche de la composante climatique à diverses échelles dans le zonage viticole. Bulletin de l’OIV. 883-844.
Baciocco, K.A., Davis, R.E., Jones, G.V., 2014. Climate and Bordeaux wine quality:
identifying the key factors that diﬀerentiate vintages based on consensus rankings. J.
Wine Res. 25, 75–90.
Barbeau, G., Morlat, R., Asselin, C., Jacquet, A., Pinard, C., 1998. Comportement du
cépage Cabernet Franc dans diﬀérentes terroirs du Val de Loire. Incidence de la
précocité sur la composition de la vendange en année climatique normale (exemple
de 1988). J. Int. Sci. Vigne. Vin. 32 (2), 69–81.
Barbeau, G., Bournand, S., Champenois, R., Bouvet, M.H., Blin, A., Cosneau, A., 2004.
Comportement de 4 cépages rouges du val de Loire. Relations entre les variables
climatiques et la composition des baies. J. Int. Sci. Vigne, Vin 38 (1), 35–40.
Barbeau, G., Neethling, E., Ollat, N., Quénol, H., Touzard, J.M., 2015. Adaptation au
changement climatique en agronomie viticole. L’agronomie environnement et
sociétés 5 (1), 67–75.
Bindi, M., Fibbi, L., Gozinni, B., Orlandini, S., Miglietta, F., 1996. Modelling the impact of
future climate scenarios on yield and yield variability of grapevine. Clim. Res. 7,
213–224.
Bindon, K., Varela, C., Kennedy, J., Holt, H., Herderich, M., 2013. Relationships between
harvest time and wine composition in Vitis vinifera L. Cv. Cabernet Sauvignon 1.
Grape and wine chemistry. Food Chem. 138, 1696–1705.
Bodin, F., Morlat, R., 2006. Characterization of viticultural terroirs using a simple ﬁeld
model based on soil depth I. Validation of the water supply regime, phenology and
vine vigour, in the Anjou vineyard (France). Plant Soil 281, 37–54.
Bonnardot, V., Planchon, O., Cautenet, S., 2005. Sea breeze development under an oﬀshore synoptic wind in the South-Western Cape and implications for the Stellenbosch
wine-producing area. Theor. Appl. Climatol. doi. https://doi.org/10.1007/s00704004-0087-y.
Bonnardot, V., Carey, V., Madelin, M., Cautenet, S., Coetzee, Z., Quénol, H., 2012. Spatial
variability of night temperatures at a ﬁne scale over the Stellenbosch wine district,
South Africa. J. Int. Sci. Vigne Vin 46 (1), 1–13.
Bonnefoy, C., Quénol, H., Bonnardot, V., Barbeau, G., Madelin, M., et al., 2012. Temporal
and spatial analyses of temperature in a French wine-producing area: the Loire
Valley. Int. J. Climatol. 33, 1849–1862.
Buttrose, M.S., Hale, C.R., Kleiwer, W.M., 1971. Eﬀect of temperature on composition of
Cabernet Sauvignon berries. Am. J. Enol. Vitic. 22, 71–75.
Cadot, Y., Caillé, S., Thiollet-Scholtus, M., Samson, A., Barbeau, G., Cheynier, V., 2012.
Characterisation of typicality for wines related to terroir by conceptual and by perceptual representations. An application to red wines from the Loire Valley. Food
Qual. Prefer. 24 (1), 48–58.
Cook, B.I., Wolkovich, E.M., 2016. Climate change decouples drought from early wine
grape harvests in France. Nat. Clim. Change 2960. https://doi.org/10.1038/
nclimate2960.
Coombe, B.G., 1987. Inﬂuence of temperature on composition and quality of grapes. Acta
Hortic. 206, 23–35.
Costa, J.M., Vaz, M., Escalona, J., Egipto, R., Lopes, C., Medrano, H., Chaves, M.M., 2016.
Modern viticulture in southern Europe: vulnerabilities and strategies for adaptation
to water scarcity. Agric. Water Manage. 164, 5–18.
Coulon-Leroy, C., Morlat, R., Barbeau, G., Gary, C., Thiollet-Scholtus, M., 2012. The vine
functioning pathway, a new conceptual representation. Sustain. Agric. Rev. 11,
241–264.
De Blij, H.J., 1983. Wine: a geographic appreciation. Prog. Phys. Geogr. 38 (5), 674–684.
De Resséquier, L., Le Roux, R., Quénol, H., Van Leeuwen, C., 2016. Spatial temperature
variability and distribution at local scale in Saint-Emilion and Pomerol. ‘Climwine
Sustainable Grape and Wine Production in the Context of Climate Change’.
Bordeaux, France, 10-13 April, 2016.
Dessai, S., O’Brien, K., Hulme, M., 2007. Editorial: on uncertainty and climate change
Global Environmental Change. Glob. Environ. Change 17 (1), 1–3.
Dry, P.R., 1988. Climate change and the Australian grape and wine industry. Aust.
Grapegrower Winemaker 300, 14–15.
Easingwood, C., Lockshin, L., Spawton, A., 2010. The drivers of wine regionality. J. Wine
Res. 22 (1), 19–33.
Fourment, M., Ferrer, M., González-Neves, G., Barbeau, G., Bonnardot, V., Quénol, H.,

7

Agricultural and Forest Meteorology 276-277 (2019) 107618

E. Neethling, et al.

0992-z.
Real, A.C., Borges, J., Cabral, J.S., Jones, G.V., 2017. A climatology of vintage Port
quality. Int. J. Climatol. 37, 3798–3809.
Reynolds, A.G., Vanden Heuvel, J.E., 2006. Inﬂuence of grapevine training systems on
vine growth and fruit composition: a review. Am. J. Enol. Vitic. 60, 251–268.
Ricklefs, R., Miller, G., 2005. Ecologie. De Boeck., Bruxelles.
Sadras, V.O., Soar, C.J., Petrie, P.R., 2007. Quantiﬁcation of time trends in vintage scores
and their variability for major wine regions of Australia. Aust. J. Grape Wine Res. 13,
117–123.
Salinger, M.J., Baldi, M., Grifoni, D., Jones, G., Bartolini, G., et al., 2015. Seasonal differences in climate in the Chianti region of Tuscany and the relationship to vintage
wine quality. Int. J. Biometeorol. 59, 1799–1811.
Santos, J.A., Malheiro, A.C., Pinto, J.G., Jones, G.V., 2012. Macroclimate and viticultural
zoning in Europe: observed trends and atmospheric forcing. Clim. Res. 51, 89–103.
Schultz, H.R., Jones, G.V., 2010. Climate induced historic and future changes in viticulture. J. Wine Res. 21, 137–145.
Shaw, T.B., 2012. A climatic analysis of wine regions growing pinot noir. J. Wine Res. 23
(3), 203–228.
Smart, R.E., 1988. Shoot spacing and canopy light microclimate. Am. J. Enol. Vitic. 39,
325–333.
Smart, R.E., 1989. Climate change and the New Zealand wine industry. Prospects for the
third millennium. Wine Ind. J. (Feburary), 8–11.
Spellman, G., 1999. Wine, weather and climate. Weather 54 (8), 230–239.
This, P., Lacombe, T., Thomas, M.R., 2006. Historical origins and genetic diversity of wine
grapes. Trends Genet. 22, 511–519.
Tol, R.S.J., 2005. Adaptation and mitigation: trade-oﬀs in substance and methods.
Environ. Sci. Policy 8, 572–578.
Tomasi, D., Jones, G.V., Giust, M., Lovat, L., Gaiotti, F., 2011. Grapevine phenology and
climate change: relationships and trends in the Veneto region of Italy for 1964–2009.
Am. J. Enol. Vitic. 62, 329–339.
Tonietto, J., Carbonneau, A., 2004. A multicriteria climatic classiﬁcation system for
grapegrowing regions worldwide. Agr. Forest. Meteorol. 124, 81–97.
Ubalde, J.M., Sort, X., Zayas, A., Poch, R.M., 2010. Eﬀects of soil and climatic conditions
on grape ripening and wine quality of cabernet sauvignon. J. Wine Res. 21 (1), 1–17.
Van Leeuwen, C., Friant, P., Xavier, C., Tregoat, O., Koundouras, S., Dubourdieu, D.,
2004. Inﬂuence of climate, soil, and cultivar on terroir. Am. J. Enol. Vitic. 55,
207–217.
Van Leeuwen, C., Seguin, G., 2006. The concept of terroir in viticulture. J. Wine Res. 17,
1–10.
Van Leeuwen, C., Trégoat, O., Choné, X., Bois, B., Pernet, D., Gaudillère, J.P., 2009. Vine
water status is a key factor in grape ripening and vintage quality for red Bordeaux
wine. How can it be accessed for vineyard management purposes. J. Int. Sci. Vigne
Vin 43 (3), 121–134.
Van Leeuwen, C., Darriet, P., 2016. The impact of climate change on viticulture and wine
quality. J. Wine Econ. 11 (1), 150–167.
Vaudour, E., 2002. The quality of grapes and wine in relation to geography: notions of
terroir at various scales. J. Wine Res. 13 (2), 117–141.
Vaudour, E., Shaw, A.B., 2005. A worldwide perspective on viticultural zoning. S. Afr. J.
Enol. Vitic. 26 (2), 106–115.
Webb, L.B., Whetton, P.H., Bhend, J., Darbyshire, R., Briggs, P.R., et al., 2012. Earlier
wine-grape ripening driven by climatic warming and drying and management practices. Nat. Clim. Change 2, 259–264.
Wheeler, S.J., Pickering, G.J., 2003. Optimizing grape quality through soil management
practices. Food Agric. Environ. 1 (2), 190–197.
White, M.A., Whalen, P., Jones, G.V., 2009. Land and wine. Nat. Geosci. 2, 82–84.
Willis, K.J., Whittaker, R.J., 2002. Species diversity-scale matters. Science 295,
1245–1248.
Wu, J., David, J., 2002. A spatially explicit hierarchical approach to modeling complex
ecological systems: theory and applications. Ecol. Modell. 153, 7–26.

Mimura, N., Pulwarty, R., Duc, D., Elshinnawy, I., Redsteer, M.H., et al., 2014. Adaptation
planning and implementation. IPCC, Climate Change 2014, Impacts, Adaptation, and
Vulnerability. Part a, Global and Sectoral Aspects. Working Group II Contribution to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, New York, NY, USA, pp. 869–898.
Montes, C., Perez-Quezada, J.F., Peña-Neira, A., Tonietto, J., 2012. Climatic potential for
viticulture in Central Chile. Aust. J. Grape Wine Res. 18, 20–28.
Mora, C., Fraizier, A.G., Longman, R.J., Dacks, R.S., Walton, M.M., et al., 2013. The
projected timing of climate departure from recent variability. Nature 502, 183–188.
Morlat, R., Jacquet, A., 1993. The soil eﬀects on the grapevine root system in several
vineyards of the Loire valley France. Vitis 32, 35–42.
Morlat, R., Jacquet, A., Asselin, C., 1997. Variabilité de la précocité de la vigne en Val de
Loire : Rôle du terroir et du millésime., conséquences sur la composition de la baie.
Revue française d’œnologie, juillet 165, 11–22.
Myles, S., Boyko, A.R., Owens, C.L., Brown, P.J., Grassi, F., et al., 2011. Genetic structure
and domestication history of the grape. PNAS 108, 3530–3535.
Neethling, E., Barbeau, G., Bonnefoy, C., Quénol, H., 2012. Change in climate and berry
composition for grapevine varieties cultivated in the Loire Valley. Clim. Res. 53,
89–101.
Neethling, E., Petitjean, T., Barbeau, G., Quénol, H., 2014. Impacts of environmental
variability and viticultural practices on grapevine behaviour at terroir scales.
Proceedings from the Xth International Terroir Congress.
Neethling, E., Petitjean, T., Quénol, H., Barbeau, G., 2017. Assessing local climate vulnerability and winegrowers’ adaptive processes in the context of climate change.
Mitig. Adapt. Strateg. Glob. Change. 22, 777–803.
Nicholas, K.A., Durham, W.H., 2012. Farm-scale adaptation and vulnerability to environmental stresses: insights from winegrowing in Northern California. Glob.
Environ. Change 22, 483–494.
O’Brien, K., Sygna, L., Haugen, J.E., 2004. Vulnerable or resilient? A multi-scale assessment of climate impacts and vulnerability in Norway. Clim. Change 64, 193–225.
OIV, 2010. Deﬁnition of Vitivinicultural Terroir. Resolution OIV/VITI 333/2010.
Retrieved from:. http://www.oiv.int/public/medias/379/viti-2010-1-en.pdf.
OIV, 2018. OIV Statistical Report on World Vitiviniculture. Retrieved from:. . http://
www.oiv.int/en/oiv-life/oiv-2018-report-on-the-world-vitivinicultural-situation.
OIV, 2017. Global Economic Vitiviniculture Data. Retrieved from:. http://www.oiv.int/
public/medias/5686/ptconj-octobre2017-en.pdf.
Ollat, N., Touzard, J.M., Van Leeuwen, C., 2016. Climate change impacts and adaptations:
new challenges for the wine industry. J. Wine Econ. 11, 139–149.
Orduna, R.M., 2010. Climate change associated eﬀects on grape and wine quality and
production. Food Res. Int. 43, 1844–1855.
Orlandini, S., Bindi, M., Howden, M., 2009. Plant biometeorology and adaptation. In: Ebi,
K.L., Burton, I., McGregor, G.R. (Eds.), Biometeorology for Adaptation to Climate
Variability and Change. Ed. Springer, Dordrecht, pp. 107–129.
Orlandini, S., Marta, A.D., Mancini, M., 2006. The agroclimatic analysis at farm scale.
Meteorol. Appl. 87–93.
Parker, A., Garcia de Cortázar, I., Chuine, I., Barbeau, G., Bois, B., et al., 2013.
Classiﬁcation of varieties for their timing of ﬂowering and véraison using a modelling
approach: a case study for the grapevine species Vitis vinifera L. Agric. For. Meteorol.
180, 249–264.
Quénol, H., 2011. Observation et modélisation spatiale du climat aux échelles ﬁnes dans
un contexte de changement climatique. Habilitation à Dirigée des Recherches.
Université Rennes 2.
Quénol, H., 2014. Changement climatique et terroirs viticoles. Lavoisier Tec et Doc, Paris.
Quénol, H., Bonnardot, V., 2014. A multi-scale climatic analysis of viticultural terroirs in
the context of climate change: the « TERADCLIM » project. J. Sci. Vigne Vin. 25–34
Special Issue Laccave.
Ramos, M.C., Jones, G.V., Yuste, J., 2015. Spatial and temporal variability of cv.
Tempranillo phenology and grape quality within the Ribera del Duero DO Spain. and
relationships with climate. Int. J. Biometeorol. https://doi.org/10.1007/s00484-015-

8

