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ABSTRACT 

Often unable to fulfill theoretical production potentials and to obtain the maximum yields set by wine 
quality labels, many vineyards and cellars need to solve the issue of so-called grapevine yield gaps in order 
to assure their durability. These yield gaps particularly occur in Mediterranean wine regions, where extreme 
events have intensified because of climate change. Yield gaps at the regional level have been widely studied 
in arable crops using big datasets, but much less so in perennial crops, such as grapevine. Understanding 
the environmental factors involved in yield gaps, such as those linked to climate and soil, is the first step 
in grapevine yield gap analysis. At a regional scale, there are numerous studies on ‘terroir’ linked to wine 
typicity and quality; however, none have classified spatial zones based on environmental factors identified 
as being involved in grapevine yield. In the present study, we aggregated into one big dataset information 
obtained from producers at the municipality level in the wine region Languedoc-Roussillon (South of 
France) between 2010 and 2018. We used a backward stepwise model selection process using linear 
mixed-effect models to discriminate and select the statistically significant indicators capable of estimating 
grapevine yield at the municipality level. We then determined spatial zones by using the selected indicators 
to create clusters of municipalities with similar soil and climate characteristics. Finally, we analysed the 
indicators of each zone related to the grapevine yield gap, as well as the variations among the grapevine 
varieties in the zones. Our selection process evidenced 6 factors that could explain annual grapevine yield 
annually (R2 = 0.112) and average yield for the whole period (R2 = 0.546): Soil Available Water Capacity 
(SAWC), soil pH, Huglin Index, the Climate Dryness Index, the number of Very Hot Days and Days of 
Frost. The clustering results show seven different zones with two marked yield gap levels, although all 
the zones had municipalities with no or high yield gaps. On each zone, grapevine yield was found to be 
driven by a combination of climate and soil factors, rather than by a single environmental factor. The white 
wine varieties showed larger yield gaps than the red and rosé wine varieties. Environmental factors at this 
scale largely explained yield variability across the municipalities, but they were not performant in terms of 
annual yield prediction. Further research is required on the interactions between environmental variables 
and plant material and farming practices, as well as on vineyard strategies, which also play an important 
role in grapevine yield gaps at vineyard and regional scale.
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INTRODUCTION

1. The importance of grapevine yield gaps
Compared to the production of other types of crop, grapevine 
yield has been historically overlooked, assuming a trade-off 
between grape yield and wine quality (Bisson et al., 2002; 
Jackson and Lombard, 1993; Poni et al., 2018). Indeed, in 
viticulture, the issue of yield is treated in a particular way, 
since many production regions set a limit on grapevine 
yields within the framework of geographical indications 
(Stranieri and Tedeschi, 2019). However, in many vineyards, 
producers do not manage to reach the maximum grapevine 
yield authorised within the framework of the quality label. 
In France, Schauberger et al. (2018) showed that historical 
grapevine yields have stagnated since the 1980s. Some 
authors have even diagnosed a “vineyard decline” that could 
relate to environmental and management drivers (Riou et al., 
2016). Furthermore, in winegrowing regions with 
typically warm temperatures and low rainfall, such as the 
Mediterranean, climate change phenomena (i.e., increasing 
temperatures, droughts and extreme events) are expected 
to have a negative impact on grape yield (Bernardo et al., 
2018; Droulia and Charalampopoulos, 2021; Hannin et al., 
2021; Ollat et al., 2017; Touzard et al., 2017). Therefore, 
it seems necessary to increase knowledge about the factors 
involved in grapevine yield and explore potential adaptation 
measures to maintain or increase them. In the case of the 
Pays d’Oc Protected Geographical Indication (PGI), the 
label is particularly concerned about the long-term stability 
of its production levels, because (i) the yield is obviously 
a main driver of individual wine estate performance and 
its long-term sustainability (Tintinger, 2020), and (ii) as 
a product, the amount of Pays d’Oc on the market should 
be constant to guarantee satisfactory prices. In light of this, 
the label supports the increasing effort to explore avenues 
for stabilising yields at satisfactory individual and collective 
levels. 

Yield gaps can be defined as the differences between the 
targeted yield and the obtained yield, and they result from 
a combination of environmental, genetic and management 
factors (Cooper et al., 2021; Edreira et al., 2017; Van Ittersum 
et al., 2013), of which we focused on the environmental 
components in the present study. Environmental factors 
contribute to ‘resource yield gaps’, (e.g., the need for 
nutrients and water), but they also interact with management 
and genetic factors to create ‘efficiency yield gaps’ in the use 
of those resources (Silva et al., 2017). Edreira et al. (2018) 
created the concept of ‘technology extrapolation domains’ to 
study zones with similar environmental resources for crop 
production. Andrade et al. (2019) added socio-economic 
variables to this framework to study the application of 
agricultural technologies in different countries. At the 
regional scale, defining zones with similar environmental 
variables is a first step towards understanding the local factors 
involved in yield gaps in large datasets with spatial variability 
(Beza et al., 2017; Liu et al., 2017; Van Wart et al., 2013).

While numerous studies have been carried out on yield gaps 
in arable crops (Anderson et al., 2016; Guilpart et al., 2017; 
Pradhan et al., 2015), very little is known about grapevine 
yield gaps, with only some very recent studies carried out in 
the Barossa and Eden valleys by Bonada et al. (2022), in which 
water-limited grapevine yield gaps were analysed. In contrast 
to other crops, most European wine production must comply 
with maximum yield requirements set by the geographical 
quality labels; this is the target yield for many growers 
(Stranieri and Tedeschi, 2019). In some cases, grapevine 
yields are intentionally limited to improve wine quality 
(Poni et al., 2018), by applying specific farming practices, 
such as leaf removal, reduced fertilisation or deficit irrigation 
- or to limit other production factors, such as workforce or 
capital (e.g., if they do not optimise the maintenance of their 
vine stock capital by renewing the vineyard); however, in 
accordance with the quality label experts, we assumed these 
factors to be less significant for the study region and wine 
quality label studied. We therefore defined grapevine yield 
gaps as the difference between the yield maximum limit 
established by the corresponding quality label and the actual 
yield obtained.

2. Environmental factors involved in 
grapevine yield
Grapevine yield is known to develop during the course of two 
years and is linked to a combination of environmental and 
management factors associated with several key phenological 
stages (Guilpart et al., 2014). As has been shown by studies 
at the plant scale, both soil and climate factors contribute to 
grapevine yield (Gerós et al., 2015). Soil and climate factors 
are involved in several key grapevine stages, particularly those 
determining the availability of water resources (Gaudin et al., 
2014; Pellegrino et al., 2005; Simonneau et al., 2017). 
Furthermore, soil and climate indicators can be used not only 
at vineyard scale, but also at regional scale to determine and 
map key environmental characteristics involved in grapevine 
yield (Carbonneau et al., 2015).

Different soil indicators have been used in vineyards 
to spatially define zones, such as erosion fragility 
(Chevigny et al., 2014; Rodrigo-Comino and Cerdà, 
2018), degree of soil compaction (Lagacherie et al., 2006), 
carbon content (Bonfatti et al., 2016) and mineral nutrition 
(Arnó et al., 2012). Moreover, climate indicators have often 
been used to estimate grapevine phenology (Garcia de 
Cortazar Atauri et al., 2017; Gavrilescu et al., 2018), identify 
suitable grapevine growing areas (Anderson et al., 2012; 
Fraga et al., 2014a; Moral et al., 2016), determine cultivar 
growing conditions (Parker et al., 2013; Santos et al., 2019) 
and assess or predict the climatic events impacting grapevine 
yields, such as heatwaves, hail or frost (Fraga et al., 2020; 
Petoumenou et al., 2019; Sgubin et al., 2018). Numerous 
climatic models predict (Quénol et al., 2017) that climate 
change will threaten grapevine yields by climatic extreme 
events or worsened water scarcity in specific regions. For 
instance, simulations performed by Fraga et al. (2016) 
have indicated that climate change is projected to impact 
grapevine yield in southern Europe as a result of dryness. 
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Santos et al. (2011) explored climatic evolution in several 
zones of northern Portugal, helping to identify potential 
local adaptation strategies. While the prediction of climate 
evolution in vineyards is useful when developing adaptation 
strategies to mitigate climate change impacts (Mosedale et al., 
2016; Naulleau et al., 2021; Santillán et al., 2019), precise 
local adaptation can only be applied through a fine spatial 
description of the environmental factors involved (Naulleau 
et al., 2022).

3. Soil and climate zoning in viticulture
In viticulture, zoning is traditionally based on the concept 
of ‘terroir’, which refers to the relationship between the 
climate, soil and vine compartments, and farming practices, 
with a final objective of ensuring wine quality and typicity 
(van Leeuwen and Bois, 2018). Recently, many authors have 
suggested that terroir studies should become more unbiased 
by including precision agriculture techniques for measuring 
environmental data (Bonfante and Brillante, 2022; Bramley 
and Hamilton, 2007; Brillante et al., 2020; Vaudour et al., 
2015). Numerous terroir classifications have thus been 
proposed to try and better explain terroir in terms of the 
environmental variables of a given wine growing region 
(usually trying to find a link with wine composition), these 
classifications have sometimes used grapevine yield data to 
explain terroir (Bramley et al., 2011; Bramley et al., 2020; 
Peng et al., 2021). However, little attention has been paid to 
spatial classifications that consider the environmental factors 
involved in grapevine yield.

At regional and sub-regional scales, climatic indicators 
have been used to classify viticultural production. Tonietto 
and Carbonneau (2004) proposed the MCC (Multicriteria 
Climatic Classification) system based on three climate 
indicators that also proved to be correlated with the typicity 
of wine sensory characteristics (Tonietto et al., 2014). 
Bois et al. (2018) proposed a temperature-based zoning of the 
Bordeaux wine region to predict maturity dates. Resco et al. 
(2016) classified the Spanish viticultural regions helping to 
exploring adaptation to future climate, and Blanco-Ward et al. 
(2019) used bioclimatic indicators to study potential climate 
change effects on the quality of Portuguese Douro wines.  

Regarding soil indicators, van Leeuwen et al. (2010) proposed 
a soil-based zoning methodology for viticultural terroirs. 
Although a high diversity of soil indicators in vineyards 
exists (vanLeeuwen et al., 2018), some authors prefer to 
consider geological soil factors (Ferretti, 2019). Ultimately, 
since the availability of soil sample data is limited, resulting 
in imprecise upscaled cartography, soil data is often the 
bottleneck in zoning, (White, 2020). Therefore, only a few 
studies have combined both soil and climatic indicators for 
the zoning of wine regions; for example, the classification of 
viticultural terroirs in the Iberian Peninsula by Fraga et al. 
(2014b); the classification of the north-west zones in Iberian 
Peninsula by Cardoso et al. (2019); the zoning of terroirs 
in Denmark by Peng et al. (2021); and the classification 
of the Australian Barossa sub-zones by Bramley and 
Ouzman (2022). However, no methods exist for the spatial 
classification of soil and climate indicators directly related to 
grapevine yield.

4. Purpose of this study
In this study, we used climate and soil indicators linked to 
grapevine yield gap to determine spatial zones within the 
winegrowing region of ‘Languedoc-Roussillon’ (South of 
France, south-eastern part of the French Occitanie region). 
We collected 9 years’ worth of data from grapevine producers 
under the Pays d’Oc PGI quality label - who are hence all 
subject to the same maximum yield requirements established 
by the label - and aggregated them at the municipality level. 
We calculated, at municipality level, the soil and climate 
indicators that influence grapevine yield according to the 
scientific literature. We then kept only those indicators 
proving to have a significant effect on the grapevine yield at 
municipality level. Then, we clustered the zones presenting 
similar indicators, thus facilitating the identification of 
environmental resources. We hypothesised that (i) the 
combination of climate and soil can result in different yield 
levels (e.g., low-yielding and high-yielding environments), 
(ii) the same yield level can be obtained with different 
combinations of climate and soils, and (iii) some grape 
varieties are preferentially cultivated in specific combinations 
of climate and soils with higher associated yields. 

FIGURE 1. (A) The former Languedoc-Roussillon French administrative region until 2015, now part of Occitanie 
region (Wikialine., 2009). (B) Land-use dedicated to grapevine in Languedoc-Roussillon, in 2018. Adapted from 
IGN (2020).
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MATERIALS AND METHODS

1. Data sources 

1.1. Yield data
Grapevine yield data were obtained from harvest customs 
declaration data provided by producers under the Pays d’Oc 
PGI in the former Languedoc-Roussillon region (Figure 1A). 
This label is the largest wine label in France in terms of 
cultivated area, wine produced and number of winegrowers, 
with over 1100 wine cellars. Between 70,000 and 120,000 
ha are declared under this label every year, which represents 
over 50  % of the grapevine cultivated area in Languedoc-
Roussillon (Figure 1B). The label sets a maximum red and 
white wine production limit at 90  hl·ha-1·year-1. Although 
the maximum yield for rosé wine was increased from 90 to 
100 hl·ha-1·year-1 in 2015, we considered 90 hl·ha-1·year-1 as 
the generic yield objective and threshold for all years and wine 
colours. The dataset contains a total of 96,667 yield data for a 
period of 9 years (from 2010 to 2018), 58 grapevine varieties 
and 606 municipalities. The yield data (hl·ha-1·year-1) was 
aggregated on a yearly basis at municipality level for all 
grapevine varieties and vineyards, resulting in 4455 annual 
municipality yield data. These data are available in the 
following repository: https://doi.org/10.57745/THCVRE 
(Fernández-Mena, 2022).

1.2 Weather data
We used weather data from the SAFRAN reanalysis 
(Vidal et al., 2010). The SAFRAN data cover the whole of 
the French territory at a spatial resolution of 8km by 8km 
and provide weather variables relevant to crop growth. These 
data have already been used to investigate the effects of 
climate on crop yield (e.g., Ben-Ari et al., 2018). We used 
SAFRAN data provided by MétéoFrance and extracted from 
the INRAE SICLIMA platform at a daily time step between 
1 January 2010 and 31 December 2018 for the following 
variables: daily average (tmean,  °C), maximum (tmax,  °C) 
and minimum temperature (tmin,  °C), daily rainfall (mm), 
and daily reference evapotranspiration (ETo, mm).

1.3 Soil data
Two soil indicators were considered, as they can have an 
important effect on grapevine yield: soil available water 
holding capacity (SAWC, mm) and soil pH (pH, no units). 
High SAWC can buffer against transient water deficits, 
which is particularly relevant in Mediterranean areas during 
dry periods in spring and summer (Coipel et al., 2006; van 
Leeuwen et al., 2018). Soil pH can affect grapevine yield 
negatively, particularly at very low pH levels (Himelrick, 
1991; Tagliavini and Rombola, 2001).

We used the latest update of the Soil Available Water Capacity 
(SAWC) cartography in Languedoc-Roussillon (Styc and 

Variable name Acronym Units Minimum Maximum Average 

Grapevine Municipality average 
grapevine yield Yield hl·ha-1·year-1 6.00 100.00 67.03

Soil

Soil Available Water 
Capacity SAWC mm 55.00 133.26 88.79

Soil pH soil_pH - 5.30 8.44 7.91

Climate

Climatic Dryness Index CDI mm -346.3 146.2 -221.6

Huglin Index HI °C 1406 2709 2270

Days of Frost DoF days 0 65 16.76

Frequency of Late Frost FoLF days 0 2 0.01

Severity of Late Frost SoLF °C 0 0.4 0.0002

Hot Days HD days 0 62 31.83

Very Hot Days VHD days 0 12 1.8

Severity of Heat Stress SoHS °C 0 29.5 2.16

 TABLE 1. Variables analysed in this study. 
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Lagacherie, 2019), which provides SAWC values at three 
maximum rooting depths (60, 100 and 200 cm). Validation 
by comparing with local SAWC observations revealed 
a substantial level of uncertainty in this map (Styc and 
Lagacherie, 2021). However, the map displays pedologically 
sound spatial patterns of predicted SAWC that justify its use 
for large scale studies, such as the present study (Styc and 
Lagacherie, 2021). We used soil pH data from the Languedoc-
Roussillon GlobalSoilMap (Vaysse and Lagacherie, 2015) at 
a spatial resolution of 90m, following the GlobalSoilMap 
specifications (Arrouays et al., 2019). The map had been 
created using legacy-measured soil profiles associated with a 
set of soil covariates using random forest and by kriging. The 
data covers four soil layers at depths of 0-5 cm, 5-15 cm, 15-
30 cm and 30-60 cm and shows high prediction performance 
(R2 = 0.71 - 0.73). Both datasets (SAWC and pH) are publicly 
available for download at https://www.openig.org/. 

2. Data preparation 

2.1 Data aggregation at the municipality level 
Yield, climate and soil data were aggregated at the 
municipality level. Average grapevine yield (hl·ha-1·year-1) 
was calculated as the area-weighted average of yields over all 
grapevine varieties in each municipality. SAWC map raster 
was intersected with the municipalities of the region studied 
and an area weighted average of SAWC was calculated for 
each municipality. We calculated the municipality soil pH as 
the average pH of several soil layers at depths of 0-5, 5-15, 
15-30 and 30-60 cm. The weather data were aggregated at 
municipality level using the nearest neighbour method. 

2.2 Calculation of climatic indicators
Drawing from current knowledge of grapevine physiology, 
a total of eight climatic indicators were initially selected for 
potentially being able to explain annual and spatial variations 
in grapevine yield. These can be grouped into four types. 
The first type of climate indicator provides information 
about temperature suitability for grapevine development 
(Tonietto et al., 2014; Tonietto and Carbonneau, 2004), and 
comprises a single indicator: the Huglin Index (HI, degree 
Celsius), proposed by Huglin (1978). This index is calculated 
as the sum of temperatures over a threshold of 10 °C, using 
both the mean and maximum daily air temperatures, during 
the grapevine vegetative period; i.e., from the beginning of 
April to the end of September in the northern hemisphere. 
The sum is multiplied by a length-of-day coefficient  (d). 
We used a d equal to 1.03 for the latitude of Languedoc-
Roussillon region (42°01′ – 44°00′).

The second type describes water availability and includes 
a single indicator: the Climatic Dryness Index (CDI, mm), 
calculated every year as the difference between cumulated 
rainfall and ETo from 1 April to 30 August. The CDI is 
similar to the Standardised Precipitation-Evaporation Index 
of Vicente-Serrano et al. (2010) that was used to categorise 
viticultural areas by Santillán et al. (2019). However, we 
limited the calculation of the indicator to up to 30 August 
to exclude any potential extreme rainfall events in the study 
region close to harvest during the month of September. 

The third type of climate indicator describes heat stress 
and comprises three indicators: (i) Hot Days (HD, days), 

FIGURE 2. Municipality average grapevine yield (weighted by their area for all grapevine varieties) in Languedoc-
Roussillon of Pays d’Oc PGI labelled wines between 2010 and 2018 (n = 606 municipalities). Top left: histogram of 
the displayed data for all municipalities and 9 years between 2010 and 2018 (n = 4455) averaged from individual 
yield declarations (n = 96677).
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calculated as the number of days per year with maximum 
temperatures over 30 °C. Temperatures over 30 °C hamper 
carbon assimilation and limit yield by reducing the number 
of berries per vine (Greer and Weedon, 2014; Petrie and 
Clingeleffer, 2005; Torregrosa et al., 2017). (ii) Very Hot Days 
(VHD, days), calculated as the number of days per year with 
maximum temperatures over 35 °C. Very high temperatures 
can have negative effects on grapevine photosynthesis and 
fruit set above 35 °C (Luo et al., 2011; Pagay and Collins, 
2017) and can also cause leaf scorch and fruit wilt above 
40  °C (Galet, 2000; Liu et al., 2019; Pagay and Collins, 
2017; Venios et al., 2020). (iii) Severity of Heat Stress (SHS, 
degree Celsius), calculated as the accumulation of daily 
mean temperature over 28 °C from budburst (considered as 
1 April) to harvest (considered as 30 September). Around 
28 °C is considered as the optimum daily mean temperature 
for grapevine photosynthetic activity in a Mediterranean 
context (Schultz, 2000; Xiao et al., 2017). Heat stress will 
increase proportionally to the degree days accumulated over 
this optimum, reducing grapevine photosynthetic activity 
and thus yield. 

The fourth type of climate indicator describes cold stress 
and comprises three indicators: (i) Days of Frost (DF, 
days), calculated as the total number of days per year with 
minimum temperature below 0 °C. Low winter temperatures 
can cause seasonal changes to fruit structure and a decrease 
in yield; extreme cold events (i.e.,  <  -10  °C) can create 
injuries in vines (Buztepe et al., 2017; Kaya and Köse, 2017).  
This indicator is also correlated with the probability of larger-
scale local episodes of late frosts not being detected by climate 
stations. (ii) Frequency of Late Frost (FLF, days), calculated 
as the number of days with minimal temperature below 0 °C 
from 1 April to 30 September. Late frosts are a significant 
hazard for grapevines as they cause considerable damage 
to plant tissue (Molitor et al., 2014; Trought et al., 1999). 
(iii) Severity of Late Frost (SLF, degree Celsius), calculated 
as the accumulation of daily minimum temperatures below 
2  °C from 1 April to 30 September. The most severe frost 
impact increases with extremely low temperatures below 
0 °C (Poling, 2008), but some temperatures between 0 and 
3 °C have proven to significantly impact grapevine growth 

(Hendrickson et al., 2004), and local frost episodes can also 
occur when downscaling the average temperature to specific 
vineyards.

2.3 Selection of climate and soil indicators that best 
explain variations in grapevine yield 
After identifying and calculating an initial set of climate 
and soil indicators relevant to grapevine yield (Table 1), we 
used linear modelling to select indicators that best explained 
the variations in grapevine yield at the municipality level. 
Although some indicators, such as the Huglin Index and the 
number of hot days, were correlated (SI: Figure 2), we did 
not eliminate any indicators based on correlations. Instead, a 
backward stepwise model selection process was used to select 
indicators the most related to grapevine yield, following 
Zuur et al. (2009), Gareth et al. (2013) and Cayuela (2018). 

Our yield prediction model tested all the soil and climate 
variables listed in Table 1 as predictors for each municipality 
yield and year (n = 4455), as well as for the average grapevine 
yield of the municipality for the whole period studied 
(n  =  606). These models were fitted using linear mixed-
effect models (LMM). LMM are commonly employed 
in analyses of grouped data where observations cannot 
reasonably be assumed to be independent of one another 
(Pinheiro and Bates, 2006). In our case, climate and soil 
indicators were considered as fixed effects for the prediction 
of average grapevine yield at the municipality level, and the 
municipality was assumed to have a random effect, since 
there is a spatial dependence between among interannual 
yield data for the same municipality (Bonansea et al., 2015). 
In the backward stepwise selection process, we started with 
the most complex model and dropped one variable at each 
step depending on the p-values, until the remaining variables 
had significant p-values (<  0.05). Then, we selected the 
most parsimonious model using both Akaike information 
criterion (AIC) and Bayesian information criterion (BIC).  
This technique of model selection is also used in earth science 
studies, such as that of Cremona et al. (2018), to discriminate 
factors involved in ecological processes. Random forest was 
used to discriminate the importance of variables by ranking 

Predictors Estimates CI p-values 

Intercept 13.57 -2.61 – 29.75

Soil Available Water Capacity (SAWC) 0.27 0.23 – 0.32 ***

Huglin Index (HI) 0.02 0.01 – 0.02 ***

Soil pH 0.169 -2.48 – 3.86 **

Climatic Dryness Index (CDI) 0.03 0.02 – 0.05 ***

Days of Frost (DF) -0.15 -0.33 – -0.18 ***

Very Hot Days (VHD) -0.55 -0.77 – -0.33 **

TABLE 2. Fixed effects with Estimates, Confidence Interval at 95 % (CI) and p-values of the most parsimonious mixed-
model results to estimate annual grapevine yield at the municipality level (n = 4455). Predictors other than intercept 
are ordered by random forest partial dependence plot of variable importance (Figure S2). P-values are flagged: 
* for < 0.05 ;** for < 0.01 and *** for < 0.001.
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FIGURE 3. Average Soil Available Water Capacity (SAWC) of each municipality in Languedoc-Roussillon. Adapted 
from Styc and Lagacherie (2021).

FIGURE 4. Average Climatic Dryness Index (CDI) of each municipality in Languedoc-Roussillon between 2010 and 
2018.
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FIGURE 5. Average Huglin Index (HI) of each municipality in Languedoc-Roussillon between 2010 and 2018. 

the predictors of the selected model as a function of their 
contribution to reducing prediction error (Strobl et al., 2008). 

Statistical analyses were performed using the R software 
(R Core Team., 2014) with ‘nlme’ package (Pinheiro et al., 
2021) for LMM and ‘corrplot’ package for correlation matrix 
calculations (Wei and Simko, 2017). Datamining, plots and 
tables were done using the packages ‘dplyr’ (Wickham et al., 
2018), ‘sjPlot’ (Lüdecke, 2021), and ‘ggplot2’ (Wickham, 
2016).

3. Spatial clustering and zone assessment 
Based on the set of selected indicators as described in Section 
2.2, we clustered the municipalities with similar soil and 
climate, helping us to create groups of municipalities that we 
refer to as zones. For the clustering, we used a combination 
of principal components analysis (PCA) and ascendant 
hierarchical classification (AHC). PCA and AHC on principal 
components were performed using the ‘FactomineR’ R 
package (Lê et al., 2008). The number of clusters in the AHC 
was defined in collaboration with local viticultural experts 
(grapevine growers and wine label managers of Pays d’Oc 
PGI) to capture a representative range of the pedoclimatic 
regional variability. The Ward’s method suggested using 
three clusters, but this number of clusters was too low and did 
not include some important factors such as pH, CDI or VHD. 

We assessed and described the characteristics of the defined 
zones in terms of the grapevine yield gap (as the difference 
between the average grapevine yield and the label production 
limit; i.e., 90 hl·ha-1·year-1). For every zone, we calculated 
the selected indicators in Section 2.2, the distribution of 
grapevine varieties, the number of municipalities and the 
total grapevine cultivated area. Tukey’s range test was then 
used to compare the average values between zones using 

‘multcomp’ R package (Hothorn et al., 2009). Anova test 
(R Core Team., 2014) was used to estimate the variability 
of the grapevine yield distribution explained by the zone 
classification grapevine yield, and to compare it to the 
unexplained variability inside each zone. Chi-Square test of 
goodness of fit using ‘summarytools’ R package (Comtois, 
2021) was used to analyse the proportions of grapevine 
varieties in each zone (with a significance level alpha = 0.05), 
comparing their distribution to an expected equilibrated 
distribution among the zones.

RESULTS

1. Descriptive statistics of grapevine yield 
data
In our database, the vineyard cultivated area and wine 
volume as declared by the Pays d’Oc quality label were, on 
average, 73718 ha·year-1 and 5 950 302 hl·year-1. However, 
we aggregated individual yields weighted by their area 
at the municipality level, obtaining an average yield per 
municipality and year. Yield values for all the municipalities 
were as follows: a mean of 65.3 hl·ha-1·year-1, a median of 
67.03  hl·ha-1·year-1, a minimum of 6  hl·ha1·year-1, and a 
maximum of 100  hl·ha-1·year-1 (the latter corresponding to 
a municipality with rosé wines - permitted maximum yield 
being 100  hl·ha-1·year-1). If the yield gap was filled, the 
extra production expected could be 684  318  hl·year-1 (i.e., 
over 11.5  % of the current wine volume) with regards the 
label’s maximum yield requirements for red and white wines 
(90 hl·ha-1·year-1). 

Spatially, the estimation of average grapevine yield at 
the municipality level between 2010 and 2018 revealed 
localised yield gaps in numerous municipalities (Figure 2). 
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Temporally, no declining trend was observed within this time 
frame, although some years had lower yields (Figure S1), 
in particular 2010 and 2017, which were linked to severe 
drought conditions.

The most planted grapevine varieties in the region were, in 
order of cultivated area, Merlot, Cabernet-Sauvignon, Syrah, 
Chardonnay, Grenache noir, Sauvignon blanc and Cinsault. 
In total, 10 varieties were grown over 70 % of the cultivated 
area (Table ST1). The yield of white wine varieties including 
Chardonnay, Grenache blanc, Viognier and Muscat petit grain 
were generally lower than 70  hl·ha-1·year-1 and lower than 
that of red and rosé wine varieties. Yield differences between 
red wine varieties were low. 

2. Identification of six relevant climate and 
soil indicators
Of the models tested in Table ST2, we selected a mixed 
model that maximised AIC and BIC performance, for 
which 6 (Table 2) of the 10 calculated indicators proved to 
have a significant effect on the annual grapevine yield of 
the municipalities (n = 4455). This method obtained a low 
marginal R2 (0.112), thus showing low potential for annual 
yield prediction. Yet, the same predictors proved to be more 
relevant for the prediction of average grapevine yield for the 
whole period (n = 606), with a marginal R2 of 0.546 and a 
conditional R2 of 0.627. The variables that were found to have 
a significant effect on grapevine yield at the municipality 
level were, in order of increasing significance: Soil Available 
Water Capacity (Figure 3), Climatic Dryness Index (Figure 
4), Huglin Index (Figure 5), Days of Frost (Figure S3), soil 

pH (Figure S4) and the Very Hot Days (Figure S5). Despite 
their theoretical impact on grape yield, four indicators were 
excluded from our model: SLF, FLF, HD and SHS (Figures 
S6, S7, S8 and S9). A random forest partial dependence plot 
of variable importance (Figure S2) ranged the variables 
according to their predicting capacity, as shown in Table 2. 
The Pearson correlation matrix showed a high positive 
correlation between the indicators related to extreme 
heat events (HD, VHD and SHS), also with temperature 
accumulation in HI, whereas CDI was highly and positively 
correlated with DF and highly and negatively correlated with 
HI (Figure S2). These correlations helped to discriminate HD 
and VHD for improving model performance and verify the 
low correlations of all the factors with the Municipality as an 
aggregated variable.

3. Seven agroecological zones of 
municipalities with similar climate and soil 
conditions
The PCA and HCH statistical analyses helped to define seven 
clusters of municipalities using the selected soil and climate 
variables as listed in Section 3.2 (Figure S10). Each of those 
clusters represents an agroecological zone with similar soil 
and climate characteristics (Figure 6). The characteristics of 
the zones are significantly different from each other in terms 
of at least one index that favours or constrains grapevine 
yield (Figure 7).

Zone  1 is the ‘Humid zone of the hinterland’ and has 
the coolest temperatures due to its distance from the 
Mediterranean coast. As a consequence of having the lowest 

FIGURE 6. Soil and climate zones related to grapevine yield at the municipality level in Languedoc-Roussillon.
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FIGURE 7. Selected soil and climate indicator distribution for each of the seven zones (clusters) in the Languedoc-
Roussillon region. The box-plots show the distribution in quartiles with median lines. Circles represent the mean value 
and filled dots are outliers. Letters correspond to Tukey’s range test for means comparison.
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Climate Dryness Index (CDI) (around -150 mm) and number 
of Very Hot Days (VHD) (from 0 to 2), this region benefits 
from high grapevine yield. Its main constraint is its Huglin 
Index (HI), which is the lowest, with 300 to 400 degree-days 
less than other zones. The Soil Available Water Capacity 
(SAWC) is relatively high (from 70 to 100 mm) and Days of 
Frost (DF) are average (from 10 to 20).

Zone  2 is the ‘Zone with acid and shallow soils in the 
mountains’, which is the only one with an acid soil pH 
(ranging from 5 to 7.5), which constrains grapevine yield. 
This zone also has the lowest SAWC (from 50 to 80  mm) 
and a low HI. The rest of the variables are average.  
The municipalities of this zone are located at the highest 
elevations with municipalities in the southern (Pyrenees 
mountains) and northern (Caroux Mountains) areas of the 
region. 

Zone 3 is the ‘Zone of piedmont with constraining SAWC’. 
It has low temperature-related variables (HI; DF and VHD) 
similar to those in Zone  2, but municipalities in this zone 
have alkaline soil pH (from 7 to 8.3). Water-related indicators 
are also not very favourable, although SAWC is significantly 
higher than in Zone 2. CDI is lower, being linked to higher 
temperatures and the HI. The municipalities of this zone are 
located at mid-elevation and in the piedmont areas of the 
region. 

Zone 4 is the ‘Cold and dry zone surrounding Pic St Loup’. 
This zone is constrained by numerous Days of Frost (DF), 
but high temperatures in summer (high HI and VHD). This 
zone is also constrained by low water availability from 
rainfall (low CDI) and soils (low SAWC). The municipalities 

of this zone are located in high areas surrounding the peak 
Saint-Loup (north of Montpellier). 

Zone  5 is the ‘Zone of average inland soils’. It comprises 
relatively average soils, although SAWC is very variable.  
The region is constrained by a high Climatic Dryness Index 
(CDI) and the highest Huglin Index. The municipalities of 
this zone are mainly located on the inland plains in the central 
and eastern parts of the region. 

Zone  6 is the ‘Zone with deep soils in mild coasts’.  
It comprises the best soils (highest SAWC), compensating 
for having the highest water deficit (highest CDI) in the 
region. Extreme temperatures are rare in this zone due to the 
proximity of the sea. 

Zone  7 is the ‘Highest number of very hot days but deep 
soils’. It is subject to the most extreme temperatures with 
the highest level of Very Hot Days (VHD) and many Days of 
Frost (DF). In contrast, water availability is favourable due 
to deep soils (high SAWC) and less dry climate (low CDI). 
The municipalities of this zone are located on several inland 
plains in the eastern part of the region.

4. Assessment of the yield gap and varieties 
per agroecological zone
Depending on their yield gaps (i.e., the difference between 
label maximum yield (90 hl·ha-1·year-1) and obtained yield), 
the clustered zones can be divided into two main groups 
(Figure 8):

  1. The group with the highest yield gaps, from 30 
to 50  hl·ha‑1·year-1; i.e., yields ranging from 50 to 
60 hl·ha‑1·year-1. This group corresponds to municipalities in 

FIGURE 8. Distributions of average municipality grapevine yields (n = 606) in hl·ha-1·year-1 in each of the seven 
clustered zones in Languedoc-Roussillon between 2010 and 2018. The boxplots represent the distribution in quartiles 
with median lines. Circles represent the mean and filled dots are outliers. Letters correspond to Tukey’s range test for 
comparison of means. The dashed red line corresponds to the 90 hl·ha-1·year-1 maximum label yield used for yield 
gap calculation. The percentage in brown corresponds to the coefficient of variation over time for each zone.
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Zones 2, 3 and 4. Within this group, Zone 3 has a significantly 
higher yield.

  2. The group with the lowest yield gaps, from 10 
to 25  hl·ha‑1·year-1; i.e., yields ranging from 65 to 
80 hl·ha‑1·year-1, which corresponds to the municipalities of 
Zones 5, 6 and 7. 

Municipalities in Zone  1 show an intermediate yield gap 
between the two above-described groups.

The conditions for the application of the Anova test on 
grapevine yield depending on zone were validated by the 
Shapiro-Wilk normality test. The variability in grapevine 
yield explained by the clustered zones is significant according 
to the Anova test. The F-value obtained was 11.54, indicating 
more variability explained by the zones than not explained 
inside the zones. 

We observed a high variation in yield levels depending on 
the zones as shown by the coefficient of variation in Figure 8. 
Although over time there was not a significant tendency 
towards lower yields in the zones, the zones with low yields 
(i.e., Zones 2, 3 and 4) drastically reduced their yields in 
occasional years (Figure S11). Zones 5 and 6 account for the 
highest cultivated areas (i.e., 20000 to 25000 ha) and Zones 4 
and 2 for the lowest (i.e., 1000 to 2500  ha) (Figure S12).  
In addition, these zones account for the highest and the lowest 
number of municipalities respectively (Figure S12).

Concerning grapevine varieties, we found a total of 15 
different grapevine varieties based on the distribution of the 
top 10 varieties in each of the seven pedo-climatic zones 
(Figure S13); the selected varieties represent over 81 % of the 
total diversity grown under the Pays d’Oc PGI label during 
the years studied. Of these varieties, 9 of them represented 
between 75 and 93 % of the planted area depending on the 
zone (Table ST3); these were, in order of increasing planted 
area: Merlot, Cabernet-Sauvignon, Syrah, Chardonnay, 
Grenache  noir, Sauvignon  blanc, Cinsault, Viognier and 
Pinot noir. We analysed the yield distribution of each of these 
nine wines per zone, resulting a similar overall distribution 
(Figure S14). The white wine varieties showed lower yields 
than the red wine varieties. As well as these popular varieties, 
only two original varieties were found in a few zones: 
Cabernet franc in Zone 1 and Muscat in Zone 2 and 3.

DISCUSSION AND PERSPECTIVES

In the following sections, we first discuss the limitations 
of the data used and selection of indicators (Section 4.1).  
We then refer to the zoning results to give recommendations 
for management adaptations (Section 4.2), discuss other 
factors involved in grapevine yield gaps that would need to 
be studied to complete this work (Section 4.3), and, finally, 
give our conclusions (Section 4.4). 

1. Limitations of climate and soil data and 
selected indicators 
Soil data availability at the landscape scale is often the 
bottleneck when zoning terroir and in grapevine production 

(White, 2020); in particular, the lack of an SAWC map and 
measurements constrains many classifications, such as that 
of the Italian Chianti, as suggested by Priori et al. (2019). As 
a result of the GlobalSoilMap initiative, new soil databases 
are available at the regional scale for Languedoc-Roussillon 
(Vaysse and Lagacherie, 2015). In this study, we showed that 
not only climate, but also soil variables (SAWC and soil pH) 
are relevant when studying regional grapevine yield gaps. 
However, GlobalSoilMap products are less useful for doing 
these analyses on more local scales. Although the SAWC map 
explained a small amount of the total SAWC variance (20 % 
according to Styc and Lagacherie (2021), the aggregation 
of SAWC at the municipality level reduced this variance, as 
observed by Vaysse and Lagacherie (2017).

The use of SAFRAN climate data raises a number of questions. 
On the one hand, the 8 km by 8 km resolution reduced out 
the local variability of the climate, which can sometimes 
be very important in magnitude over small distances and 
participate in a significant way to the heterogeneity of 
the vineyard environment (Le Roux et al., 2017). On the 
other hand, SAFRAN is a reanalysis, which necessarily 
produces biases, especially in areas where relief is more 
pronounced (Quintana-Segui et al., 2008). SAFRAN tends 
to minimise extreme temperatures (Ollat et al., 2021), thus 
decreasing the number of Very Hot Days and Days of Frost.  
Because of the scale used, we could not consider certain 
local phenomena such as hail, that can drastically damage 
grapevine yield (González-Fernández et al., 2020). The 
analysis of a longer climate data series (i.e., over 20 or 
30 years) would help to improve the relevance of climatic 
indicators, but they would require grapevine yield data from 
the same period and length of time. Another aspect that could 
be considered is the integration of plant phenology into the 
calculation of the indicators. Indeed, the impacts of climate 
on the functioning of the plant differ depending on the 
phenological stage of the plant, and they therefore depend 
highly on the variety used (Morales-Castilla et al., 2020). 
A possible approach to integrating these effects would be to 
calculate the indicators based not on calendar dates but on 
periods corresponding to key stages of the vine (budburst, 
flowering, ripening, etc.); this has already been applied to 
other crops (Caubel et al., 2015).

Most of the proposed indicators proved to be significant 
determinants of grape yield. Despite the influence of high 
temperature being partially explained by the number of Very 
Hot Days, the number of Hot Days and Severity of Heat Stress 
were, surprisingly, not significant indicators in a region with 
numerous heat events (Garnier, 2010). In addition, the period 
studied did not account for the most severe heat wave in the 
South of France recorded in 2019, which severely impacted 
grapevine yield (Lopez‑Fornieles et al., 2022). The selection 
of the Days of Frost indicator may seem surprising from the 
point of view of extreme event impact, yet many Days of 
Frost in winter will delay budburst, which, for some cultivars, 
reduces the length of the vegetative cycle and therefore yield 
(Cameron et al., 2022). The Frequency of Late Frost was not 
deemed significant, since frosts were very marginal during the 
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period studied (Figure S8). Although rare, some strong late 
frost events can occasionally occur in Languedoc-Roussillon;  
a noteworthy example is that of the historic early frost of 
April 2021 that caused much damage in all the southern 
viticultural regions of France and whose consequences 
are still being assessed (DDTM du GARD., 2022).  
Still under discussion are some projections made by authors 
of a reduction in frost events in Europe (Leolini et al., 2018); 
meanwhile, a recent modelling study in France has predicted 
a higher risk of them occuring (Vautard et al., 2022). 

2. The role of 7 pedoclimatic zones to guide 
R&D in viticulture in Langedoc-Roussilon
The 7 pedoclimatic zones explained more than 50 % of the 
grapevine yield spatial variations at the scales studied, despite 
being based on few variables. In each zone, we identified some 
indicators that exceeded the regional average and which may 
have limited grapevine yield, so we proposed some specific 
management adaptations. For instance, Zone 1 has the lowest 
HI; therefore, growing grapevine varieties adapted to lower 
cumulated temperatures, such as Merlot, Cabernet  franc 
and Cabernet-Sauvignon, could help to improve or 
maintain grapevine yield (Morales‑Castilla et al., 2020; 
Parker et al., 2013; Parker et al., 2020). Zone  2 has the 
lowest SAWC and soil pH; therefore, rootstock adaptation 
to lower pH and water stress could help to improve 
productivity in this area (Himelrick, 1991; Serra et al., 2014;  
Tagliavini and Rombola, 2001; Vrsic et al., 2016). Zones 3, 
4, 5 and 6 are affected by water stress, either having a low 
SAWC (especially in Zone  4), a high Climatic Dryness 
Index (in particular in Zone  6, as well as in Zone  5) or 
both the latter (in Zone  3). The combination of water and 
thermic stress are known to increase stomata closure, which 
negatively affects grapevine photosynthesis (Carvalho and 
Amâncio, 2019). Adaptations to water scarcity can include 
rootstock and cultivar choice, irrigation, decreasing planting 
density, weed early control and cover crop management 
(Duchêne, 2016; Lovisolo et al., 2016; Naulleau et al., 2021).  
Zone 7 also has limitations linked to extreme temperatures, 
which are low during the winter (i.e., high number of Days 
of Frost, thus shortening the grapevine cycle) and very 
high during the summer (i.e., high number of Very Hot 
Days, severely impacting grapevine yield as shown by 
Lopez‑Fornieles et al. (2022)). The introduction of shading 
nets and tree shades in this zone could help to prevent extreme 
temperatures and scorching of the vines (Grimaldi et al., 
2019; Oliva Oller et al., 2022; Villalobos-Soublett et al., 
2021; Williams et al., 2022).

Furthermore, the adaptations to be implemented will 
depend on the total cultivated area of a given zone. Zones 5 
and 6 are the most cultivated, followed by 1, 7 and 3.  
Within each zone, we observed that the municipality 
variability of the yield gaps was higher than their indicator 
variability. Consequently, it would be worth investigating 
the causes of municipalities in a high yield zone having a 
low average yield gap, and, if relevant, improving farm 
management practices to fulfill the environmental potential 
of the zone.

3. Other non-environmental factors are 
involved in grapevine yield gaps
Indeed, climate and soil alone do not determine yield at the 
municipal level. It is very important to consider other factors, 
including the grapevine variety, clones and rootstocks that 
have been planted. Little is known about the yield potential 
of each variety and rootstock, particularly linked to growing 
conditions (Palacios et al., 2022). In our study, the choice of 
varieties had less effect on the yield gap than environmental 
factors, with smaller differences found between the most 
grown varieties (i.e., 5-10 hl·ha-1·year-1) compared to within-
zone yield variation (i.e., 10-30  hl·ha-1·year-1). In addition, 
their spatial distribution is quite homogeneous, with the 
nine most grown varieties planted in 75 to 93 % of the zone 
areas, as shown in Table ST3. In other case studies exhibiting 
large differences between varieties, the zoning method 
proposed here can also be applied by zoning per grapevine 
variety. Further research should be carried out on the yield 
potential of grapevine varieties, clones and rootstock, as well 
as their adaptation to different climate and soil conditions 
(Duchêne, 2016; Gisbert et al., 2022; Serra et al., 2014). 

Vineyard technology and management practices beyond 
the scope of this study also have an important effect on 
grapevine yields. Irrigation facilities are available in 17.8 % 
of grapevine cultivated area in Languedoc-Roussillon 
region (Cambrea et al., 2020), and many winegrowers 
considering turning to irrigation (Graveline and Grémont, 
2021), thus helping to reduce grapevine yield gaps linked 
to water stress. Regarding vineyard inter-row management, 
different strategies exist already in Languedoc-Roussillon 
that can help to reduce competition between inter-row plants 
and the grapevine for water and soil nutrients (Fernández-
Mena et al., 2021). Soil fertility preservation practices by 
mineral fertilisation and the incorporation of compost into 
soils can enhance grapevine growth and grape production 
(Vrignon-Brenas et al., 2019). The crop protection strategy to 
avoid the impact of pests and diseases also has an important 
effect on grapevine yields depending on the climate and pest 
pressure within each zone, powdery mildew being the most 
common disease in the region (Fouillet et al., 2022; Guilpart, 
2014).

For each of the seven zones, the yield gaps were 
divided into two groups representing i) high yield gaps 
(30‑50 hl·ha‑1·year-1), ii) low yield gaps (10-25 hl·ha-1·year-1). 
All the zones contained municipalities with high yield 
gaps (i.e., higher than 30 hl·ha-1·year-1), and municipalities 
without any yield gaps; in the latter case, irrigation in these 
municipalities may explain the closing of the yield gap.  
In addition, insight into good management practices could 
be gained by investigating the management practices 
of winegrowers who obtain high yields in low yield 
municipalities or zones, as did Andrade et al. (2022) and 
Mourtzinis et al. (2018). The exploration of such avenues is a 
future perspective for this research; for instance, by collecting 
extra data or by ‘innovation tracking’ (Salembier et al., 
2021). 
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Low grapevine yield has often been related to high quality 
wine and therefore yield has been restricted by quality labels 
to ensure a minimum quality standard (Stranieri and Tedeschi, 
2019). The grapevine yield data used was provided by Pays 
d’Oc PGI, the most cultivated wine label in Languedoc-
Roussillon region, which is a PGI (Protected Geographical 
Indication) label within the EU label framework (European 
Commission., 2022). Although other PGI labels exist in the 
region, as well as numerous Protected Designation of Origin 
labels (PDO) with more restricted vineyard practices and 
constrained target yields, the Pays d’Oc PGI label was more 
appropriate for studying a population of winegrowers and 
wineries with similar yield objectives. However, mixed label 
wineries are often located in low yield municipalities that 
apply business models that are not necessarily only based on 
the grapevine yield objective of this study. 

CONCLUSION

The present study proposes a method for selecting theoretical 
climate and soil factors that may have significant influence 
on grapevine yield at the municipality level. By working to 
such a scale, it is possible to gain more knowledge about 
winegrowing landscape characteristics that could contribute 
to future studies on vineyard management practices. 
Our analysis evidenced 6 relevant factors that explained 
grapevine yield at R2  =  0.546, thus explaining only part 
of the grapevine yield. Further research should consider 
longer yield and the time-span of the climate database (e.g., 
30 years) to improve the accuracy of the indicator selection. 
We opted to perform clustering to help analyse the types of 
municipality that have similar characteristics in terms of 
soil and climate. The choice to apply this zoning approach 
was also motivated by the fact that it provides a basis for 
formulating R&D recommendations. Based on statistical 
clustering carried out following the advice of regional 
wine label experts, we divided the Languedoc-Roussillon 
region into seven differential zones that had two contrasting 
yield gap levels associated with different combinations of 
indicators related to the limiting of grapevine yield. For each 
zone, we determined the extent to which the variability could 
be explained by pedoclimatic factors. Understanding the 
limiting factors linked to each zone could help local experts 
to implement adaptation measures in order to avoid or limit 
grapevine yield loss. In the present study, we showed that 
environmental factors at this scale can explain a small part 
of the annual variability of yield, but a large part (> 50 %) of 
average yield over time. Further research is needed to study 
the interactions between plant material and farming practices 
within each zone, as they may also play an important role in 
grapevine yield gaps at the regional scale.

ACKNOWLEDGEMENTS

We thank all the Pays d’Oc PGI collaborators in this 
project, who provided funding, and shared data and 
expertise, in particular Laure Lacombe, Florence Barthès, 
Olivier Simonou, Jacques Gravegeal, Damien Onorré and 

Gérard Bancillon. We highly appreciated the support of 
the Wine and Vine chair of the University of Montpellier, 
INRAE and Institut Agro for facilitating our partnership with 
the private sector and scientific exchanges.

REFERENCES

Anderson, J.D., Jones, G.V., Tait, A., Hall, A., Trought, M.C., 
(2012). Analysis of viticulture region climate structure 
and suitability in New Zealand. OENO One 46, 149–165.  
https://doi.org/10.20870/oeno-one.2012.46.3.1515

Anderson, W., Johansen, C., Siddique, K.H., (2016). Addressing the 
yield gap in rainfed crops: a review. Agron. Sustain. Dev. 36, 18. 
https://doi.org/10.1007/s13593-015-0341-y

Andrade, J.F., Mourtzinis, S., Edreira, J.I.R., Conley, S.P., Gaska, J., 
Kandel, H.J., Lindsey, L.E., Naeve, S., Nelson, S., Singh, M.P., 
(2022). Field validation of a farmer supplied data approach to close 
soybean yield gaps in the US North Central region. Agric. Syst. 200, 
103434. https://doi.org/10.1016/j.agsy.2022.103434

Andrade, J.F., Rattalino Edreira, J.I., Farrow, A., van Loon, 
M.P., Craufurd, P.Q., Rurinda, J., Zingore, S., Chamberlin, J., 
Claessens, L., Adewopo, J., van Ittersum, M.K., Cassman, K.G., 
Grassini, P., (2019). A spatial framework for ex-ante impact 
assessment of agricultural technologies. Glob. Food Secur. 20, 72–81.  
https://doi.org/10.1016/j.gfs.2018.12.006 

Arnó, J., Rosell, J., Blanco, R., Ramos, M., Martínez-Casasnovas, J., 
(2012). Spatial variability in grape yield and quality influenced by 
soil and crop nutrition characteristics. Precis. Agric. 13, 393–410. 
https://doi.org/10.1007/s11119-011-9254-1

Arrouays, D., McKenzie, N., Hempel, J., Richer de Forges, A., 
McBratney, A.B., (2019). GlobalSoilMap: basis of the global spatial 
soil information system. CRC press. https://doi.org/10.1201/b16500

Ben-Ari, T., Boé, J., Ciais, P., Lecerf, R., Van der Velde, M., 
Makowski, D., (2018). Causes and implications of the unforeseen 
2016 extreme yield loss in the breadbasket of France. Nat. Commun. 
9, 1627. https://doi.org/10.1038/s41467-018-04087-x 

Bernardo, S., Dinis, L.-T., Machado, N., Moutinho-Pereira, J., 
(2018). Grapevine abiotic stress assessment and search 
for sustainable adaptation strategies in Mediterranean-
like climates. A review. Agron. Sustain. Dev. 38, 1–20.  
https://doi.org/10.1007/s13593-018-0544-0

Beza, E., Silva, J.V., Kooistra, L., Reidsma, P. (2017). Review of 
yield gap explaining factors and opportunities for alternative data 
collection approaches. Eur. J. Agron., Farming systems analysis and 
design for sustainable intensification: new methods and assessments 
82, 206–222. https://doi.org/10.1016/j.eja.2016.06.016 

Bisson, L.F., Waterhouse, A.L., Ebeler, S.E., Walker, 
M.A., Lapsley, J.T., (2002). The present and future of 
the international wine industry. Nature 418, 696–699.  
https://doi.org/10.1038/nature01018

Blanco-Ward, D., Ribeiro, A., Barreales, D., Castro, J., Verdial, J., 
Feliciano, M., Viceto, C., Rocha, A., Carlos, C., Silveira, C., (2019). 
Climate change potential effects on grapevine bioclimatic indices: A 
case study for the Portuguese demarcated Douro Region (Portugal). 
Presented at the BIO Web of Conferences, EDP Sciences.  
https://doi.org/10.1051/bioconf/20191201013 

Bois, B., Joly, D., Quénol, H., Pieri, P., Gaudillère, J.-P., 
Guyon, D., Saur, E., Van Leeuwen, C., (2018). Temperature-based 

Hugo Fernandez-Mena et al.

https://oeno-one.eu/
https://ives-openscience.eu/


OENO One | By the International Viticulture and Enology Society 2023 | volume 57–2 | 374

zoning of the Bordeaux wine region. OENO One 52, 291–306.  
https://doi.org/10.20870/oeno-one.2018.52.4.1580

Bonada, M., Phogat, V., Collins, C., Petrie, P.R., Sadras, V.O., 
(2022). Benchmarking water-limited yield potential and yield 
gaps of Shiraz in the Barossa and Eden Valleys. bioRxiv.  
https://doi.org/10.1101/2022.10.25.513680

Bonansea, M., Rodriguez, M.C., Pinotti, L., Ferrero, S., (2015). 
Using multi-temporal Landsat imagery and linear mixed 
models for assessing water quality parameters in Río Tercero 
reservoir (Argentina). Remote Sens. Environ. 158, 28–41.  
https://doi.org/10.1016/j.rse.2014.10.032 

Bonfante, A., Brillante, L., (2022). Terroir analysis and its 
complexity: This article is published in cooperation with Terclim 
2022 (XIVth International Terroir Congress and 2nd ClimWine 
Symposium), 3-8 July 2022, Bordeaux, France. OENO One 56, 
375–388. https://doi.org/10.20870/oenoone.2022.56.2.5448 

Bonfatti, B.R., Hartemink, A.E., Giasson, E., Tornquist, C.G., 
Adhikari, K., (2016). Digital mapping of soil carbon in a 
viticultural region of Southern Brazil. Geoderma 261, 204–221.  
https://doi.org/10.1016/j.geoderma.2015.07.016

Bramley, R. G. V., Ouzman, J., (2022). Underpinning terroir with 
data: on what grounds might subregionalisation of the Barossa Zone 
geographical indication be justified? Aust. J. Grape Wine Res. 28, 
196–207. https://doi.org/10.1111/ajgw.12513 

Bramley, R. G. V., Ouzman, J., Boss, P. k., (2011). Variation in 
vine vigour, grape yield and vineyard soils and topography as 
indicators of variation in the chemical composition of grapes, wine 
and wine sensory attributes. Aust. J. Grape Wine Res. 17, 217–229.  
https://doi.org/10.1111/j.17550238.2011.00136.x

Bramley, R.G.V., Ouzman, J., Trought, M.C.T., (2020). Making 
sense of a sense of place: precision viticulture approaches to the 
analysis of terroir at different scales: This article is published 
in cooperation with the XIIIth International Terroir Congress 
November 17-18 2020, Adelaide, Australia. Guest editors: 
Cassandra Collins and Roberta De Bei. OENO One 54, 903–917.  
https://doi.org/10.20870/oeno-one.2020.54.4.3858 

Brillante, L., Bonfante, A., Bramley, R.G.V., Tardaguila, J., 
Priori, S., (2020). Unbiased Scientific Approaches to 
the Study of Terroir Are Needed! Front. Earth Sci. 8.  
https://doi.org/10.3389/feart.2020.539377

Buztepe, A., Kose, C., Kaya, O., (2017). Evaluation of cold tolerance 
of dormant buds according to position using thermal analysis in 
Karaerik (V. vinifera L.) grape. Int J Res Rev 4, 38–45. 

Cambrea, L., Lafon, C., Mayoux, L., (2020). En direct des territoires 
- L’irrigation de la vigne en ex-Languedoc-Roussillon : un potentiel 
de production maintenu par les économies d’eau. Sci. Eaux Territ. 
28–33. https://doi.org/10.14758/SET-REVUE.2020.5.05

Cameron, W., Petrie, P.R., Barlow, E.W.R., (2022). The effect 
of temperature on grapevine phenological intervals: Sensitivity 
of budburst to flowering. Agric. For. Meteorol. 315, 108841.  
https://doi.org/10.1016/j.agrformet.2022.108841 

Carbonneau, A., Deloire, A., Torregrosa, L., Jaillard, B., 
Pellegrino, A., Métay, A., Ojeda, H., Lebon, E., Abbal, P., (2015). 
Traité de la vigne : physiologie, terroir, culture. Prat. Vitivinic. Dunod.  
https://hal.science/hal-02154373

Cardoso, A.S., Alonso, J., Rodrigues, A.S., Araújo-Paredes, C., 
Mendes, S., Valín, M.I., (2019). Agro-ecological terroir units in 
the North West Iberian Peninsula wine regions. Appl. Geogr. 107, 
51–62. https://doi.org/10.1016/j.apgeog.2019.03.011 

Caubel, J., de Cortázar-Atauri, I.G., Launay, M., de Noblet-
Ducoudré, N., Huard, F., Bertuzzi, P., Graux, A.I., (2015). 
Broadening the scope for ecoclimatic indicators to assess crop 

climate suitability according to ecophysiological, technical and 
quality criteria. Agric. For. Meteorol. 207, 94–106. 

Cayuela, L., (2018). Modelos lineales mixtos (LMM) y modelos 
lineales generalizados mixtos (GLMM) en R. Retrieved on 10 January 
2020 on: https://dl.orangedox.com/XpAzAQ0duvnoBmWZJ2/5-
Modelos%20lineales%20mixtos%20en%20R.pdf 

Chevigny, E., Quiquerez, A., Petit, C., Curmi, P., (2014). Lithology, 
landscape structure and management practice changes: Key factors 
patterning vineyard soil erosion at metre-scale spatial resolution. 
Catena 121, 354–364. https://doi.org/10.1016/j.catena.2014.05.022

Coipel, J., Lovelle, B.R., Sipp, C., van Leeuwen, C., (2006). 
“Terroir” effect, as a result of enviromental stess, depends 
more on soil depth than on soil type. OENO One 40, 177–185.  
https://doi.org/10.20870/oeno-one.2006.40.4.867

Comtois, D., (2021). summarytools R package: Tools 
to Quickly and Neatly Summarize Data. Consulted on:  
https://CRAN.R-project.org/package=summarytools 

Cooper, M., Voss-Fels, K.P., Messina, C.D., Tang, T., 
Hammer, G.L., (2021). Tackling G× E× M interactions to 
close on-farm yield-gaps: creating novel pathways for crop 
improvement by predicting contributions of genetics and 
management to crop productivity. Theor. Appl. Genet. 1–20.  
https://doi.org/10.1007/s00122-021-03812-3

Cremona, F., Tuvikene, L., Haberman, J., Nõges, P., Nõges, T., (2018). 
Factors controlling the three-decade long rise in cyanobacteria 
biomass in a eutrophic shallow lake. Sci. Total Environ. 621, 352–
359. https://doi.org/10.1016/j.scitotenv.2017.11.250 

DDTM du GARD. (2022). Gel du 8 avril 2021 : procédure calamités 
agricoles. Consulted online the 10th of Mai 2022: https://www.
gard.gouv.fr/Politiques-publiques/Agriculture/Aidesagricoles/
Calamites-agricoles2/Gel-du-8-avril-2021-procedure-calamites-
agricoles

Droulia, F., Charalampopoulos, I., (2021). Future Climate 
Change Impacts on European Viticulture: A Review 
on Recent Scientific Advances. Atmosphere 12, 495.  
https://doi.org/10.3390/atmos12040495 

Duchêne, E., (2016). How can grapevine genetics contribute 
to the adaptation to climate change? OENO One 50, 113–124.  
https://doi.org/10.20870/oeno-one.2016.50.3.98

Edreira, J.I.R., Cassman, K.G., Hochman, Z., van Ittersum, M.K., 
van Bussel, L., Claessens, L., Grassini, P., (2018). Beyond 
the plot: technology extrapolation domains for scaling 
out agronomic science. Environ. Res. Lett. 13, 054027.  
https://doi.org/10.1088/1748-9326/aac092

Edreira, J.I.R., Mourtzinis, S., Conley, S.P., Roth, A.C., Ciampitti, I.A., 
Licht, M.A., Kandel, H., Kyveryga, P.M., Lindsey, L.E., Mueller, 
D.S., (2017). Assessing causes of yield gaps in agricultural areas with 
diversity in climate and soils. Agric. For. Meteorol. 247, 170–180.  
https://doi.org/10.1016/j.agrformet.2017.07.010

European Commission. (2022). Aims of EU quality schemes. 
Consulted on 10th of May 2022: https://agriculture.ec.europa.
eu/farming/geographical-indications-and-quality-schemes/
geographical-indications-and-quality-schemes-explained_en

Fernández-Mena, H., (2022). Dataset containing average 
climate, soil, and IGP Pays d’Oc grapevine yield in 
municipalities of Languedoc-Roussillon from 2010-2018.  
https://doi.org/10.57745/THCVRE

Fernández-Mena, H., Frey, H., Celette, F., Garcia, L., Barkaoui, K., 
Hossard, L., Naulleau, A., Métral, R., Gary, C., Metay, A., (2021). 
Spatial and temporal diversity of service plant management 
strategies across vineyards in the south of France. Analysis 

https://oeno-one.eu/
https://ives-openscience.eu/
https://dl.orangedox.com/XpAzAQ0duvnoBmWZJ2/5-Modelos%20lineales%20mixtos%20en%20R.pdf
https://dl.orangedox.com/XpAzAQ0duvnoBmWZJ2/5-Modelos%20lineales%20mixtos%20en%20R.pdf
https://www.gard.gouv.fr/Politiques-publiques/Agriculture/Aidesagricoles/Calamites-agricoles2/Gel-du-8-avril-2021-procedure-calamites-agricoles
https://www.gard.gouv.fr/Politiques-publiques/Agriculture/Aidesagricoles/Calamites-agricoles2/Gel-du-8-avril-2021-procedure-calamites-agricoles
https://www.gard.gouv.fr/Politiques-publiques/Agriculture/Aidesagricoles/Calamites-agricoles2/Gel-du-8-avril-2021-procedure-calamites-agricoles
https://www.gard.gouv.fr/Politiques-publiques/Agriculture/Aidesagricoles/Calamites-agricoles2/Gel-du-8-avril-2021-procedure-calamites-agricoles
https://agriculture.ec.europa.eu/farming/geographical-indications-and-quality-schemes/geographical-indications-and-quality-schemes-explained_en
https://agriculture.ec.europa.eu/farming/geographical-indications-and-quality-schemes/geographical-indications-and-quality-schemes-explained_en
https://agriculture.ec.europa.eu/farming/geographical-indications-and-quality-schemes/geographical-indications-and-quality-schemes-explained_en


OENO One | By the International Viticulture and Enology Society375 | volume 57–2 | 2023

through the Coverage Index. Eur. J. Agron. 123, 126191.  
https://doi.org/10.1016/j.eja.2020.126191

Ferretti, C.G., (2019). Relationship between the geology, soil 
assessment, and terroir of Gewürtztraminer vineyards: A case 
study in the Dolomites of northern Italy. Catena 179, 74–84.  
https://doi.org/10.1016/j.catena.2019.03.044 

Fouillet, E., Delière, L., Chartier, N., Munier-Jolain, N., Cortel, S., 
Rapidel, B., Mérot, A., (2022). Reducing pesticide use in vineyards. 
Evidence from the analysis of the French DEPHY network. Eur. J. 
Agron. 136, 126503. https://doi.org/10.1016/j.eja.2022.126503

Fraga, H., Malheiro, A., Moutinho-Pereira, J., Jones, G., 
Alves, F., Pinto, J.G., Santos, J., (2014a). Very high resolution 
bioclimatic zoning of Portuguese wine regions: present 
and future scenarios. Reg. Environ. Change 14, 295–306.  
https://doi.org/10.1007/s10113-013-0490-y

Fraga, H., Malheiro, A.C., Moutinho-Pereira, J., Cardoso, R.M., 
Soares, P.M., Cancela, J.J., Pinto, J.G., Santos, J.A., 
(2014b). Integrated analysis of climate, soil, topography and 
vegetative growth in Iberian viticultural regions. PLoS One 9.  
https://doi.org/10.1371/journal.pone.0108078

Fraga, H., García de Cortázar Atauri, I., Malheiro, A.C., Santos, J.A., 
(2016). Modelling climate change impacts on viticultural yield, 
phenology and stress conditions in Europe. Glob. Change Biol. 22, 
3774–3788. https://doi.org/10.1111/gcb.13382

Fraga, H., Molitor, D., Leolini, L., Santos, J.A., 
(2020). What Is the Impact of Heatwaves on European 
Viticulture? A Modelling Assessment. Appl. Sci. 10, 3030.  
https://doi.org/10.3390/app10093030

Galet, P., (2000). Précis de viticulture : à l’usage des ingénieurs 
agronomes, des étudiants en agronomie et en oenologie, des 
techniciens des lycées agricoles et des professionnels de la 
viticulture, Dehan, Montpellier, 602p. ed. 

Garcia de Cortazar Atauri, I., Duchêne, E., Destrac, A., 
Barbeau, G., De Resseguier, L., Lacombe, T., Parker, A.K., 
Saurin, N., van Leeuwen, C., (2017). Grapevine phenology 
in France: from past observations to future evolutions in 
the context of climate change. OENO One, 51(2), 115-126.  
https://doi.org/10.20870/oeno-one.2017.51.2.1622

Gareth, J., Daniela, W., Trevor, H., Robert, T., (2013). An 
introduction to statistical learning: with applications in R. Spinger. 

Garnier, E., (2010). Exceptionnal Meanness Water and Hot 
Weather 500 years of drought and heat wave in France 
and neighboring countries. Houille Blanche 4, 26–42.  
https://doi.org/10.1051/lhb/2010039

Gaudin, R., Kansou, K., Payan, J.-C., Pellegrino, A., Gary, C., 
(2014). A water stress index based on water balance modelling for 
discrimination of grapevine quality and yield. J. Int. Sci. Vigne Vin 
48, 1–9. https://doi.org/10.20870/oeno-one.2014.48.1.1655

Gavrilescu, C., Richard, Y., Joly, D., Bois, B., (2018). Climate 
zoning of the Burgundy winegrowing region. Presented at the E3S 
Web of Conferences, EDP Sciences, p. 01003. 

Gerós, H., Chaves, M.M., Gil, H.M., Delrot, S., (2015). Grapevine 
in a Changing Environment: A Molecular and Ecophysiological 
Perspective. John Wiley & Sons. 

González-Fernández, E., Piña-Rey, A., Fernández-González, M., 
Aira, M.J., Rodríguez-Rajo, F.J., (2020). Prediction of 
grapevine yield based on reproductive variables and the 
influence of meteorological conditions. Agronomy 10, 714.  
https://doi.org/10.3390/agronomy10050714

Graveline, N., Grémont, M., (2021). The role of perceptions, goals 
and characteristics of wine growers on irrigation adoption in the 

context of climate change. Agric. Water Manag. 250, 106837. 
https://doi.org/10.1016/j.agwat.2021.106837

Greer, D., Weedon, M., (2014). Temperature-dependent responses 
of the berry developmental processes of three grapevine (Vitis 
vinifera) cultivars. N. Z. J. Crop Hortic. Sci. 42, 233–246.  
https://doi.org/10.1080/01140671.2014.894921

Grimaldi, J., Wang, Y.-J., Gastellu-Etchegorry, J.-P., Chavanon, E., 
Lauret, N., Guilleux, J., Bustillo, V., Houet, T., (2019). What are 
the impacts of tree shade on the absoprtion of light by grapvine in 
alleycropped vineyards? Presented at the 4th World Congress on 
Agroforestry. 

Guilpart, N., (2014). Relations entre services écosystémiques dans 
un agroécosystème à base de plantes pérennes : compromis entre 
rendement de la vigne et régulation de l’oïdium. 

Guilpart, N., Grassini, P., Sadras, V.O., Timsina, J., Cassman, K.G., 
(2017). Estimating yield gaps at the cropping system level. Field 
Crops Res. 206, 21–32. https://doi.org/10.1016/j.fcr.2017.02.008

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. J. Agron. 
54, 9–20. https://doi.org/10.1016/j.eja.2013.11.002

Hannin, H., Touzard, J.-M., Aigrain, P., Bois, B., Brugière, F., 
Duchêne, E., de CortÁzar-Atauri, I.G., Gautier, J., Héraud, E.G., 
Hammond, R., (2021). Le vignoble français face au changement 
climatique: l’élaboration d’une stratégie d’adaptation à partir de 
scénarios de prospective. https://hal.inrae.fr/hal-03141778

Hendrickson, L., Ball, M., Wood, J., Chow, W., Furbank, R.T., 
(2004). Low temperature effects on photosynthesis and 
growth of grapevine. Plant Cell Environ. 27, 795–809.  
https://doi.org/10.1111/j.1365-3040.2004.01184.x

Himelrick, D.G., (1991). Growth and nutritional responses of 
nine grape cultivars to low soil pH. Hort. Science 26, 269–271.  
https://doi.org/10.21273/HORTSCI.26.3.269

Hothorn, T., Bretz, F., Hothorn, M.T., (2009). The multcomp 
package. R Proj. Stat. Comput. 

Huglin, M., (1978). Nouveau mode d’évaluation des possibilités 
héliothermiques d’un milieu viticole. 

IGN. (2020). Occupation du sol - usages - Viticulture. Geoportail. 
Consulted the 3th July 2020 on https://www.geoportail.gouv.fr/. 

Jackson, D., Lombard, P., (1993). Environmental and 
management practices affecting grape composition and 
wine quality-a review. Am. J. Enol. Vitic. 44, 409–430.  
https://doi.org/10.5344/ajev.1993.44.4.409

Kaya, Ö., Köse, C., (2017). Determination of resistance to low 
temperatures of winter buds on lateral shoot present in Karaerik 
(Vitis vinifera L.) grape cultivar. Acta Physiol. Plant. 39, 1–9. 
https://doi.org/10.1007/s11738-017-2513-7

Lagacherie, P., Coulouma, G., Ariagno, P., Virat, P., 
Boizard, H., Richard, G., (2006). Spatial variability of 
soil compaction over a vineyard region in relation with 
soils and cultivation operations. Geoderma 134, 207–216.  
https://doi.org/10.1016/j.geoderma.2005.10.006

Le Roux, R., De Resseguier, L., Corpetti, T., Jégou, N., 
Madelin, M., van Leeuwen, C., Quénol, H., (2017). Comparison 
of two fine scale spatial models for mapping temperatures 
inside winegrowing areas. Agric. For. Meteorol. 247, 159–169.  
https://doi.org/10.1016/j.agrformet.2017.07.020

Lê, S., Josse, J., Husson, F., (2008). FactoMineR: an R 
package for multivariate analysis. J. Stat. Softw. 25, 1– 18.  
https://doi.org/10.18637/jss.v025.i01

Hugo Fernandez-Mena et al.

https://oeno-one.eu/
https://ives-openscience.eu/


OENO One | By the International Viticulture and Enology Society 2023 | volume 57–2 | 376

Leolini, L., Moriondo, M., Fila, G., Costafreda-Aumedes, S., 
Ferrise, R., Bindi, M., (2018). Late spring frost impacts on future 
grapevine distribution in Europe. Field Crops Res. 222, 197–208. 
https://doi.org/10.1016/j.fcr.2017.11.018

Liu, B., Chen, X., Meng, Q., Yang, H., van Wart, J., 
(2017). Estimating maize yield potential and yield gap with 
agro-climatic zones in China—Distinguish irrigated and 
rainfed conditions. Agric. For. Meteorol. 239, 108–117.  
https://doi.org/10.1016/j.agrformet.2017.02.035

Liu, G.-T., Jiang, J.-F., Liu, X.-N., Jiang, J.-Z., Sun, L., Duan, W., 
Li, R.-M., Wang, Y., Lecourieux, D., Liu, C.-H., (2019). New 
insights into the heat responses of grape leaves via combined 
phosphoproteomic and acetylproteomic analyses. Hortic. Res. 6, 
1–15. https://doi.org/10.1038/s41438-019-0183-x

Lopez-Fornieles, E., Brunel, G., Devaux, N., Roger, J.‑M., 
Tisseyre, B., (2022). Is It Possible to Assess Heatwave 
Impact on Grapevines at the Regional Level with 
Time Series of Satellite Images? Agronomy 12, 563.  
https://doi.org/10.3390/agronomy12030563

Lovisolo, C., Lavoie-Lamoureux, A., Tramontini, S., Ferrandino, A., 
(2016). Grapevine adaptations to water stress: new perspectives 
about soil/plant interactions. Theor. Exp. Plant Physiol. 28, 53–66. 
https://doi.org/10.1007/s40626-016-0057-7

Lüdecke, D., (2021). sjPlot: Data Visualization for 
Statistics in Social Science. R package version 2.8.10,  
https://CRAN.R-project.org/package=sjPlot 

Luo, H.-B., Ma, L., Xi, H.-F., Duan, W., Li, S.-H., Loescher, W., 
Wang, J.-F., Wang, L.-J., (2011). Photosynthetic responses to 
heat treatments at different temperatures and following recovery 
in grapevine (Vitis amurensis L.) leaves. PLoS One 6, e23033.  
https://doi.org/10.1371/journal.pone.0023033

Molitor, D., Caffarra, A., Sinigoj, P., Pertot, I., Hoffmann, L., 
Junk, J., (2014). Late frost damage risk for viticulture under 
future climate conditions: a case study for the Luxembourgish 
winegrowing region. Aust. J. Grape Wine Res. 20, 160–168. 

Moral, F.J., Rebollo, F.J., Paniagua, L.L., García, A., 
de Salazar, E.M., (2016). Application of climatic indices 
to analyse viticultural suitability in Extremadura, south-
western Spain. Theor. Appl. Climatol. 123, 277–289.  
https://doi.org/10.1007/s00704-014-1363-0

Morales-Castilla, I., de Cortázar-Atauri, I.G., Cook, B.I., 
Lacombe, T., Parker, A., van Leeuwen, C., Nicholas, K.A., 
Wolkovich, E.M., (2020). Diversity buffers winegrowing regions 
from climate change losses. Proc. Natl. Acad. Sci. 117, 2864–2869.  
https://doi.org/10.1073/pnas.1906731117

Mosedale, J.R., Abernethy, K.E., Smart, R.E., Wilson, R.J., 
Maclean, I.M., (2016). Climate change impacts and adaptive 
strategies: lessons from the grapevine. Glob. Change Biol. 22, 
3814–3828. https://doi.org/10.1111/gcb.13406

Mourtzinis, S., Edreira, J.I.R., Grassini, P., Roth, A.C., Casteel, S.N., 
Ciampitti, I.A., Kandel, H.J., Kyveryga, P.M., Licht, M.A., 
Lindsey, L.E., (2018). Sifting and winnowing: Analysis of farmer 
field data for soybean in the US North-Central region. Field Crops 
Res. 221, 130–141. https://doi.org/10.1016/j.fcr.2018.02.024

Naulleau, A., Gary, C., Prévot, L., Berteloot, V., Fabre, J.-C., 
Crevoisier, D., Gaudin, R., Hossard, L., (2022). Participatory 
modeling to assess the impacts of climate change in a Mediterranean 
vineyard watershed. Environ. Model. Softw. 150, 105342.  
https://doi.org/10.1016/j.envsoft.2022.105342

Naulleau, A., Gary, C., Prévot, L., Hossard, L., (2021). 
Evaluating Strategies for Adaptation to Climate Change in 
Grapevine Production–A Systematic Review. Front. in Plant Sc.  
https://doi.org/10.3389/fpls.2020.607859

Oliva Oller, P., Notaro, M., Langer, E., Gary, C., (2022). Structure 
and management of traditional agroforestry vineyards in the 
high valleys of southern Bolivia. Agrofor. Syst. 96, 375–386.  
https://doi.org/10.1007/s10457-021-00725-4

Ollat, N., van Leeuwen, C., de Cortazar Atauri, I.G., 
Touzard, J.‑M., (2017). The challenging issue of climate change 
for sustainable grape and wine production. OENO One 51, 59–60.  
https://doi.org/10.20870/oeno-one.2017.51.2.1872

Ollat, N., Zito, S., Richard, Y., Aigrain, P., Brugière, F., Duchêne, E., 
De Cortazar-Atauri, I.G., Gautier, J., Giraud-Héraud, E., Hannin, H., 
(2021). La diversité des vignobles français face au changement 
climatique: simulations climatiques et prospective participative. 
Climatologie 18, 3. https://doi.org/10.1051/climat/202118003

Pagay, V., Collins, C., (2017). Effects of timing and intensity 
of elevated temperatures on reproductive development 
of field-grown Shiraz grapevines. OENO One 51.  
https://doi.org/10.20870/oeno-one.2017.51.4.1066

Palacios, F., Diago, M. P., Melo-Pinto, P., & Tardaguila, J. (2022). 
Early yield prediction in different grapevine varieties using 
computer vision and machine learning. Precision Agriculture, 1-29. 
https://doi.org/10.3390/agronomy12102463

Parker, A., de Cortázar-Atauri, I.G., Chuine, I., Barbeau, G., Bois, B., 
Boursiquot, J.-M., Cahurel, J.-Y., Claverie, M., Dufourcq, T., 
Gény, L., (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. https://doi.org/10.1016/j.agrformet.2013.06.005

Parker, A.K., de Cortázar-Atauri, I.G., Gény, L., Spring, J.‑L., 
Destrac, A., Schultz, H., Molitor, D., Lacombe, T., 
Graça, A., Monamy, C., (2020). Temperature-based 
grapevine sugar ripeness modelling for a wide range of Vitis 
vinifera L. cultivars. Agric. For. Meteorol. 285, 107902.  
https://doi.org/10.1016/j.agrformet.2020.107902

Pellegrino, A., Lebon, E., Simonneau, T., Wery, J., (2005). 
Towards a simple indicator of water stress in grapevine (Vitis 
vinifera L.) based on the differential sensitivities of vegetative 
growth components. Aust. J. Grape Wine Res. 11, 306–315.  
https://doi.org/10.1111/j.1755-0238.2005.tb00030.

Peng, Y., Roell, Y.E., Odgers, N.P., Møller, A.B., Beucher, A., 
Greve, M.B., Greve, M.H., (2021). Mapping and describing 
natural terroir units in Denmark. Geoderma 394, 115014.  
https://doi.org/10.1016/j.geoderma.2021.115014 

Petoumenou, D.G., Biniari, K., Xyrafis, E., Mavronasios, D., 
Daskalakis, I., Palliotti, A., (2019). Effects of Natural Hail 
on the Growth, Physiological Characteristics, Yield, and 
Quality of Vitis vinifera L. cv. Thompson Seedless under 
Mediterranean Growing Conditions. Agronomy 9, 197.  
https://doi.org/10.3390/agronomy9040197

Petrie, P.R., Clingeleffer, P.R., (2005). Effects of temperature 
and light (before and after budburst) on inflorescence 
morphology and flower number of Chardonnay grapevines 
(Vitis vinifera L.). Aust. J. Grape Wine Res. 11, 59–65.  
https://doi.org/10.1111/j.1755-0238.2005.tb00279.

Pinheiro, J. C., and Bates, D. M., (2006). Mixed-Effects 
Models in S and S-PLUS. Springer science & business media.  
https://doi.org/10.1007/b98882

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., R Core Team, (2021). 
nlme: Linear and Nonlinear Mixed Effects Models. R package 
version 3.1-152, https://CRAN.R-project.org/package=nlme. 

Poling, E.B., (2008). Spring cold injury to winegrapes and 
protection strategies and methods. Hort. Science 43, 1652–1662.  
https://doi.org/10.21273/HORTSCI.43.6.1652

https://oeno-one.eu/
https://ives-openscience.eu/


OENO One | By the International Viticulture and Enology Society377 | volume 57–2 | 2023

Poni, S., Gatti, M., Palliotti, A., Dai, Z., Duchêne, E., Truong, T.‑T., 
Ferrara, G., Matarrese, A.M.S., Gallotta, A., Bellincontro, A., 
(2018). Grapevine quality: A multiple choice issue. Sci. Hortic. 234, 
445–462. https://doi.org/10.1016/j.scienta.2017.12.035

Pradhan, P., Fischer, G., van Velthuizen, H., Reusser, D.E., 
Kropp, J.P., (2015). Closing yield gaps: how sustainable can we 
be? PloS One 10, e0129487. https://doi.org/10.1371/journal.
pone.0129487

Priori, S., Pellegrini, S., Perria, R., Puccioni, S., Storchi, P., 
Valboa, G., Costantini, E.A.C., (2019). Scale effect of 
terroir under three contrasting vintages in the Chianti 
Classico area (Tuscany, Italy). Geoderma 334, 99–112.  
https://doi.org/10.1016/j.geoderma.2018.07.048 

Quénol, H., de Cortazar Atauri, I.G., Bois, B., Sturman, A., 
Bonnardot, V., Le Roux, R., (2017). Which climatic modeling to 
assess climate change impacts on vineyards? OENO One 5, 91–97. 
https://doi.org/10.20870/oeno-one.2017.51.2.1869

Quintana-Segui, P., Le Moigne, P., Durand, Y., Martin, E., 
Habets, F., Baillon, M., Canellas, C., Franchisteguy, L., Morel, S., 
(2008). Analysis of near-surface atmospheric variables: Validation 
of the SAFRAN analysis over France. J. Appl. Meteorol. Climatol. 
47, 92–107. https://doi.org/10.1175/2007JAMC1636.1

R Core Team. (2014). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria. URL http://www.R-project.org/. 

Resco, P., Iglesias, A., Bardají, I., Sotés, V., (2016). Exploring 
adaptation choices for grapevine regions in Spain. Reg. Environ. 
Change 16, 979–993. https://doi.org/10.1007/s10113-015-0811-4

Riou, C., Agostini, D., Aigrain, P., Barthe, M., des Robert, M.-
L., Gervais, J.-P., Jobard, E., Lurton, L., Moncomble, D., Prêtet-
Lataste, C., (2016). Action plan against declining vineyards: An 
innovative approach. Presented at the BIO Web of Conferences, EDP 
Sciences, p. 01040. https://doi.org/10.1051/bioconf/20160701040

Rodrigo-Comino, J., Cerdà, A., (2018). Improving stock unearthing 
method to measure soil erosion rates in vineyards. Ecol. Indic. 85, 
509–517. https://doi.org/10.1016/j.ecolind.2017.10.042

Salembier, C., Segrestin, B., Weil, B., Jeuffroy, M.-H., Cadoux, 
S., Cros, C., Favrelière, E., Fontaine, L., Gimaret, M., Noilhan, C., 
(2021). A theoretical framework for tracking farmers’ innovations 
to support farming system design. Agron. Sustain. Dev. 41, 1–23. 
https://doi.org/10.1007/s13593-021-00713-z

Santillán, D., Iglesias, A., La Jeunesse, I., Garrote, L., 
Sotes, V., (2019). Vineyards in transition: A global assessment 
of the adaptation needs of grape producing regions 
under climate change. Sci. Total Environ. 657, 839–852.  
https://doi.org/10.1016/j.scitotenv.2018.12.079

Santos, J.A., Costa, R., Fraga, H., (2019). New insights into 
thermal growing conditions of Portuguese grapevine varieties 
under changing climates. Theor. Appl. Climatol. 135, 1215–1226.  
https://doi.org/10.1007/s00704-018-2443-3

Santos, J.A., Malheiro, A.C., Karremann, M.K., Pinto, J.G., (2011). 
Statistical modelling of grapevine yield in the Port Wine region 
under present and future climate conditions. Int. J. Biometeorol. 55, 
119– 131. https://doi.org/10.1007/s00484-010-0318-0

Schauberger, B., Ben-Ari, T., Makowski, D., Kato, T., Kato, H., 
Ciais, P., (2018). Yield trends, variability and stagnation analysis of 
major crops in France over more than a century. Sci. Rep. 8, 1–12. 
https://doi.org/10.1038/s41598-018-35351-1

Schultz, H., (2000). Climate change and viticulture: a 
European perspective on climatology, carbon dioxide 
and UV-B effects. Aust. J. Grape Wine Res. 6, 2–12.  
https://doi.org/10.1038/s41598-018-35351-1

Serra, I., Strever, A., Myburgh, P., Deloire, A., (2014). The 
interaction between rootstocks and cultivars (Vitis vinifera L.) to 
enhance drought tolerance in grapevine. Aust. J. Grape Wine Res. 
20, 1–14. https://doi.org/10.1111/ajgw.12054

Sgubin, G., Swingedouw, D., Dayon, G., de Cortázar-
Atauri, I.G., Ollat, N., Pagé, C., van Leeuwen, C., (2018). 
The risk of tardive frost damage in French vineyards in 
a changing climate. Agric. For. Meteorol. 250, 226–242.  
https://doi.org/10.1016/j.agrformet.2017.12.253

Silva, J.V., Reidsma, P., Laborte, A.G., Van Ittersum, M.K., 
(2017). Explaining rice yields and yield gaps in Central 
Luzon, Philippines: An application of stochastic frontier 
analysis and crop modelling. Eur. J. Agron. 82, 223–241.  
https://doi.org/10.1016/j.eja.2016.06.017

Simonneau, T., Lebon, E., Coupel-Ledru, A., Marguerit, E., 
Rossdeutsch, L., Ollat, N., (2017). Adapting plant material to 
face water stress in vineyards: which physiological targets for 
an optimal control of plant water status? OENO One 51, 167.  
https://doi.org/10.20870/oeno-one.2017.51.2.1870

Stranieri, S., Tedeschi, P., (2019). The Role of Quality 
in Wine Production and Market: European Rules, CAP 
and New Technology, in: A History of Wine in Europe, 
19th to 20th Centuries, Volume II. Springer, pp. 255–274.  
https://doi.org/10.1007/978-3-030-27794-9_11

Strobl, C., Boulesteix, A.-L., Kneib, T., Augustin, T., Zeileis, A., 
(2008). Conditional variable importance for random forests. BMC 
Bioinformatics 9, 1–11. https://doi.org/10.1186/1471-2105-9-307

Styc, Q., Lagacherie, P., (2021). Uncertainty assessment 
of soil available water capacity using error propagation: 
A test in Languedoc-Roussillon. Geoderma 391, 114968.  
https://doi.org/10.1016/j.geoderma.2021.114968

Styc, Q., Lagacherie, P., (2019). What is the best inference trajectory 
for mapping soil functions: an example of mapping soil available 
water capacity over Languedoc Roussillon (France). Soil Syst. 3, 34. 
https://doi.org/10.3390/soilsystems3020034

Tagliavini, M., Rombola, A.D., (2001). Iron deficiency and 
chlorosis in orchard and vineyard ecosystems. Eur. J. Agron. 15, 
71–92. https://doi.org/10.1016/S1161-0301(01)00125-3

Tintinger, M., (2020). Wine estates competitiveness and resilience 
in Languedoc-Roussillon in the context of climate change. Master 
Thesis submitted for the obtention of Agricultural Engineer degree 
at Bordeaux Sciences Agro. 

Tonietto, J., Carbonneau, A., (2004). A multicriteria 
climatic classification system for grape-growing 
regions worldwide. Agric. For. Meteorol. 124, 81–97.  
https://doi.org/10.1016/j.agrformet.2003.06.001

Tonietto, J., Sotes Ruiz, V., Zanus, M.C., Montes, C., Uliarte, E., 
Bruno, L., Climaco, P., Pena, A., Guerra, C.C., Catania, C., 
(2014). The Effect of Viticultural Climate on Red and White 
Wine Typicity Characterization in Ibero-American grape-
growing regions. Embrapa Uva E Vinho-Artigo Em Periód.  
http://www.alice.cnptia.embrapa.br/alice/handle/doc/986819

Torregrosa, L., Bigard, A., Doligez, A., Lecourieux, D., 
Rienth, M., Luchaire, N., Pieri, P., Chatbanyong, R., Shahood, R., 
Farnos, M., (2017). Developmental, molecular and genetic 
studies on grapevine response to temperature open breeding 
strategies for adaptation to warming. OENO One 51, 155– 165.  
https://doi.org/10.20870/oeno-one.2017.51.2.1587

Touzard, J.-M., Aigrain, P., Bois, B., Duchêne, E., de Cortazar 
Atauri, I.G., Giraud-Heraud, E., Gautier, J., Hannin, H., Ollat, N., 
(2017). Lessons from a Prospective on the French Wine Industry 
Under Climate Change (2050). Presented at the 4. Global Science 
Conference On Climate Smart Agriculture, pp. 20-vues. 

Hugo Fernandez-Mena et al.

https://oeno-one.eu/
https://ives-openscience.eu/


OENO One | By the International Viticulture and Enology Society 2023 | volume 57–2 | 378

Trought, M., Howell, G., Cherry, N.J., (1999). Practical 
considerations for reducing frost damage in vineyards.  
https://hdl.handle.net/10182/4236

Van Ittersum, M.K., Cassman, K.G., Grassini, P., Wolf, J., 
Tittonell, P., Hochman, Z., (2013). Yield gap analysis with local 
to global relevance—a review. Field Crops Res. 143, 4–17.  
https://doi.org/10.1016/j.fcr.2012.09.009

van Leeuwen, C., Bois, B., (2018). Update in unified 
terroir zoning methodologies, in: E3S Web of 
Conferences. EDP Sciences, Zaragoza, Spain, p. 01044.  
https://doi.org/10.1051/e3sconf/20185001044 

van Leeuwen, C., Roby, J.-P., de Rességuier, L., (2018). Soil-
related terroir factors: a review. OENO One 52, 173–188.  
https://doi.org/10.20870/oeno-one.2018.52.2.2208

van Leeuwen, C., Roby, J.-P., Pernet, D., Bois, B., (2010). 
Methodology of soil-based zoning for viticultural terroirs. Bull. OIV 
83, 13. 

Van Wart, J., van Bussel, L.G., Wolf, J., Licker, R., Grassini, P., 
Nelson, A., Boogaard, H., Gerber, J., Mueller, N.D., 
Claessens, L., (2013). Use of agro-climatic zones to upscale 
simulated crop yield potential. Field Crops Res. 143, 44–55.  
https://doi.org/10.1016/j.fcr.2012.11.023

Vaudour, E., Costantini, E., Jones, G.V., Mocali, S., (2015). 
An overview of the recent approaches to terroir functional 
modelling, footprinting and zoning. SOIL 1, 287–312.  
https://doi.org/10.5194/soil-1287-2015 

Vautard, R., van Oldenborgh, G.J., Bonnet, R., Li, S., Robin, Y., 
Kew, S., Philip, S., Soubeyroux, J.-M., Dubuisson, B., Viovy, N., 
Reichstein, M., Otto, F., Garcia de Cortazar-Atauri, I., (2022). 
Human influence on growing-period frosts like the early April 2021 
in Central France. Nat. Hazards Earth Syst. Sci. Discuss. 1–25. 
https://doi.org/10.5194/nhess-2022-41 

Vaysse, K., Lagacherie, P., (2017). Using quantile regression forest 
to estimate uncertainty of digital soil mapping products. Geoderma 
291, 55–64. https://doi.org/10.1016/j.geoderma.2016.12.017

Vaysse, K., Lagacherie, P., (2015). Evaluating digital soil mapping 
approaches for mapping GlobalSoilMap soil properties from legacy 
data in Languedoc-Roussillon (France). Geoderma Reg. 4, 20–30. 
https://doi.org/10.1016/j.geodrs.2014.11.003

Venios, X., Korkas, E., Nisiotou, A., Banilas, G., (2020). Grapevine 
Responses to Heat Stress and Global Warming. Plants 9, 1754. 
https://doi.org/10.3390/plants9121754

Vicente-Serrano, S.M., Beguería, S., López-Moreno, J.I., (2010). A 
multiscalar drought index sensitive to global warming: the standardized 
precipitation evapotranspiration index. J. Clim. 23, 1696–1718.  
https://doi.org/10.1175/2009JCLI2909.1

Vidal, J.-P., Martin, E., Franchistéguy, L., Baillon, M., 
Soubeyroux, J.‑M., (2010). A 50-year high-resolution atmospheric 
reanalysis over France with the Safran system. Int. J. Climatol. 30, 
1627–1644. https://doi.org/10.1002/joc.2003 

Villalobos-Soublett, E., Gutiérrez-Gamboa, G., Balbontín, C., 
Zurita-Silva, A., Ibacache, A., VerdugoVásquez, N., (2021). 
Effect of Shading Nets on Yield, Leaf Biomass and Petiole 
Nutrients of a Muscat of Alexandria Vineyard Growing 
under Hyper-Arid Conditions. Horticulturae 7, 445.  
https://doi.org/10.3390/horticulturae7110445

Vrignon-Brenas, S., Metay, A., Leporatti, R., Gharibi, S., 
Fraga, A., Dauzat, M., Rolland, G., Pellegrino, A., (2019). 
Gradual responses of grapevine yield components and 
carbon status to nitrogen supply. OENO One 53, 289–306.  
https://doi.org/10.20870/oeno-one.2019.53.2.2431

Vrsic, S., Kocsis, L., Pulko, B., (2016). Influence of 
substrate pH on root growth, biomass and leaf mineral 
contents of grapevine rootstocks grown in pots.  
https://www.sid.ir/en/VEWSSID/J_pdf/84820160216.pdf

Wei, T., and Simko, V., (2017). R package “corrplot”: Visualization 
of a Correlation Matrix (Version 0.84). Available from  
https://github.com/taiyun/corrplot 

White, R.E., (2020). The value of soil knowledge in 
understanding wine terroir. Front. Environ. Sci. 8, 12.  
https://doi.org/10.3389/fenvs.2020.00012

Wickham, H., (2016). ggplot2: Elegant Graphics for Data Analysis. 
Springer-Verlag New York, 2016. https://cran.microsoft.com/
snapshot/2015-01-06/web/packages/ggplot2/ggplot2.pdf

Wickham, H., Romain François, Lionel Henry, Kirill Müller, 
(2018). dplyr: A Grammar of Data Manipulation. R package version.  
https://cran.r-project.org/package=dplyr

Wikialine. (2009). Languedoc-Roussillon region locator map. 
Creative Commons 3.3 license. Downloaded the 5th October 2019 on: 
https://fr.wikipedia.org/wiki/Fichier:Languedoc-Roussillon_
region_locator_map.svg

Williams, L.E., Levin, A.D., Fidelibus, M.W., (2022). Crop 
coefficients (Kc) developed from canopy shaded area in 
California vineyards. Agric. Water Manag. 271, 107771.  
https://doi.org/10.1016/j.agwat.2022.107771

Xiao, F., Yang, Z., Lee, K., (2017). Photosynthetic and physiological 
responses to high temperature in grapevine (Vitis vinifera L.) leaves 
during the seedling stage. J. Hortic. Sci. Biotechnol. 92, 2–10. 
https://doi.org/10.1080/14620316.2016.1211493

Zuur, A.F., Ieno, E.N., Walker, N., Saveliev, A.A., Smith, G.M., 
(2009). Mixed effects models and extensions in ecology with 
R, Statistics for Biology and Health. Springer New York.  
https://doi.org/10.1007/978-0-387-87458-6 .

https://oeno-one.eu/
https://ives-openscience.eu/
https://fr.wikipedia.org/wiki/Fichier:Languedoc-Roussillon_region_locator_map.svg
https://fr.wikipedia.org/wiki/Fichier:Languedoc-Roussillon_region_locator_map.svg

