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a b s t r a c t

Aims: The present study aims to model grape quality criteria by combining a large number of viticultural practices and 
soil and climatic variables related to the main determinants. 
Methods and results: A database has been developed using the Chenin blanc grape variety in a protected designation 
of origin. A statistical model, namely, a partial least squares (PLS) regression, was performed for each grape 
quality criterion (sugar content, total acidity, malic acid, tartaric acid, yeast available nitrogen, pH and bunch rot).  
This statistical analysis identified the main viticultural practices as well as soil and climate variables related to the 
grape quality at harvest. The results highlight the relationships between the vine pruning length (spur pruning = short 
pruning or cane pruning = long pruning) and pH and malic acid but also reveal even more significant relationships with 
tartaric acid, yeast available nitrogen and bunch rot. The dryness index and the plant density have a strong influence 
on the grape malic acid concentration and pH, respectively. Vine perennial practices are the greatest contributors to 
the grape the yeast available nitrogen concentration.
Conclusion: The models note the most relevant viticultural practices and soil and climatic variables driving each 
studied grape quality criterion.
Significance and impact of the study: The results provide a better understanding of the major variables influencing 
grape quality.

k e y w o r d s

explanatory model, partial least squares regression (PLS), vineyard management, chemical maturity of grapes, 
grape health, acid balance, fermentative capacity

Received: 22 July 2016 y Accepted: 21 March 2017  y Published: 25 September 2020  
DOI:10.20870/oeno-one.2020.54.3.1067



© 2020 International Viticulture and Enology Society - IVES602 OENO One 2020, 3, 601-622

Sandra Beauchet et al.

INTRODUCTION

Today’s wine market is international, focusing 
on the quality of wine and led by wines carrying 
signs of quality, such as protected designation of 
origin (PDO) or protected geographical indication 
(PGI) in Europe. Moreover, wine consumers are 
changing their mode of consumption: they are 
drinking higher-quality wines in smaller quantities 
(Amine and Lacoeuilhe, 2007). Winegrowers 
must therefore improve grape attributes to 
optimize wine quality based on a good assessment 
of the quality of their grapes at harvest. Grape 
quality is a complex reality; it is mainly evaluated 
through several physicochemical criteria (Jackson  
Lombard, 1993) that depend on both viticultural 
practices and natural conditions (soil and climate). 
The influence of these factors on grape quality 
parameters has already been identified in numerous 
studies (Archer  van Schalkwyk, 2007; Darriet  
et al., 2001; Gaudillère et al., 2002; Gil et al., 2013; 
Grifoni et al., 2006; Jackson and Lombard, 1993; 
Jones and Davis, 2000; Jourjon, 1990; Jourjon  
et al., 1991; Jourjon et al., 1992; Morlat and 
Jacquet, 2003; van Leeuwen et al., 2004; 
Winkler, 1958). Because of the complexity 
of the interactions between natural conditions 
and viticultural practices, most authors have 
separately studied the influence of these different 
elements on grape quality criteria. However, 
notably, viticultural practices are related to each 
other for the same production objective. For 
this reason, Renaud-Gentié et al. (2014) speaks 

of the “vineyard technical management route,” 
according to the definition given by Sébillotte 
(1974) and not only of a set of viticultural 
practices. Although models have already been 
developed, the influence of vineyard practices on 
grape quality at harvest has not been quantified as 
of yet. Baudrit et al. (2015) and Perrot et al. (2015) 
proposed a predictive model of grape quality 
(sugar and acidity concentration) from climate 
(air temperature, rainfall, sunshine hours, etc.) and 
grape maturity criteria (berry size, grape color, 
phenolic compounds, etc.). This model is based 
on a mathematical approach that integrates fuzzy 
logic inside a dynamic Bayesian network. It also 
uses a database and experts’ statements. Even if 
this model enables one to follow the grape quality 
during grape berry maturation, it considers neither 
viticultural practices nor many other grape quality 
parameters. Alternatively, the STICS vine model 
(aims to provide environmental and agricultural 
variables (Brisson et al., 2003; Fraga et al., 2015). 
Among the objectives of the model is to simulate 
phenological stages. The model considers several 
parameters for climate (radiation, rainfall, 
temperature, wind, etc.), soil (water content, 
mineral nitrogen, etc.) and crop management 
(biomass, nitrogen content, leaf area, and biomass) 
to simulate their relationships particularly with 
the vine. The STICS model (Multidisciplinary 
stimulator for Standard cultures) was applied 
on the vine but also on other agricultural plants. 
Several authors have studied the influence of many 
anthropogenic and natural variables together in 

2010 2011 2012 2013

CHA1 X X 2 5405 Double guyot 220 Riparia

CHA2 X 1 4830 Double guyot Massal selection Rupestris du Lot

VAU1 X 1 5263 Simple guyot 26 SO4

VAU2 X X 2 3333 Double guyot 26 SO4

LAM1 X 1 5555 Double guyot 23 Rupestris du Lot

HIBI X X X X 4 4785 Royat cordon 220 Fercal

HIRA X X X X 4 4785 Royat cordon 220 Fercal

juin-01 X X 2 5050 Double guyot 20 3309

JUIG X X X X 4 4700 Double guyot 20 3309

LUEE X X X 3 4884 Double guyot 290 Fercal

SAV1 X 1 4000 Double guyot 880 5BB

SAVE X X X X 4 4000 Double guyot 880 5BB

SAV3 X X X 3 5000 Double guyot INE 5BB

HILbio X X X 3 4785 Simple guyot 220 Fercal

HILbd X X X 3 4785 Simple guyot 220 Fercal

TOTALS 13 12 8 5 38

Rootstock
Number of years 
studied per plotIdentification number of the plot investigated

Studied years
Pant density Training system Vine clone

TABLE 1. Characteristics of studied years studied and plot composing the dataset (TOTAL refers to the 
sum of studied plots and years).
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evaluation of grape quality criteria (Coulon and 
Abbal, 2013; Coulon-Leroy et al., 2012a; Valdés-
Gómez et al., 2009). However, these studies’ 
results were limited by the number of quality 
criteria evaluated and explanatory variables. Jones 
et al. (2005) studied the relationships between 
climate and phenological stages of the vine 
until harvest evaluating berry composition, total 
production and grape quality (sugar content, total 
acidity and berry weight) (Jones et al., 2005). 
His main purpose was to measure the evolution 
of these criteria during the phenological stages. 
Other studies have worked on different models 
using criteria other than quality, such as the 
economic impact of adopting new viticultural 
practices (Ugaglia et al., 2007). Finally, in 
viticulture, many predictive models have already 
been used, notably to predict mildew (Park et al., 
1997) and 3-isobutyl-2-methoxypyrazine (IBMP) 
in Cabernet franc grapes (Scheiner et al., 2012). In 
the latter study, PLS regression was used to show 
the correlations between viticultural variables, 
vine physiology, mesoclimate, microclimate and 
IBMP concentrations.

Sugar content, total acidity, tartaric and malic acids 
and grape health status are variables routinely used 
to assess grape quality (GQ) (Barbeau et al., 2004; 
Coulon-Leroy et al., 2013; Jourjon, 1990; Lakso 
and Kliewer, 1975; van Leeuwen and Seguin, 
1994). New indicators such as texture and sensory 
parameters can also be used to characterize the 
grape quality at harvest (Le Moigne et al., 2008a; 
Le Moigne et al., 2008b; Maury et al., 2009; Rolle 
et al., 2012; Zouid et al., 2013; Zouid et al., 2010). 

None of the previous works quantified the 
relationships relating these variables to viticultural 
practices (VPs) and soil and climate (SC). The 
objective of this paper is to propose statistical 
models relating the grape quality criteria to the 
main determinants associated with viticultural 
practices, soil and climatic criteria. 

MATERIALS AND METHODS

1. Field sample

The statistical analysis was performed on a database 
of fifteen plots of the Chenin blanc variety in the 
middle Loire Valley (France) in PDOs, which are 
described by their soil and climate conditions, 

Variable Description Variable Description

YEAR Year studied 

Plot_NB Identification number 

Tave Average temperature (Celcius degree) Scl Percentage of clay (texture component) 

Tmin Minimum temperature (Celcius degree) Ssi Percentage of silt (texture component)

Tmax Maximum temperature (Celcius degree) Ssa Percentage of sand (texture component)

HI Huglin Index S_WphR pH residual of the water from soil 

CNI Cool night index S_AN Total nitrogen available (g.kg-1)

Rain Rainfall (mm) S_OMr Content of residual organic matter (g.kg-1)

PET Potential evapotranspiration (mm) S_CN Ratio of carbon/nitrogen

DI Dryness Index S_CaCO3 Content of calcium carbonate (g.kg-1)

SR Solar Radiation (Wh.m-2) S_K2O Content of exchangeable potassium oxide (g.kg-1)

Plot_NSEW Geographical orientation of the slope (degrees)

Slope Slope of the plot (%)

SWC Soil water content (mm)

VIG Vine vigor

PI Precocity Index

Climatic criteria (Climate) Soil criteria (Soil)

TABLE 2. Characteristics of the natural factors (input criteria) evaluated the studied plots.
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Variable Description Variable Description

RSrip Riparia rootstock (yes/no) P Number of eyes pruned (number of buds / ha)

RSrup Rupestis du Lot rootstock (yes/no) LP Vine pruning length (yes/no)

RSso4 SO4 rootstock (yes/no) TT Number of vine trimmings and toppings

RSferc Fercal rootstock (yes/no) NoL No leaf removal performed (yes/no)

RS3309 3309 rootstock (yes/no) Le Number of defoliated faces: none, one or both sides (0 to 2)

RS5bb 5BB rootstock (yes/no) Th Number of cluster thinnings performed

SGPS Single Guyot Pruning System (yes/no) De Number of desuckering performed

DGPS Double Guyot Pruning System (yes/no) ShT Shoot thinning performed (yes/no)

RCPS Royat Cordon Pruning System (yes/no) Fu Fungicide treatment (IFT/ha)

Y_10 Plot age below or equal to 10 years (yes/no) In Insecticide treatment (IFT/ha)

Y_15 Plot age between 10 and 15 years (yes/no) HH Harvest done by hand (yes/no)

Y_25 Plot age between 15 and 25 years (yes/no)

Y_26 Plot age between superior to 25 years (yes/no) FO Organic fertilizer (yes/no)

RSvig Rootstock's vigor note (1 to 3) FM Mineral fertilizer (yes/no)

FB Biodynamic fertilizer (yes/no)

Dens Plant density (plants.ha-1) FN Nitrogen brought by fertilization (kg N.ha-1)

HV Height of the vine's trunk (m) WMG Number of tractor passing for mowing grass

CaH Canopy height (m) WC Treatment Frequency Index for chemical weed control (IFT.ha-1)

CaT Canopy thickness (m) IG Grass cover in the interrow (yes/no)

RS Row spacing (m) IT Mechanical soil tillage in the interrow (yes/no)

AL Exposed leaf area (m² of leaves.m-² of soil) IC Chemical weed control in the interrow (yes/no)

RT Mechanical soil tillage under the row (yes/no)

RC Chemical weed control under the row (yes/no)

The perennial practices on the vine 
(VinePerennialPractices)

Viticulture practices made on the vine during the studied year 
(VineAnnualPractices)

Viticulture practices made on the working soil during the studied year 
(SoilAnnualPractices)

The perennial practices on the structure of the vineyard 
(StructurePerennialPractices)

Variable Description Variable Description

Sug Sugar content (Brix degree) BunR Bunch rot (affected berries) (%)

TotA Total acidity (H2SO4.L
-1 of grape juice)

MA Malic acid (g.L-1)

TA Tartaric acid (g.L-1)

Nav Yeast available nitrogen (mg.L-1)

pH pH of grapes (no unit)

Chemical quality of the grapes (CHEMquality) Rot quality of the grapes (ROTquality)

TABLE 3. Characteristics of the viticultural practices (input criteria) evaluated the studied plots.

TABLE 4. Characteristics of the grape criteria (output criteria) evaluated the studied plots.
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viticultural practices and grape quality at harvest. 
These plots represented the diversity of technical 
management routes in the middle Loire Valley 
PDO for dry Chenin blanc wine (Renaud-Gentié 
et al., 2014). Some details of the features of the 
plots are presented in Table 1. To account for the 
variability of natural variables such as climate, 
data were also been collected for one to four years 
(according to the data availability for each plot) 
(Table 1). 

2. Variables describing the vineyard plots 

Input and output variables are described in  
Tables 2, 3 and 4. 

Sampling of the grapes at each plot was carried 
out on fifty identified vines according to a protocol 
ensuring heterogeneity of the grapes picked and 
a rigorous sampling of the grapes’ studied plot 
(Carbonneau et al., 1991; Le Moigne et al., 
2008b). Three to four berries were taken by vine 
stock, taking at least one berry per row side. 
Sampling was performed according to the berries 
level together with their position on the vine stock. 
The harvest date for the grape sample was fixed as 
the same day as the winegrower’s harvest date. We 
considered this date as optimal to obtain the grape 
quality targeted by the winegrower, as it is chosen 
by the winegrower depending on the maturity of 
the grapes for producing dry Chenin blanc PDO 
wine.

Regarding grape quality, two main dimensions 
were chosen as follows: (i) health status of the 
harvested grapes and (ii) characteristics of the 
grapes indicating their ability to follow the desired 
enological management route. The bunch rot of 
the grapes was evaluated by observing the health 
status of each grape of the fifty identified vines 
on each plot before berry sampling. The chemical 
analysis of the berries considered all other quality 
criteria such as grape sugar content, total acidity, 
malic acid and tartaric acid, yeast available 
nitrogen and pH. 

For simplicity and interpretability, the results 
were placed into four groups expressing different 
quality settings defined and selected in accordance 
with experts of the wine industry in the Loire 
Valley. The first group consisted of the grape sugar 
content associated with the total acidity to reflect 
their chemical maturity. The second group was the 
grape health at harvest evaluated by the intensity 
of the bunch rot and pH. The analysis of malic 
acid and tartaric acid (third group) was useful 
to determine the grape acid balance. This value 

was a ratio, but in this study, these criteria were 
only given separately, even though the term acid 
balance was used. Last, the grape yeast available 
nitrogen content comprised the fourth group, 
named the vine nitrogen status and fermentative 
capacity (van Leeuwen and Friant, 2011).

Forty-two criteria were used to define the 
winegrowers’ practices, which were divided 
into annual (twenty-two criteria) and perennial 
(twenty criteria) practices. Viticulture practices 
were recorded via individual interviews with 
the winegrower of the plot studied. In addition, 
chemical compounds sprayed on the parcel 
are subject to regulation (national decrees)  
and depend on winegrowers’ certifications  
(e.g., organic agriculture). Annual practices were 
divided into “practices conducted on the vine” 
(eleven criteria) and “soil management practices” 
(eleven criteria) of the studied plot. Perennial 
practices concerned the vine (fourteen criteria) 
and the structure (six criteria) of the vineyard. The 
“perennial practices on the vine” were defined 
by the rootstock, pruning system, vine age and 
rootstock’s conferred vigor (RSvig). The RSvig is 
the level of vine vigor depending on the rootstock, 
determined by a value between 1 (low vigor) and 
3 (high vigor). The studied plots were part of three 
different PDOs—Anjou Blanc, Saumur Blanc 
and Savennières: the plantation densities imposed 
by these PDO specifications had, respectively, 
a minimum of 4000, between 3300 and 4000  
and 5000 vines per hectare.  Some plots were 
planted before the directive or had obtained an 
exemption, thus explaining why the planting 
densities of our database do not always correspond 
to the PDO specifications. The “perennial practices 
on the structure” were defined through the plant 
density (Dens), trunk height (HV), canopy height 
(CaH), canopy thickness (CaT) and row spacing 
(RS). Thus, the exposed leaf area (AL) (canopy 
outer surface) was calculated from the three 
previous indicators.

The winegrower’s annual practices were also 
studied. Annual pruning was defined in this study 
through the number of buds remaining on the 
vine per hectare (P) and pruning length (short or 
long pruning corresponding to, respectively, spur 
and cane pruning) (LP). The date of pruning was 
not interpreted, as it was not provided by all the 
winegrowers for all years studied. Trimming and 
topping (TT) were evaluated as well as the leaf 
removal (or not) (NoL) and, if present, both row 
sides were defoliated or only one (Le). There 
were many other practices carried out as annual 
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practices on the plants, such as cluster thinning 
(Th) (number of passages by the winegrower for 
thinning), desuckering (De) (number of passages 
by the winegrower for desuckering) or shoot 
thinning (ShT). Fungicide treatments (Fu) and 
insecticides treatments (In) were defined to identify 
the response of the winegrower to the annual pest 
and disease pressure. The harvesting method 
was defined by hand harvest (HH) and codified  
(yes/no); no meant that the harvest was mechanical. 
Fertilization was defined through the use (or not) 
of organic (FO), mineral (FM), or biodynamic 
fertilizer (FB) and the amount of organic or 
mineral nitrogen resulting from fertilization 
(FN). Ground cover could be managed by using 
chemical herbicides which is measured by the 
treatment frequency index of chemical weed 
control (WC), mechanical soil tillage or mowing 
the grass several times during the year. In the score 
evaluation, we dissociated those practices applied 
interrow and under the row.

Twenty-three criteria characterized the natural 
environment (nine for climate and fourteen for 
soil). In this study, several variables, known 
to potentially influence the grape quality, were 
measured for each year studied: temperature, 
rainfall and sunshine. Raw data were collected 
from the national weather station (from Météo 
France) nearest the plot concerned (from 2 to  
25 km). The Multicriteria Climatic Classification 
System (MCC System) was considered through 
its index calculations (Conceição and Tonietto, 
2005; Tonietto and Carbonneau, 2004). Climatic 
indices were calculated during a six months period 
from April to September corresponding to the 
vegetative growth period of the vine, except for 
the cool night index (CNI), which was calculated 
with the average minimum temperature during 
September. Thermal conditions were represented 
through average, minimum and maximum 
temperatures (Tave, Tmin, Tmax) calculated from 
April to September (the most important period 
during which to study the vegetative cycle of 
the vine until the harvest) (Champagnol, 1984; 
Reynier, 2012). Moreover, the Huglin Index (HI) 
(Huglin, 1978; Tonietto and Carbonneau, 2004) 
and the cool night index (Carbonneau et al., 1991; 
Coulon et al., 2011; Kliewer and Torres, 1972; 
Tonietto and Carbonneau, 2004) were calculated. 
Water supply criteria were considered through 
calculation of the cumulated rainfall (Rain), the 
potential evapotranspiration (PET) of the plot and 
the dryness index (DI) (Conceição and Tonietto, 
2005; Coulon et al., 2011; Riou, 1994; Tonietto 
and Carbonneau, 2004). The sunshine parameter 

was evaluated by the overall accumulated solar 
radiation (SR) from April to the end of September. 
Independently of the climate, the soil associated 
with each plot was characterized. Soil analyses 
were performed using soil samples collected 
once from each vineyard plot studied. Soil was 
extracted from a 0 to 25 cm depth for chemical 
and textural analysis in the plot part, in which the 
fifty vines were identified for berry sampling and 
observations. The GEPPA soil texture triangle 
was used to compute the percentage distribution 
of soil particles between clay, silt and sand 
(Scl, Ssi, and Ssa, respectively). The residual 
pH of the soil water from soil (S_WphR) was 
measured. Total yeast available nitrogen (S_AN), 
residual organic matter (S_OMr), the ratio of  
Carbon/Nitrogen in the soil (S_CN), calcium 
carbonate content (S_CaCO3), and exchangeable 
potassium oxide in the soil (S_K2O) were 
evaluated. The soil texture was evaluated for 
the entire soil profile to calculate the available 
soil water capacity (SWC) (estimated according 
to (Goulet et al., 2004) and vine vigor (VIG) 
(calculated depending on the water holding 
capacity, gravel percentage in the soil profile and 
bedrock hardness). The calculation was performed 
in which each variable was given a mark and then 
multiplied by the vigor coefficient; the results 
then added together were calculated (Coulon-
Leroy et al., 2013; Coulon-Leroy et al., 2012b; 
Morlat and Jacquet, 2003; Morlat et al., 1987). 
The precocity index (PI) was considered in this 
study (Barbeau, 2008; Barbeau et al., 1998), and 
two geomorphological criteria were also taken 
into account: (i) the plot geographical orientation 
(Plot_NSEW) and (ii) the slope percentage (slope).

3. Statistical analysis

The explanatory models were built through partial 
least squares (PLS) regression (Wold, 1966). The 
choice of a PLS regression model was dictated 
by the nature of the dataset as PLS can address 
multicollinearity with a large number of variables 
(even greater than the number of observations) and 
provides good prediction capacity. PLS regression 
aims at identifying a small set of orthogonal 
components from X, here in the Climate, Soil 
and Practices variables. These components are 
related to Y in terms of prediction, through the 
maximization of the covariance between X and Y. 
These components are linear combinations of X 
variables: each component is defined by means of 
vector loadings providing the weights associated 
with each variable. PLS regression has been 
widely applied in sensory analysis, for example to 
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predict sensory attributes related to wine quality, 
based on the definition of chemical and phenolic 
parameters of grapes and wines (Aleixandre-Tudo 
et al., 2015).

The input and output variables are described in 
Tables 2, 3 and 4. Six meaningful conceptual 
blocks were determined for the analysis of 
climate, soil, perennial practices (vine perennial 
practices and structure perennial practices) and 
annual practices (vine annual practices and soil 
annual practices). All these elements are shown 

in Figure 1. Statistical analyses were performed 
using the R software.

Because the input variables (Tables 2 and 3) were 
structured into six blocks, an appropriate analytical 
strategy consisted of performing a multiblock 
PLS regression (MB-PLS). MB-PLS shows 
the importance of each block in the prediction 
of a quality criterion given the contribution 
associated with annual and perennial practices, 
climate and soil blocks. Before performing 
PLS regressions, quantitative variables were 

Fermentative potential

Block contribution (%)
Sugar content 

(3 dims)
Total acidity

(3 dims)
Bunch rot 
(1 dim)

pH of grapes
(3 dims)

Malic acid 
(3 dims)

Tartaric acid
(1 dim)

Yeast available nitrogen 
(1 dim)

Climate 5.96 13.74 9.51 10.50 14.61 9.33 10.48

Soil 16.50 18.55 34.10 19.75 20.38 28.96 24.96

Vine Perennial Practices 13.59 9.73 12.19 9.79 19.94 12.61 28.42

Structure Perennial Practices 20.07 19.88 15.08 21.93 16.67 15.98 15.53

Vine Annual Practices 17.28 18.48 18.17 19.77 15.37 18.47 19.78

Soil Annual Practices 26.60 19.61 10.94 18.27 13.02 14.64 0.84

Chemical maturity Grape health Acid Balance of acids

TABLE 5. Contribution of the different input blocks to the seven grape quality criteria models.

i.e. sugar content, total acidity, bunch rot, pH, tartaric acid, malic acid and yeast available nitrogen; in brackets: number of 
dimensions of the model; in bold: the two most contributive blocks for each studied criterion.

FIGURE 1. Graphical representation of the block and group datasets showing the relationships 
between the blocks of variables with t the common component for all individuals. 
X1…X6 represent each input block, Y1…Y7 represent each output criterion.
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standardized because they were not in the same 
unit. An analogous standardization was completed 
on the dichotomized qualitative variables. Finally, 
a global scaling of each block was conducted to 
set all the blocks on the same footing, regardless 
of their number of columns.

The natural grouping of the rows of the data table, 
each group corresponding to a particular year, was 
integrated in the model leading to a multigroup 
multiblock PLS regression (Eslami et al., 2014). 
To determine the number of components to retain 
for each multigroup multiblock PLS regression, a 
cross-validation procedure was conducted (Eslami 
et al., 2014; Eslami et al., 2013; Stone, 1974).  
The predictive capacity of the model was evaluated 
with the root mean square error of calibration 
(RMSEC) and the root mean square error of cross 
validation (RMSECV). Then, the total variance 
of X and the total variance of Y restituted by 
each model, given the number of components 
retained, were decomposed according to the 
blocks of variables and the groups of observations 
to describe the importance of each block in the 

prediction of a quality criterion Y. The variable 
influence in projection (VIP) (Wold et al., 2001), 
which measures the importance of the variable 
in the prediction, was also reported. Thus, the 
relationships between each quality criterion and 
the predictive variables were analyzed on the basis 
of their loadings and their explanatory influence 
related to their regression coefficient. Finally, 
for each model, a subset of the most predictive 
variables was retained by selecting those with a 
VIP value greater than 0.8 (which is the standard 
threshold recognized in PLS).

RESULTS

A specific multigroup multiblock PLS regression 
was performed for each quality criterion. The 
overall VIP results related to the variables in all 
the models are shown in Table 5. 

4. Chemical maturity of the grapes

The chemical maturity of the grapes is 
explained through analysis of the sugar 
content and total acidity. The inspection of 

Fermentation potential and vine nitrogen status 

Sugar content Total acidity Bunch rot pH of grapes Malic acid Tartaric acid Yeast available nitrogen

Tmin 0.910 1.045 1.211
HI 1.317

PET 1.273 1.226
DI 1.068 2.387 1.584 1.356 2.408 1.353 1.322

Scl 1.033 0.849 1.330 1.010
Ssi 1.021 1.206 0.821
Ssa 1.224 1.097 1.307

S_WphR 1.106 1.277 0.947 1.092 0.953
S_AN 0.899 0.975

S_OMr 1.210 0.850 1.166 1.345
S_CN 1.217 0.898 1.218

S_CaCO3 1.091 1.051
S_K2O 0.928

Plot_NSEW 1.110 2.024 1.188
Slope 0.826
SWC 1.491 1.237 1.233 1.419 0.938 1.121
VIG 1.090 0.918 1.520 0.912 1.852 1.194
PI 0.932 1.498 1.284 1.189 1.146 0.809

Chemical maturity of the 
grapes Grape health Balance of acids

Climate

Soil

TABLE 6. Results of quantification between input criteria and grape quality criteria with a VIP ≥ 0.8 for 
Climate and Soil criteria.

In bold, the five most significant results all block input data combined for each quality criterion evaluated.
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the RMSEcv as a function of the number of 
components leads to retaining three components.  
The RMSEc is equal to 0.070 for sugar content 
and 0.068 for total acidity. The RMSEcv is 
equal to 0.188 for sugar content and 0.152 for 
total acidity. The total variance explained by 
the first three components represents 32 % for 
the predictive blocks (47 % for the total acidity 
model) and 75 % of the response variable for the 
sugar content (61 % for the total acidity model). 
Thereafter, the relative contribution of each block 
in the total variance explained for the response 
variable is derived (Table 5). Summing to 100 %, 
this index reflects the relative importance of each 
block in the prediction of the response variable. 

Sugar content and total acidity were strongly 
linked to Soil Annual Practices, (respectively, 
26.60 % of the contribution for sugar content 
and 19.61 % for total acidity) and to Structure 
Perennial Practices (20.07 % for sugar content 
and 19.88 % for total acidity) (Table 5). They were 

also linked with Vine Annual Practices (17.28 % 
and 18.48 %) and finally soil criteria (16.50 %  
and 18.55 %). With regard to sugar content, the 
most important VIPs (i.e., the most important 
variables in the prediction) (Tables 6, 7  
and 8) mainly concerned the Structure Perennial 
Practices block characterized by the plant density, 
trunk height, row spacing and exposed leaf area. 
The treatment frequency index of the chemical 
weed control from the Soil Annual Practices block 
is also part of the most important VIPs. Most of 
the relevant relationships (corresponding to a 
VIP value greater than 0.8) corresponded first to 
the Structure Perennial Practices and second to 
the Soil Annual Practices. With regard to total 
acidity, the most important VIPs (Tables 6, 7  
and 8) concern the Dryness Index for the Climate 
bloc (VIP = 2.387), trunk height and plant density 
for the Structure Perennial Practices block (VIP 
value equal to 1.686 and 1628 respectively) and 
pruning length for the Vine Annual Practices 

Fermentation potential and vine nitrogen status 

Sugar content Total acidity Bunch rot pH of grapes Malic acid Tartaric acid Yeast available nitrogen

RSrip 0.997

RSso4 1.241

RSferc 1.116

RS3309 0.950 1.577

RCPS 2.447

Y_10 0.834 0.864 1.160 1.412 1.514

Y_15 0.834 0.890 1.360 0.921 1.201

Y_25 1.291 0.824

Y_26 0.864 0.903 1.160 0.803

RSvig 1.378 1.054 1.017 1.023 1.040

Dens 1.600 1.628 0.867 1.653 1.620 0.985 1.387

HV 1.531 1.686 1.936 1.509 1.227 0.813

CaH 1.200 0.929 1.422 1.277

CaT 1.000 0.961

RS 2.650 0.865 1.318 2.379 0.972 0.974

AL 1.426 1.092 0.827 1.820 1.859

Chemical maturity of the 
grapes

Grape health Balance of acids

Vine Perennial Practices

Structure Perennial Practices

TABLE 7. Results of quantification between input criteria and grape quality criteria with a VIP ≥ 0.8 for 
Perennial Practices.

In bold, the five most significant results all block input data combined for each quality criterion evaluated.
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block (VIP value equal to 1.622). Most of the 
variables possessing a VIP value greater than  
0.8 were associated first to the Structure Perennial 
Practices block and second to the Vine Annual 
Practices block. 

Then, both loadings and regression coefficients of 
the selected variables were inspected to determine 
whether the variable had a positive or a negative 
effect on sugar and total acidity (Annexs 1 and  2 and 
Tables 9, 10 and 11). Concerning the sugar content, 
the vine vigor and the exposed leaf area (Soil and 
Structure Perennial Practices blocks, respectively) 
had a positive influence. The treatment frequency 
index of the chemical weed control (Soil Annual 
Practices block) was negatively correlated to the 
sugar content. Concerning total acidity (Tables 
9, 10 and 11), the dryness index and vine trunk 
height, which had the greatest VIP values, were 
positively correlated with total acidity. This result 
means that if the dryness index and the vine trunk 
height increase, the total acidity will also increase. 
The plant density was negatively correlated with 

total acidity. Trimming and topping was positively 
correlated with total acidity. Finally, the available 
soil water capacity was positively correlated with 
total acidity. These correlations are also shown 
on the total acidity loadings’ biplot (Annex 2). 
This figure shows that the fungicide treatments 
were particularly correlated with tartaric acid as 
the available soil water capacity, trimming and 
topping and amount of nitrogen for fertilization. 
In contrast, the harvest completed by hand, plant 
density, plot geographical orientation, mineral 
fertilizer use and the treatment frequency index of 
chemical weed control were negatively correlated 
with tartaric acid, mostly the use of mineral 
fertilizer and the treatment frequency index of 
chemical weed control. Good heterogeneity of the 
individuals is observed on the sugar content scores 
plot (Annex 3). The independence of the model 
with regard to annual variability is confirmed 
by such heterogeneity. Considering each plot, 
some are characterized by close observations (for 
instance LUEE49 or HILbio). Others show a strong 

Fermentation potential and vine nitrogen status 

Sugar content Total acidity Bunch rot pH of grapes Malic acid Tartaric acid Yeast available nitrogen

P 0.945 0.859
LP 1.777 0.811 0.977 1.800 2.168
TT 1.116 1.622 1.181 1.328

NoL 0.859 1.054
Le 0.859 1.054
Th 0.960 0.953 0.931
De 0.835 1.307
ShT 0.870
Fu 1.040 0.835 1.329
In 1.256 1.028 1.774

HH 1.238 1.040 1.241 1.928 1.073 1.445

FO 1.236 0.918
FM 1.012 1.253
FB 0.981
FN 0.916 1.352 0.879 0.853 0.983 1.644

WMG 0.831 1.029 1.222 1.536
WC 1.682 1.202 0.863 1.192
IG 1.080 0.979
IT 1.367

Chemical maturity of the 
grapes

Grape health Balance of acids

Vine Annual Practices

Soil Annual Practices

TABLE 8. Results of quantification between input criteria and grape quality criteria with a VIP ≥ 0.8 for 
Annual Practices.

In bold, the five most significant results all block input data combined for each quality criterion evaluated.
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Fermentation potential and vine nitrogen status 

Bunch rot Tartaric acid Yeast available nitrogen

Dim 1 Dim 2 Dim 3 Dim 1 Dim 2 Dim 3 Dim 1 Dim 1 Dim 2 Dim 3 Dim 1 Dim 2 Dim 3 Dim 1 Dim 1

Tmin 0.094 -0.066 0.311 -0.101 -0.203 -0.293 0.181
HI -0.183

PET -0.209 0.183
DI -0.153 -0.191 0.138 -0.469 0.172 0.119 0.083 -0.229 0.183 -0.011 -0.416 0.269 -0.082 -0.222 0.197

Scl -0.170 -0.085 -0.007 -0.172 0.005 0.060 0.219 -0.151
Ssi 0.151 0.116 -0.184 -0.167 0.116 -0.149 0.221
Ssa 0.170 -0.180 0.195

S_WphR -0.203 0.127 -0.051 0.177 -0.113 0.203 0.047 -0.180 0.142
S_AN -0.105 0.200 -0.196 -0.145

S_OMr -0.182 0.152 -0.182 -0.094 -0.237 -0.001 0.174 0.185 -0.149 -0.201
S_CN -0.199 -0.043 -0.119 -0.157 -0.094 0.008 -0.182

S_CaCO3 -0.186 0.140 0.127 0.146
S_K2O -0.129

Plot_NSEW 0.112 0.251 -0.028 0.281 0.114 0.256 -0.253
Slope 0.115
SWC -0.304 -0.041 0.059 0.172 -0.208 0.163 -0.016 -0.266 0.053 -0.037 -0.154 0.167
VIG 0.163 -0.163 0.136 -0.050 0.230 -0.032 0.211 -0.087 0.213 -0.111 -0.305 0.178
PI 0.154 -0.133 -0.097 -0.208 0.220 -0.153 0.001 0.214 -0.095 0.073 0.188 -0.121

Climate

Soil

Chemical maturity of the grapes Grape health Acid balance

Sugar content Total acidity pH Malic acid

Fermentation potential and vine nitrogen status 

Bunch rot Tartaric acid Yeast available nitrogen

Dim 1 Dim 2 Dim 3 Dim 1 Dim 2 Dim 3 Dim 1 Dim 1 Dim 2 Dim 3 Dim 1 Dim 2 Dim 3 Dim 1 Dim 1

RSrip -0.149
RSso4 -0.208 0.016 -0.041
RSferc 0.155

RS3309 0.152 0.078 -0.102 -0.219
RCPS 0.365
Y_10 0.131 -0.115 -0.027 -0.086 0.179 -0.133 -0.172 0.192 -0.125 -0.232 0.226
Y_15 -0.111 0.011 0.244 0.123 0.230 0.169 -0.001 0.151 -0.179
Y_25 -0.151 -0.280 0.081 -0.123
Y_26 -0.086 0.179 -0.133 0.157 -0.096 -0.021 -0.172 0.192 -0.125 0.132
RSvig -0.204 -0.257 -0.042 0.185 -0.032 0.225 -0.132 0.193 0.335 0.094 -0.059 -0.482 -0.171

Dens 0.264 0.078 -0.097 0.141 0.373 -0.151 -0.120 0.300 0.064 -0.045 0.209 0.324 0.145 0.162 -0.207
HV -0.238 -0.148 0.217 -0.343 0.047 0.081 0.268 -0.254 0.144 -0.313 -0.209 0.102 0.220 0.121
CaH -0.174 -0.221 0.124 -0.014 -0.127 0.329 -0.256 0.037 0.166 0.210
CaT -0.015 0.254 -0.082 -0.142 0.167 0.000
RS -0.444 -0.040 0.046 -0.044 -0.144 0.263 0.183 -0.427 -0.128 0.178 -0.112 -0.128 -0.344 0.145
AL 0.222 -0.210 0.046 -0.151 0.120 0.168 0.104 0.299 -0.277

Vine Perennial Practices

Structure Perennial Practices

Chemical maturity of the grapes Grape health Acid balance

Sugar content Total acidity pH Malic acid

TABLE 9. Results of loadings between input criteria and grape quality criteria with a VIP ≥ 0.8 for climate 
and soil criteria.

In bold, the most significant best VIP criteria results.

TABLE 10. Results of loadings between input criteria and grape quality criteria with a VIP ≥ 0.8 for 
Perennial Practice).

In bold, the most significant best VIP criteria results.
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heterogeneity according to year; this is the case 
of HIRA49 and JUIG49. Concerning the study 
of the plot maps for Total Acidity, individuals are 
mainly distributed around the axes defined by the 
first two dimensions (Annex 4). Two observations 
differ from the others with negative coordinates on 
the second axis. They correspond to 2010VAU1 
and 2013HIRA49. Such a difference can also be 
observed on the sugar content scores plot. With 
regard to these observations, these differences 
may be explained by high total acidity and low 
sugar content.

4. Grape health

Cross-examination of the RMSEcv as a function 
of the number of components leads to retention 
of only one component, with an RMSEc equal 
to 0.118 for bunch rot and an RMSECV equal to 
0.168. The total variance explained by the first 
component is 20 % for the predictive blocks and 
48 % for the response variable bunch rot. The main 
contributions to the bunch rot model are associated 
with (in decreasing order of importance): Soil, 
Structure Perennial Practices and Vine Annual 
Practices. Greater than one-third of the overall 
contribution is from Soil (Table 5). Regarding 
bunch rot, the most important VIPs (Tables 6, 7  

and 8) concern mainly the plot geographical 
orientation (Soil) on the one hand and the vine 
trunk height (Structure Perennial Practices) 
on the other hand. Although the top five VIPs 
are homogeneously distributed in all blocks 
studied with the exception of the block Soil 
Annual Practices, and most of the significant 
variables belong to the Soil block. Bunch rot 
loadings and the signs of loadings (Tables 9, 
10, 11, 12, 13 and 14) show heterogeneity 
between loadings positively and negatively 
correlated with the dimensions studied. The first 
five criteria are also well distributed between 
the negative (dryness index, plot geographical 
orientation and vine trunk) and positive loadings  
(3309 rootstock and pruning length). A focus on 
the plot geographical orientation criteria is made 
with a strong correlation with the first dimension. 

Concerning pH, a model with three components 
is developed. It corresponds to an RMSEc equal 
to 0.07 and an RMSEcv equal to 0.145. The total 
variance explained by the three components is 
46 % for the predictive blocks and 75 % for the 
response variable pH. The respective contribution 
of the different input blocks to the pH and bunch 
rot models according to the number of their PLS 
components is presented in Table 5. The block Soil 

Fermentation potential and vine nitrogen status 

Bunch rot Tartaric acid Yeast available nitrogen

Dim 1 Dim 2 Dim 3 Dim 1 Dim 2 Dim 3 Dim 1 Dim 1 Dim 2 Dim 3 Dim 1 Dim 2 Dim 3 Dim 1 Dim 1

P -0.056 0.226 -0.103 -0.032 0.233 0.062
LP -0.246 -0.034 -0.250 0.244 0.167 -0.118 0.022 0.296 -0.323
TT -0.187 -0.025 -0.036 -0.322 -0.113 -0.012 -0.214 -0.009 -0.103 -0.247 -0.005 0.129

NoL 0.161 0.027 0.001 0.173
Le -0.161 -0.027 -0.001 -0.173
Th 0.197 0.010 0.037 0.132 0.169 -0.072 0.000
De -0.093 0.171 0.106 0.181

ShT 0.153 -0.087 0.040
Fu -0.139 -0.123 -0.267 -0.143 -0.047 0.169 0.198
In 0.177 0.259 0.100 -0.143 0.321 -0.084 -0.013

HH 0.082 0.084 0.538 0.069 0.253 0.067 0.172 0.247 0.474 -0.131 0.124 0.228 -0.129 0.215

FO 0.152 -0.264 -0.250 -0.151
FM -0.168 0.056 0.032 0.116 0.177 0.372
FB -0.124 -0.135 -0.240
FN 0.149 0.055 -0.092 -0.093 -0.325 -0.107 -0.122 -0.014 -0.277 -0.220 -0.130 -0.188 -0.114 -0.270

WMG 0.066 0.230 0.219 -0.143 0.201 0.162 0.187 -0.270 -0.158 -0.006
WC -0.168 0.538 0.100 0.188 0.128 -0.254 -0.120 0.179 -0.223 -0.165
IG 0.150 -0.161
IT -0.190

Vine Annual Practices

Soil Annual Practices

Chemical maturity of the grapes Grape health Acid balance

Sugar content Total acidity pH Malic acid

TABLE 11. Results of loadings between input criteria and grape quality criteria with a VIP ≥ 0.8 for Annual 
Practices.

In bold, the five most significant best VIP criteria results.
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is the most determinant followed by the blocks 
Structure Perennial Practices and Vine Annual 
Practices. The contribution is well balanced 
between Soil, Structure Perennial Practices, Vine 
Annual Practices and Soil Annual Practices at 
approximately 20 % each (Table 5). The most 
important VIPs (a VIP value greater than 1.3; 
see Tables 6, 7 and 8) mainly concern two blocks 
corresponding to Structure Perennial Practices 
(with variables of plant density, vine trunk height 
and row spacing) and Vine Annual Practices (with 
variables of insecticide treatment and manual 
harvesting). The row spacing has the greatest VIP, 
which is equal to 2.4. It is negatively correlated 
with pH and has negative loadings associated with 
the first two dimensions (Tables 9, 10 and 11 and 
Annex 5). Concerning the five most important 
VIPs, the number of passages for mowing grass, 
plant density and manual harvesting correspond 

to high pH values while trimming and topping 
and the space between rows are related to lower 
pH values. On the scores plot (Annex 6), several 
observations differ from those of the others. 
While 2011LAM1 and 2011JUIG49 have a high  
pH value, 2013HIRA49, 2010VAU1 and 
2010CHA2 have a low pH level. This result is 
consistent with the result for the sugar content and 
total acidity models.

5. Acid balance

Inspection of the malic acid RMSEcv as a 
function of the number of components leads to 
retaining three components, with an RMSEc equal 
to 0.072 and an RMSECV equal to 0.166. The 
total variance explained by the three components 
is 44 % for the predictive blocks and 78 % for 
the response variable malic acid. However, 
the analysis of the RMSECV for tartaric acid 

Fermentation potential and vine nitrogen status 

Sugar content Total acidity Bunch rot pH Malic acid Tartaric acid Yeast available nitrogen

Loading sign Loading sign Loading sign Loading sign Loading sign Loading sign Loading sign

Tmin - + -

HI +

PET + -

DI - + - - + + -

Scl - + - +

Ssi + + +

Ssa - + -

S_WphR + + + + -

S_AN - +

S_OMr - - - +

S_CN - - +

S_CaCO3 + -

S_K2O +

Plot_NSEW - - -

Slope -

SWC + - - + + -

VIG + + - + + -

PI - + + - - +

Soil

Chemical maturity of the 
grapes

Grape health Acid balance

Climate

TABLE 12. Results of loadings between input criteria and grape quality criteria with a VIP ≥ 0.8 for Annual 
Practices.

In bold, the five most significant best VIP criteria results.
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leads to retention of only one component, with 
an RMSEC equal to 0.115 and an RMSECV  
equal to 0.152. The total variance explained by 
this component is 16 % for the predictive blocks 
and 22 % for the response variable tartaric acid. 
The importance of the different blocks for malic 
and tartaric acids is presented in Table 5. The Soil 
block mostly contributes to both acids (with a 
contribution of 29.0 % for tartaric acid and 20.4 % 
for malic acid). Structure Perennial Practices 
remains a contributive block for the two models 
(tartaric acid and malic acid), with a percentage 
of approximately 16 %. Regarding malic acid, 
the most important VIPs (a value greater than 
1.3; see Tables 6, 7 and 8) concern nearly all the 
blocks (except the Vine Annual Practices block). 
The dryness index has the greatest VIP (2.41). 
Concerning the Soil block, the highest VIP value 
(1.42) is associated with the available soil water 
capacity, while perennial criteria such as plant 
density (Structure Perennial Practices block) and 
vine age (Vine Perennial Practices block) are also 
critical to the model with a significant VIP value 
(1.62 and 1.36, respectively). Finally, regarding the 
tartaric acid model, the most predictive variable 

is vine vigor (Soil Annual Practices block), with 
a VIP value equal to 1.82. The exposed leaf area 
belonging to the Structure Perennial Practices 
block also significantly contributes to the model 
(VIP = 1.82), along with the pruning length of the 
Vine Annual Practices block (VIP = 1.80).  

The loadings associated with the malic acid model 
are depicted in Tables 9, 10, 11, 12, 13 and 14. 
The dryness index has a positive regression 
coefficient in the model. Thus, if the dryness 
index increases, the malic acid concentration in 
grapes will also increase. The plant density is 
correlated negatively with malic acid, while the 
number of tractor passes when mowing grass is 
positively correlated. Analysis of the loadings 
associated with the tartaric acid model (Tables 9, 
10, 11, 12, 13 and 14) shows a positive correlation 
between the vine vigor and the first dimension. 
In contrast, the exposed leaf area and the pruning 
length are negatively correlated with the latter. 
The first two dimensions of the malic acid 
loadings plot show that malic acid is negatively 
correlated to both dimensions (Annexs 7 and 8). 
There is a strong opposition, as expressed by a 

Fermentation potential and vine nitrogen status 

Sugar content Total acidity Bunch rot pH Malic acid Tartaric acid Yeast available nitrogen

Loading sign Loading sign Loading sign Loading sign Loading sign Loading sign Loading sign

RSrip +

RSso4 -

RSferc -

RS3309 + +
RCPS -
Y_10 + - + + -
Y_15 - - - - +

Y_25 + +

Y_26 + + + -

RSvig - - - + +

Dens + - + + - - +

HV - + - - + -

CaH - + - -

CaT + +

RS - + - - + -

AL + + + - +

Chemical maturity of the 
grapes

Grape health Acid balance

Vine Perennial Practices

Structure Perennial Practices

TABLE 13. Results of the signs of loadings between input criteria and grape quality criteria with a  
VIP ≥ 0.8 for Perennial Practices.

In bold, the five most significant best VIP criteria results.
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high negative correlation, between malic acid 
and plant density. This is also the case for the 
plot geographical orientation, manual harvesting, 
residual organic matter, and a plot age less than 
or equal to 15 years. In contrast, the number of 
tractors passes when mowing grass, plot age from 
15 to 25 years and minimum temperature have 
a positive relationship with the malic acid level. 
The plot of the first two-dimension scores of the 
malic acid model shows the relative homogeneity 
of the observations except CHA1 (2010CHA1 and 
2011CHA1), 2010VAU1 and 2013HIAR49. For 
CHA1, there is a low malic acid value for its two 

observations while 2010VAU1 and 2013HIRA49 
are characterized by high malic acid values.  
This latter result is consistent with previous 
conclusions obtained for the other quality criteria. 

6. Vine nitrogen status and fermentative 
capacity 

Investigation of the RMSECV as a function of the 
number of components leads to retention of only 
one component for the yeast available nitrogen, 
with an RMSEC equal to 0.121 and an RMSECV 
equal to 0.165. The total variance explained by this 
model is 22 % for the predictive blocks and 28 % 

TABLE 14. Results of the signs of loadings between input criteria and grape quality criteria with a  
VIP ≥ 0.8 for Perennial Practices.

In bold, the five most significant best VIP criteria results.

Fermentation potential 
and vine nitrogen status 

Sugar content Total acidity Bunch rot pH Malic acid Tartaric acid Yeast available nitrogen

Loading sign Loading sign Loading sign Loading sign Loading sign Loading sign Loading sign

P + +

LP + - - - +
TT - + - +

NoL - -

Le + +

Th - - -

De + -

ShT -

Fu + + -

In + + +
HH + - - + - -

FO + +

FM - -

FB +

FN + - + - + +
WMG + + + +
WC - - + +

IG - +

IT +

Chemical maturity of the 
grapes

Grape health Acid balance

Vine Annual Practices

Soil Annual Practices
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for the response variable yeast available nitrogen. 
Concerning the contribution of the different 
blocks in the one-component yeast available 
nitrogen model (Table 5), it appears that Vine 
Perennial Practices make the greatest contribution 
(28.42 %), followed by the Soil (24.96 %) and Vine 
Annual Practices (19.78 %). The yeast available 
nitrogen is mainly related to Structure Perennial 
Practices and Soil (67 % and 64 % of criteria with 
a VIP greater than 0.8, respectively) (Tables 6, 
7 and 8). The greatest VIPs concern the Royat 
Cordon pruning system (2.447), pruning length 
(2.168) and exposed leaf area (1.859). None of the 
Soil Annual Practices variables has a significant 
relationship with the yeast available nitrogen 
criteria. There is a good balance between positive 
and negative loadings compared to that of the first 
component studied (Tables 9, 10, 11, 12, 13 and 
14). Analyzing the five most important VIPs, the 
Royat Cordon pruning system, the plot age less 
than or equal to 10 years and manual harvesting 
demonstrate a negative correlation with the yeast 
available nitrogen whereas the vine pruning length 
and exposed leaf area are positively correlated 
with the first dimension for the yeast available 
nitrogen criteria.

Relationships between the viticultural practices 
and soil and climate with each grape quality 
criterion were studied and compiled (Tables 6  
and 7). All the data comprise the explanatory 
models of grape quality.

DISCUSSION

1. Criteria selection

Out of the 65 input variables related to viticultural 
practices, soil and climate, 53 were significantly 
involved (i.e., with a VIP value greater than 0.8) 
in the modeling of at least one of the seven grape 
quality criteria. Among these variables, 54 % 
concerned viticultural practices mostly related 
to Vine Annual and Perennial Practices. The 
year effect was removed from the analysis for 
avoidance and to perform the multigroup model. 
This leads to a relatively poor contribution of the 
Climate block, indicating strong homogeneity of 
the plots regarding the Climatic variables (3 % 
of the variables that constitute the database). 
However, it is important to consider the effect of 
soil and climatic variables in the interpretation of 
the results.  

2. Relevance of the resulting relationships

Scientific experts specializing in viticulture and 
a literature review helped to verify if some of 

the relationships between viticultural practices, 
soil and climate and grape quality had not been 
considered by the statistical results. Relationships 
considered irrelevant were then removed from 
the statistical analysis. It was also verified that 
the relationships noted by the models were not 
fortuitous and were accurate. We had to expand 
the literature review to all grape varieties because 
only a restricted number of studies had analyzed 
the relationships of the studied criteria for the 
Chenin blanc grape variety. Several studies have 
analyzed the correlations between plant density 
and grape quality criteria. Agreeing with our 
results, Hunter (2017) and Reynolds et al. (2004) 
showed that an increase in plant density allows 
for an increase in sugar content and pH. Dupraz 
(2010) showed that while plant density decreased, 
the total acidity increased. However, there is 
a contradiction between our results and those 
obtained by Murisier et al. (2007) on the Gamay 
grape variety in the Valais region (Switzerland) 
showing that there was no significant variation in 
the malic and tartaric acid content of the berries 
depending of the plant density. We observed that 
when the plant density decreased, both malic and 
tartaric acids increased. 

The grape variety of this study is different from that 
in the literature, and the climatic years might also 
be different. Sometimes relationships highlighted 
in the literature are not significant in our results 
because these variables were not selected as 
important in the grape quality models. For 
example, the statistical analysis did not show any 
relevant relationship between nitrogen fertilization 
and yeast available nitrogen, as the VIP value was 
equal to 0.59 (a relevant relationship corresponds 
to a VIP value greater than 0.8). 

Nevertheless, the interest of our study is to 
understand how viticultural practice variables 
influence grape quality criteria to aid the 
winegrower, particularly for annual practices 
that can change year-to-year. Cus et al. (2004) 
showed that the vine cane length influenced 
the total grape acidity during three different 
climatic years. Our results concerning pH and 
the number of buds remaining on vine canes 
show that if the number of buds increased, the pH 
decreased. These findings are confirmed by the 
literature (Hummell and Ferree, 1998; Jackson 
and Lombard, 1993; Kaan Kurtural et al., 2006; 
Romelczyk, 2008). The results of Landolt (2011) 
and Murisier and Zufferey (2004) are consistent 
with those of the present study in showing that 
severe pruning decreases tartaric acid in berries (a 
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VIP value equal to 1.80). Trimming and topping 
were negatively correlated with sugar content and 
positively with total acidity in the present study. In 
the literature, when trimming and topping become 
intensive, the total acidity increases (Dardeniz  
et al., 2008; Murisier and Zufferey, 2004). 
We have shown that leaf removal (or not) was 
negatively correlated with tartaric and malic acid 
with respective VIP values of 1.05 (and 0.86). The 
more leaves that are removed the higher malic 
and tartaric acid contents. This correlation is 
also studied by trimming and topping, which can 
reduce the leaf area of the vine and regulate its 
vegetative development. Our study demonstrated 
these relationships between trimming and topping 
and total acidity (a VIP value equal to 1.622) but 
also between trimming and topping and sugar 
content of grapes (a VIP value equal to 1.12). 
If these viticultural practices (leaf removal and 
trimming and topping) are barely applied on the 
vine, it has been shown in the literature that berry 
size and total acidity increases while the sugar 
content of the berry juice decreases (Dardeniz  
et al., 2008; El-Zeftawi and Weste, 1970). Our study 
also considered natural variables (soil and climatic 
variables). The potential evapotranspiration is 
calculated from temperature, solar radiation, wind 
speed and humidity (Scheff and Frierson, 2014). 
The Huglin index is an integrative means to 
assess the influence of maximum temperature on 
vine metabolism and development (Tonietto and 
Carbonneau, 2004). In our study, the Huglin index 
appeared to be important in explaining bunch rot. A 
higher Huglin index denotes more bunch rot. The 
precocity index is calculated to evaluate the effect 
of the soil on the plant. It provides information 
regarding the potential development of the vine 
by evaluating the precocity of the plant during its 
phenological development. Soil components such 
as soil texture and fertility interact with each other 
and with the climate to influence the functioning 
of the vine as its developmental precocity. The 
precocity can have an influence on the malic 
acid content of grapes at harvest (Barbeau, 2008; 
Barbeau et al., 1998). This was confirmed in our 
study as the VIP value of the precocity index 
shows the importance of this variable in the 
explanation of the berry malic acid content (a VIP 
equal to 1.189). There is less malic acid in grapes 
with greater precocity.

3. The limitations on the selected criteria

3.1 Criteria that were not maintained in the 
database even though there were sufficient 
data

However, some viticultural practices were not 
included in the models because they did not have 
a significant effect on at least one of the attributes 
studied. This is the case for two types of rootstocks 
(Rupestris du Lot and 5bb), the single Guyot 
pruning system and the double Guyot pruning 
system, which had no significant relationships 
with any of the studied quality criteria (the other 
types of rootstocks and pruning systems were 
maintained in the database). In addition, regarding 
annual practices, chemical weed control in the 
interrow, mechanical soil tillage under the row 
and chemical weed control under the row were not 
significant. The soil was only analyzed from 0-25 
cm depth while the vines’ rooting depth is 1.5 m 
on average. This means that less than 20 % of the 
soil explored by the root system was considered in 
the study. The deeper soil (greater than 25 cm) was 
analyzed as the rooting system extends deeper but 
given the results associated with a first principal 
component analysis (PCA), the experts estimated 
that the sample of data obtained was insufficient 
for a statistical treatment compared to other data 
available in the database. However, the deeper soil 
characteristic influence on vine was accounted for 
through the vigor, precocity and soil water content 
variables. The analysis of the first horizon allowed 
us to determine the soil mineral composition of 
the soil. 

3.2 Criteria that were not maintained in the 
database because of data gaps

The input variables that comprise the dataset 
of the study were chosen for their influence on 
grape quality at harvest time. They thus had to 
characterize the entire growing period. Some 
climatic criteria, such as wind and hail, did not 
seem relevant because they consider the internal 
variability. Some of the output variables are 
rather basic (i.e., sugar content or total acidity). 
Other quality parameters, such as aroma, phenolic 
composition (less important here as we address a 
white grape variety) or sensorial criteria would 
have been interesting to include. Although 
phenological variables (date of flowering, 
ripening, etc.) are interesting, they were not 
considered (Jones, 2000; van Leeuwen, 2004). For 
example, aroma and grape color at harvest time 
are particularly dependent on climate variables 
during the growth period (Conceição and Tonietto, 
2005; Tonietto and Carbonneau, 2004). 

Unfortunately, there were too many missing data 
for the observations made to use these output 
variables. Nevertheless, the basic variables for 
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which data were available enabled the robustness 
of the method to be tested.

4. The importance of climate 

Many factors influence grape quality, including 
climate and soil, which determine the perennial 
and annual development of the vine. The role of 
winegrowers is to adapt their annual practices 
according to such natural factors by correcting 
the physiological development of the vine and 
protecting it against pests and diseases with the 
goal of improving grape quantity and quality 
(Bonnefoy et al., 2010; Tonietto and Carbonneau, 
2004). Climate is the most important factor for 
determining grape quality. van Leeuwen et al. 
(2004) shows that climate impacts are greater than 
those related to the soil and cultivar for growing 
vines. According to Ubalde et al. (2007), climate 
affects up to 70 % of grape quality.

5. Interest of the models

The models quantify the relationships between 
each input criterion and quality criterion of 
the grape. This is a first step in the search for 
a predictive model of grape quality assessing 
viticultural practices and environmental factors. 
These results could be useful for stakeholders 
(winegrowers, technicians, etc.) to appreciate 
the effect that a change in practices can have 
and help them manage their viticultural practices 
depending on their influence on grape quality 
potential criteria. Given these results, decision-
makers can use simplified versions of the tables 
as models. Each time they decide to change a 
practice, they could review the relevant VIP table 
to determine with which quality criteria this new 
practice has a significant relationship. Then, they 
could review the loadings table to determine 
how the new practice influences the targeted 
grape quality criterion (positively or negatively). 
Potential relationships between grape quality 
criteria and viticultural practices, climate and soil 
have been quantified through statistical analysis. 
The importance of each variable in predicting the 
quality criteria has been measured thanks to their 
VIP associated with each multigroup multiblock 
PLS model. There is one explanatory model per 
grape quality criterion studied; it consists first of 
VIPs compared to each viticultural practice or 
soil and climate criterion and then the loadings 
assigned to each relationship. Consequently, 
seven explanatory models were developed in this 
study. The construction of this model (approach, 
data selection, and statistical model) provides a 

framework to be transferred to other varieties in 
other regions.

Although different years were analyzed, the aim 
of this study was not to assess grape quality 
according to a single year effect - because it 
is well known that annual climatic variations 
outperform the other variables related to quality 
- but rather to measure the effect of viticultural 
practices and identify the interactions between 
climate variations, soil, viticultural practices and 
grape quality.

Finally, notably, the more comprehensive the 
database is, the more reliable the results, although 
the statistical method allows fewer individuals 
than the number of criteria to be evaluated. 

CONCLUSION

This study presents explanatory models linking 
grape quality at harvest to viticultural practices, 
soil and climatic variables. The models note the 
most important viticultural practices, along with 
soil and climatic variables, for explaining different 
grape quality criteria. The models include sixty-
five input criteria to explain seven output criteria. 
The models were tested under different climatic 
conditions related of different years in the same 
wine-producing area. For the same grape variety 
(Chenin blanc), our models could consider the 
effects of the fifty-two main contributing criteria 
on the seven grape quality criteria. Not every input 
criterion had a significant relationship with every 
single quality criterion. Significant relationships 
were found between (i) plant density and all the 
grape quality potential criteria evaluated; (ii) 
dryness index and all the grape quality criteria 
and iii) amount of nitrogen fertilization with many 
grape quality potential criteria, such as pH, tartaric 
acid and total acidity. Overall, the stakeholders 
can identify direct relationships between each of 
the seven quality criteria studied and thirty-five 
criteria for the evaluation of viticultural practices. 
Of the latter, 54 % concern the evaluation of 
annual practices on which the winemaker can 
immediately act. 

Our models provide stakeholders a first stage in a 
decision-making tool to manage the quality of the 
vine by reviewing the practices they would like to 
change depending on the VIP and loadings results. 
The results can be applied to other regions for the 
same variety by adding individuals to the database 
from the new region. The same method could also 
be applied to other varieties based on the same 
criteria. Finally, it would be interesting to add 



other quality criteria such as sensory attributes 
to strengthen the grape quality assessment in the 
future. 
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