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Soil is a key component of the terroir concept for wine production. Indeed, the soil provides water and nutrients
to the vine plants depending on its properties and environmental conditions. A part of the complexity in the pro-
duction of high-qualitywines is the adaptation of thewinegrowing practices to soil conditions variability in space
and time. Then, a deep understanding of the environmental conditions thatmodulate soil-plant system function-
ing and control the production of quality wine is crucial for future global change adaptation. This study aimed to
identify environmental factors controlling redwine quality bymerging bothwinemaker and scientist knowledge.
This workwas performed on a vineyard in Saint-Emilion Grand Cru appellation, France. First, we conducted field
investigations for micro-terroir scale soil mapping in 2017, based on pedological prospections (pits and auger
borings) and both water table levels and main meteorological parameters monitoring (from November 2017
to November 2018). Additionally, we collected for each vineyard plot the corresponding wine quality rank
established each year since 2012 and based on wine tasting sessions supervised by the winemakers. Subse-
quently we investigated both nutrients and water availability for the vine. This was achieved through correlative
analysis using soil description, roots observation andwater table level, stratified according to both soil functional
units and wine quality ranks maps. Results show that the water table dynamic and the soil texture have a major
impact on the root pattern of vines. Our study suggests that explanatory factors for wine quality are interactions
between soil-water and roots during vine crop season. Here, best soils for fine wines could be observed for both
non-severe water deficit and no-limited nutrient conditions.
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1. Introduction

Soil is a key component for wine production (White, 2003) and a
main component of the terroir concept (Deloire et al., 2005; Van
Leeuwen et al., 2004; Vaudour, 2002), even if the relationships between
wine sensory attributes and geological or soil characteristics have been
widely discussed (Maltman, 2008;Matthews, 2016). The basic relation-
ship between wine and soil is based on the water and nutrient require-
ments of the vine plants (White, 2003). Soil variability in space and time
and soil–climate interactions are the main drivers for terroir differenti-
ation on a large spatial scale (Costantini et al., 2018, 2015; Garcia et al.,
2018; Priori et al., 2019; Rodrigo-Comino, 2018; Vaudour, 2002). For
finer spatial resolution, human effects are essential; over time,
human-landscape structure and short-term practices can significantly
modify pedological properties and variability on a field plot scale
(Costantini et al., 2015) while affecting both water and carbon dynamic
and thus soil erosion (Costantini et al., 2018, 2015; Garcia et al., 2018).

Soil characteristics, such as pH and nutrient supply, are mainly de-
rived from geological rocks and are critical for vine growth and wine
quality (Kodur, 2011; Retallack and Burns, 2016). The relationship be-
tween the soil nutrient status and wine quality varies depending on
plant physiology and environmental interactions (Blotevogel et al.,
2019; Garcia et al., 2001; Mackenzie and Christy, 2005). The addition
of water dynamics to the physical properties of soil modulates water
availability and vine root architecture, and subsequently, water and nu-
trient composition (Morlat and Bodin, 2006). This complexity of nutri-
ent studies explains why a majority of studies on soil–wine
interactions has investigated the status of water relationships. The
main finding of such studies is that redwine grape quality is often asso-
ciated with a mild water deficit (Bonfante et al., 2011; Brillante et al.,
2016; Costantini et al., 2013; Deloire et al., 2005; Dry, 2016; Marciniak
et al., 2013).

A part of the complexity for winegrowers and winemakers in the
production of high-quality wines is the adaptation of their practices to
terroir conditions or specificities in space and time. In future, the adapt-
ability of winegrower practices will be a key issue for the adaptation of
wine appellations to climate-related changes as predicted by projec-
tions of future climate change (IPCC, 2014). Climate variations and spec-
ificities are already recognised as the main factors controlling grape
maturation, aroma, and coloration (Baciocco et al., 2014; Camps and
Ramos, 2012; Jones and Davis, 2000; Tonietto and Carbonneau, 2004;
Van Leeuwen et al., 2004), which are a part of wine identity. However,
the success of this adaptability presumes a fine understanding of soil,
climate, and vine interactions.

Knowledge of the environmental factors that modulate soil func-
tioning and control the production of quality wine is lacking, which is
a potential deficiency for future adaptability (Hannah et al., 2013). Gen-
erally, nutrient-focused studies are driven on superficial topsoil hori-
zons, whereas vine root systems prospect over a large volumes both in
organo-mineral and mineral soil horizons (Archer and Saayman,
2018). Additionally, water-focused studies consider water availability
at the soil pedon scale or for theoretical soil conditionswithout integrat-
ing in- and out-flow boundary conditions or considering water-table
level dynamics. For these reasons,we propose that future studies should
couple investigations of both nutrient and water supply based on fine
description and analysis of the pedon, from the topsoil to themaximum
rooting depth as proposed by Costantini and Bucelli (2014).

The aim of this study was to identify environmental factors control-
ling both nutrient and water supply to the vine plant and then affecting
red wine quality. First, we performed high-resolution pedological
investigations integrating physical–chemical properties, vine root ob-
servations, and water table depth dynamics on a Saint-Emilion Grand
Cru vineyard. Then, we analysed the results based on stratification
from a wine quality map elaborated by the estate winemaker. Finally,
we discussed and proposed a conceptual model for water and nutrient
availability by considering the whole soil profile depth and integrating
the boundary conditions induced by different environmental
conditions.
2. Material & methods

2.1. Study site

The studywas carried out in the Saint-EmilionGrand Cru appellation
area (Fig. 1), a part of the largest Bordeaux winegrowing area in the
southwest of France. The Saint-Emilion Grand Cru appellation (Appella-
tion d'OrigineControlée –AOC) extends over nine village territories con-
taining 5500 ha of vines (Ministère de l'Agriculture et de l'Alimentation,
2017a). An official decree allows five grape varieties: Merlot (60%),
Cabernet franc (30%), Cabernet sauvignon (10%), Malbec, and
Carmenere (Ministère de l'Agriculture et de l'Alimentation, 2017b).
Within this appellation area, the study site is the vineyard of the
Château Capet-Guillier, located in Saint-Hippolyte village territory
(44°52′27″ N; 0°7′9″ W), 5 km east of the city of Saint-Emilion. The
Château Capet-Guillier is a vineyard about 13 ha in production, which
produces red wine based on three grape varieties: Merlot (85%),
Cabernet franc (5%), and Malbec (10%). Field plots have an average sur-
face of 1 ha (±0.57 ha standard deviation) and are located on an expo-
sition south-facing foot slope (Fig. 3).

The main vine variety is Merlot N associated to two rootstocks i.e.
101-14 Millardet et de Grasset (101-14 MGt) and Riparia Gloire de
Montpellier. The average planting density on the study site is of 6745
plants per hectare with a row spacing of 1.45 m. Inter-row space are
cover cropped and integrate service crops (Avena sativa, Secale cereal
and Vicia sativa). Typical soil tillage operations are (i) deep tillage such
as deep mouldboard ploughing at depths of about 0.5 m at pre-
planting time, (ii) surface tillage operations to a depth of 0.05–0.10 m
such as chiselling throughout the vineyard's life cycle and (iii) mechan-
ical weeding at depth of 0.2m using ripper tools after the grape harvest,
in order to prepare next service crop sowing in November. A yearly
maintenance fertilization based on organic fertilizers was realized by
the winegrower. Depending on each vine plot needs, applied quantity
could vary from 300 to 400 kg.ha−1.

The geology of the Saint-Emilion appellation (1:50,000) has been
mapped by the French Geological and Mining Research Agency
(Dubreuilh, 1995). This map points out a limestone formation (Asteria
limestone) which is overlaid by tertiary sediments and constitutes the
plateau relief. This plateau has been shaped by three rivers, Dordogne,
Isle, and Barbanne, which flow within the tertiary sediments. Deeper
geological layers, beneath the Asteria limestone, include the limestone
and clay of Castillon, which constitute the upper part of the slope sys-
tem. The lower part of the slope system constitutes the Fronsadais Mo-
lasses formation (a calcareous formation composed of sand, silt, and
clay) affected by colluvium in the lowest part. Southward lies an alluvial
plain, formed by the Dordogne river during the Quaternary period. As-
sociated alluvial sediments aremainly sandswith sparse gravel terraces
(Dubreuilh, 1995). Field plots of the Château Capet-Guillier are located
on different geological formations: from tertiary calcareous formations
on the slope system to Quaternary sandy alluvium on the plain system.
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Fig. 1. Location of the study site: Château Capet-Guillier in Saint-Emilion Grand Cru appellation.
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A soilmap of the Saint-Emilion appellation (1:25,000)was produced
by Van Leeuwen (1989). Themap proposed the categorisation of soil di-
versity based on geomorphic zones. The soil classification used by Van
Leeuwen was transformed into WRB classification (IUSS Working
Group WRB, 2015). The map with new soil classification defines two
geomorphic zones on the Château Capet-Guillier vineyard perimeter:
i) the slope system with Calcaric Cambisols with fine silt soil texture,
and ii) the plain system with Calcaric Cambisol, Gleyic Luvisol (arenic),
and Epicalcaric Stagnosol clayic (IUSS Working Group WRB, 2015).

The climate of the area is temperate oceanic, classified as Cfb in the
Köppen classification (Peel et al., 2007). According to data records for
1981–2010 from the Mérignac meteorological station (44°49′48″ N;
0°41′2″ E) of the French National Meteorological Service (Météo
France), the winters are mild and rainy, and the summers are moder-
ately warm and dry with mean rainfall of 944 mm per year and a
mean annual temperature of 13.8 °C. The inter-annualweather variabil-
ity is relatively high and implies a strong vintage effect on the wines
(Bois et al., 2008). An ombrometric diagram (available in Supplemen-
tary data) shows that rainfall is distributed throughout the year with
no significant dry period in summer.

2.2. Data collection

2.2.1. Soil survey
A soil survey (samplingdesign available in Supplementary data)was

carried out to obtain a high-resolution soil map (1:2500). First, a base
mapwas produced by soil auger up to 1.2m deep,with a spatial density
of six augers per hectare. Each auger boringwas described and sampled
according to the Food and Agriculture Organization of United Nations
(FAO) rules for soil descriptions (Jahn et al., 2006). Then, the soil hori-
zon and soil types, identified during the field study, were classified ac-
cording to the World Reference Base (IUSS Working Group WRB,
2015). To refine this base map, three additional samplings were in-
cluded: i) a topsoil sampling of organo-mineral horizons (A-horizons),
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from the soil surface to 0.20 m soil depth with a spatial density of 10
samples per hectare; ii) four mechanical cores, which were drilled, de-
scribed, and sampled to a maximum depth of 4.50 m, and two were
transformed as permanent piezometers and used to monitor the
water table level; and iii) 15 pedological pits were dug to describe the
main morphological traits of soil and to accurately sample soil volume
in each soil horizon type. The average depth of the pits was 1.60 m. Re-
gardless of the soil sampling strategy, all collected samples were air-
dried (48 h at 40 °C) and passed through a 2.0 mm sieve for prior deter-
mination of classical chemical parameters. The bulk density of the dif-
ferent horizons was measured by sampling the soil core (5 cm high,
8 cm in diameter). The abundance and size of roots and particular root
orientation were described according the methodology given by the
guideline of the FAO (Jahn et al., 2006).

2.2.2. Climate data and meteorological index
Two differentmeteorological data serieswere used in this study. The

first series was from the regional Mérignac meteorological station
(44°49′48″N; 0°41′24″ E) of the FrenchNationalMeteorological Service
(Météo France). This series provides daily data from 1920 onwards. The
second series was from a local meteorological station on the study site
(Davis® model). This station was installed in the alluvial plain in April
2017 and records hourly data. It allows classical meteorological param-
eters to be recorded and calculated, such as rainfall, temperature, hu-
midity (air and soil), winds, and global radiation. The Penman–
Monteith reference evapotranspiration (ET0) was calculated using the
equation described by Allen et al. (1998).

To analyse the climate characteristics in relation to vine production,
classic climate indices commonly used in vine sciences were utilised
(Tonietto and Carbonneau, 2004): the Heliothermal Index (HI), the
cool night index (CNI), and the dryness index (DI).

The HI, described byHuglin, is a bioclimatic heat index developed for
vineyards. As theWinkler index, it is a heat sum indicator, corrected by a
day-length coefficient related to the geographical latitude. The index
calculation uses both the daily mean temperature (°C) and the daily
maximum temperature (°C), reduced to a baseline temperature (10 °C
for vine) (Huglin, 1978). We calculated the daily HI from April to Sep-
temberwith a latitude coefficient d=1.04 following the data and equa-
tion (Eq. (1)) given by Tonietto and Carbonneau (2004). Tm is the mean
air temperature (°C), and Tx is the maximum air temperature (°C).

HI ¼ ∑30:09
01:04

Tm−10ð Þ þ Tx−10ð Þ
2

:d ð1Þ

The CNI considers themeanminimum night temperatures (°C) dur-
ing the month before the harvest when the berries are ripening
(Eq. (2)). The aim of this index is to evaluate the qualitative potential
ofwine-growing regions, especially in relation to secondarymetabolites
in wine. In the northern hemisphere, September was selected to calcu-
late the CNI (Tonietto and Carbonneau, 2004).

CNI ¼ average minimum air temperatures in September °Cð Þ ð2Þ

The DI was also calculated following the method given by Tonietto
and Carbonneau (2004) (Eqs. (3a), (3b), (3c)). This index evaluates
the climatic demand for a standard vineyard without runoff and bare
soil evaporation. Similar to the HI, the DI was calculated from April to
September. First, ES and TV were calculated monthly according to the
calculation described by Tonietto and Carbonneau (2004): (i) ES is the
direct evaporation from soil (mm) for the considered duration
(Eq. (3a)), where ET0 is the monthly total reference evapotranspiration
using Penman method (Penman, 1948), N is the number of day in the
month, k is related to the vine architecture and changes with the in-
crease of the leaf area during the season: k = 0.1 in April, k = 0.3 in
May and k=0.5 from June to September (in the northern hemisphere),
and JPm is calculated by using the total rainfall of the month in mm
divided by 5 (this is an estimation of the number of day of effective
evaporation, so it should be ≤N). (ii) TV is the potential transpiration in
the vineyard (mm) for the considered duration (Eq. (3b)). The DI is
based on a water balance calculation (Eq. (3c)), where W0 is a theoret-
ical initial water value (200 mm), P is the total amount of precipitation
(mm) for the considered duration.

ES ¼ ET0

N
: 1−kð Þ: JPm

TV ¼ ET0:k

DI ¼ W0 þ
X30:09
01:04

P−Es−TV ð3cÞ

2.2.3. Groundwater monitoring
Two monitored piezometers (4.50 m in depth) were installed in

2017, one in each geomorphological sector (Fig. 3). The first was located
in the alluvium plain sector (P1, 12.9 m a.s.l.) and the second was lo-
cated in the foothill sector (P3, 16.8 m a.s.l.). Both were supplied with
a pressure probe and data-logger (Rugged TROLL 100). Data-logging
monitoring began in November 2017 with two measurements per
hour. Barometric correction for piezometers was performed with baro-
metric data from the installed meteorological station (c.f. 2.2.2).

2.2.4. Vine available water estimation
Considering the influence of water supply on berry quality, we esti-

mated the vine available water capacity (AWC), based on the soil prop-
erties determined in soil pits (Table 1). The calculationswere performed
using pedotransfer functions by Bruand et al. (2004), which estimate
the humidity characteristics of each horizon type (A- and B-horizons)
based on measured soil texture and soil bulk density (c.f. results 3.3
Soil descriptions, Table 1). Then, AWCwas estimated by integrating dif-
ferent root zone conditions: (i) C-AWC, AWC calculated at the conven-
tional depth of 1.0 m, and (ii) P-AWC, potential AWC calculated
according to the maximum potential rooting zone observed in the soil
pits. In addition, considering the limitations associatedwith AWC calcu-
lation (Lacape et al., 1998; Pellegrino et al., 2004; Ratliff et al., 1983), we
also calculated the total transpirable soil water (TTSW) according to the
formula (Eq. (4)) developed by Bertrand et al. (2018), which considers
the depth of the maximum root density and ability of the roots to ex-
tract water at a water potential different from the theoretical wilting
point (Pellegrino et al., 2004; Ratliff et al., 1983).

TTSW ¼
Z Erd

0
θfc zð Þ−θminus zð Þ� �

dz ð4Þ

With Erd the effective rooting depth; θfc(z) the field capacity humid-
ity for each soil horizon estimated using pedotransfer functions by
Bruand et al. (2004) according to the soil texture and bulk density;
θminus(z) the minimum soil humidity threshold for each horizon under
which the vine cannot extract water. The values of θminus depend on
soil and plant characteristics. The values we used for vine have been es-
timated following the BISWAT parameterization protocol as suggested
in Bertrand et al. (2018): the authors provide a simple model using
two parameters α and β to calculate θminus from θwilting point: α is the
plant parameter in relation with the anisohydric character of the vine,
the valuewe used for the vine is 1.4 according to the humiditymeasure-
ments presented by Pellegrino et al. (2004); β corresponding to the
depth from which the root density begins to decrease. According to
this model, θminus is calculated as follows:
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(i) from surface to depth β: θminus = α. θwiltingpoint

(ii) from depth β to depth Erd (effective rooting depth): θminus line-
arly increase until θfield capacity

θfield capacity and θwilting point are the same characteristic humidities we
used in AWC calculation (using pedotransfer functions by Bruand et al.
(2004)).

2.2.5. Wine quality survey
Several studies focusing on the terroir effect have assessed grape

quality using measurements of vines or berries (Dry and Loveys, 1998;
Vaudour, 2002; de Andrés-de Prado et al., 2007; Van Leeuwen et al.,
2009; Van Leeuwen, 2010; Bonfante et al., 2011; Costantini and
Bucelli, 2014). In the present study, we integrated the wine quality
ranking by the winemaker. This was motivated by several factors:
(i) good berry quality is not sufficient to imply a high wine quality;
(ii) considering that bottledwine quality is potentially biased, it is tradi-
tional practice in the Bordeaux region to blend different grape varieties
and plots of a vineyard into a single vintage; (iii) consideration of wine
quality allows a human factor to be integrated into the analysis; (iv)
wine quality ranks map represents the real integration in space and
time ofmany years of production, and the subsequent integration of ex-
perience from several vintages.

In Saint-Emilion, the predominant variety is Merlot assembled with
Cabernet franc. To improve the final wine quality, the current process is
to separate grapes during the harvest, on a plot or subplot scale (micro
terroir zoning). Afterwards, it is possible to use numerous and small
winemaking tanks to separate fermentation. At the end of the separa-
tionprocess (fromfield towine), thewinemaker can identify thequality
of each (sub)plot and choose the best blend before the bottling step.
Based on these practices, the winemaker uses a plot-by-plot approach
to assess the quality and potential of his vineyard.

At Château Capet-Guillier, the grape from each plot are vinified in
separate tanks. After vinification, the wine batches are tasted by three
oenologists who attribute a quality rank: from A (the best) to C (the
worst). Markers for quality ranking by oenologists are: (i) length in
mouth, (ii) tightness/balance (acidity and alcohol), (iii) tannins inten-
sity, (iv) color, (v) maturity and smoothness of tannins, (vi) aromatic
complexity. Each marker is rated from 1 to 5, and final wine quality
rank (A to C) is attributed with the highest quality rank if minimum
rate for all markers is reached (Fig. 4).

2.3. Statistics and data analysis

Statistical analyses were performed using the R software (R Core
Team, 2014). Geographical data were processed, and the soil map was
created using the software QGIS3 (QGIS Development Team, 2019).

3. Results

3.1. Climate data and index

The main meteorological statistics and meteorological indices (HI,
CNI, and DI) are summarised in Supplementary data. Regional meteoro-
logical data, recorded at Mérignac station for 1987–2017, revealed a
mean annual rainfall of 912 mmwith a standard deviation of 180 mm.
The amount of rainfall in 2017 and 2018, as recorded by the local sta-
tion, was 749 and 905mm, respectively. The mean annual temperature
atMérignac stationwas 13.7 °Cwith an inter-annual variability of 0.6 °C
(standard deviation), whereas the annual values were 13.6 °C (2017)
and 14.0 °C (2018). Regional recordings were associated with a mean
ET0 value of 944 mm (standard deviation 32 mm), whereas local mea-
surements for 2017 and 2018 varied from811 to 826mm. Themeteoro-
logical indices, calculated based on the long-term series, were 2101 °C
for HI, 13.2 °C for CNI, and 107.2 mm for DI. Based on the HI value, the
regional climate was classified as temperate andwarm temperate. Grow-
ing degree days (GDD) were also calculated with a base temperature of
10 °C (Winkler et al., 1974; Bonfante et al., 2018). These results class the
area in Region II: early andmid-season table wine varieties will produce
good quality wines according to the Winkler Index scale. For the CNI
and DI indices, according to the classification proposed by Tonietto
and Carbonneau (2004) (Supplementary data), the Bordeaux climate
was defined as temperate and sub-humidwith cool nights. The same indi-
ces calculated on the study site, showed that our vineyard conditions
were slightly higher for HI index, cooler for CNI, and wetter for DI.

3.2. Water table level dynamics

The upper part of Fig. 2 presents the daily rainfall and associated cu-
mulative rainfall curve (ribbon) from November 2017 to November
2018, measured at the local meteorological station. The lower part of
Fig. 2 presents dailywater table depthsmeasured at the two piezometer
locations; piezometer P1 (12.9 m a.s.l.) located on the plain, and pie-
zometer P3 (16.8 m a.s.l.) located in the foothill (Fig. 3). Because of a
dry summer in 2017, the end of 2017 was characterised by low water
table levels on both piezometers, between 10.9 and 11.8 m a.s.l. Subse-
quent rainfall events around the 10th of December (100 mm in 9 days)
were responsible for the first significant increase in the water table
(0.2 m), similar in quantity for both piezometers, although more grad-
ual for P2. Then, the transition from 2017 to 2018 was characterised
by high amounts of rainfall: N100 mm from the 25th of December to
the 7th of January. In relation to this amount of rainfall, variation in
the water table level in both piezometers was increased by about
1.3 m. At the end of January, the water level of P1 reached a plateau
with a minimum depth from soil surface topography to the water
table level of 0.5 m, which was observed on the 1st of April. The same
trend for rising water levels was observed for piezometer P3; however,
for this last position, the overall increase was higher than that observed
for P1 and no plateau was observed prior to the minimum depth
(1.5 m), which occurred during the same period, i.e. the beginning of
April. From April to November, there was a general trend for a two-
step decrease, clearly separated by rainfall events that occurred in
June. After mid-June, the decreasewasmore pronouncedwhile the pre-
cipitation ratewas b60mmpermonth. On the1st of November, both pi-
ezometers reached their baseline levels: 2.75 and 5.78 m below ground
for P1 and P3, respectively.

3.3. Soil descriptions

Fig. 3 shows a soilmap of the study site, based onfield investigations.
The area (13.2 ha) is composed of 13 soil units (SU) (IUSS Working
Group WRB, 2015) distributed in two main soil types: (i) Cambisols
with clayey-dominated soil textures on hillslope, clearly linked to un-
derlying calcareous geological formations (SU-11 to 15) and (ii)
Fluvisols from sandy to clayey soil texture in the plain area developed
within old alluvial deposits (SU-1 to 8). The high sampling density
allowed us to identify an intermediate domain on the eastern part of
the plain area (SU-6, 7, and 8) where carbonated colluvium originated
from the slope overlaying pre-existing Fluvisol. Waterlogging was ob-
served for most SUs in the plain area, but at different depths. The west
part of the plain (SU 1 to 5) was marked by deep waterlogging as the
texture of the horizons becamefiner. The east part (SU 6 to 8)was topo-
graphically lower, hence waterlogging appeared in the shallower
horizon.

Based on the map, we defined three soil domains, termed soil func-
tional units (SFU) (Fig. 3): (i) SFU-1 for Fluvisol in the western part of
the plain area, (ii) SFU-2 for Fluvisol in the eastern part of the plain over-
laid by colluvium, and (iii) SFU-3 for Cambisol on the hillside. From a
pedological perspective, each SFU was associated with a pedological



Bud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burstBud burst Mid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−floweringMid−flowering Mid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−RipeningMid−Ripening HarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvestHarvest

0

10

20

30

40

50

0

250

500

750

1000

2018−01−01 2018−04−01 2018−07−01 2018−10−01

D
ai

ly
 p

re
ci

pi
ta

tio
ns

 [m
m

]
C

um
ulative precipitation [m

m
]

a

11

13

15

17

2018−01−01 2018−04−01 2018−07−01 2018−10−01
Calendar days

El
ev

at
io

n 
(a

sl
) [

m
]

Piezometer water level
P1 (plain)

P3 (hillside)

Soil surface elevation
P1 (plain)

P3 (hillside)

b

Fig. 2. (a) Groundwater monitoring from November 2017 to November 2018. Daily and cumulative rainfall; (b) piezometric levels of P1 (12.9 m a.s.l.) and P3 (16.8 m a.s.l.).

6
E.Fayolle

etal./Science
ofthe

TotalEnvironm
ent694

(2019)
133718



Fig. 3. Pedologicalmap of Château Capet-Guillier. Localisation of the pits (black) and the piezometers (blue). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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trench (F1 for SFU-1, F2 for SFU-2, and F3 for SFU-3),whose descriptions
and properties are summarised in Table 1.

F1 has a deep soil profile (over 1.2 m) with sandy-dominated soil
textures, except for deep soil horizons (N0.92 m), where the clay frac-
tion increases significantly. The overall soil profile is composed of sev-
eral soil horizons with topsoil organo-mineral horizons (A-horizon)
Table 1
Description and analysis of the soil pits (F1, F2 and F3).

Pit Hz
name
[FAO]

Depth
[cm]

CLAY
[%]

SILT
[%]

SAND
[%]

TOC
[%]

N
tot
[‰

F1: Haplic Fluvisol (Arenic) Ap1 0–12 5.8 8.0 86.1 0.41 0.4
Ap2 12–36 5.6 9.5 84.9 0.47 0.5
B 36–54 5.4 7.9 86.7 0.17 0.2
Bw(o) 54–74 13.3 7.5 79.2 0.17 0.2
Bo 74–92 6.9 6.8 86.3 0.06 0.1
Bwg 92–125 21.8 16.5 61.8 0.06 0.2

F2: Eutric Fluvisol (Loamic,
Colluvic)

Apk1 0–15 25.7 23.5 50.8 1.16 2.0
Apk2 15–32 26.9 25.2 47.9 0.58 0.5
Bwk 32–60 24.0 15.3 60.7 0.29 0.3
Bwko1 60–105 23.0 13.7 63.4 0.23 0.2
Bwko2 105–150 15.5 13.1 71.3 0.12 0.1
Cg 150–160 1.7 6.1 92.3 0.06 0.0

F3: Calcaric Cambisol (Clayic,
Colluvic)

Apk 0–20 28.5 47.4 24.2 1.69 1.9
Bwk1 20–70 31.1 51.3 17.6 0.41 0.6
Bwk2 70–130 36.0 55.5 8.4 0.47 0.7
Ck 130–160 36.0 48.9 15.1 0.47 0.6
within the first 0.36 m. A low organic carbon content characterised
these A-horizons (0.45%) with a pH value of 7.1 and a very low cation
exchange capacity (CEC; 2.9 cmol+/kg). With depth, soil horizonation
evolved throughmineral horizons (B-horizons) that were characterised
by similar soil properties, except the decreasing CEC value in relation to
decreasing total organic carbon (TOC) content. We noted that deeper
al
]

C/N
[−]

CEC
[cmol
+/kg]

CaO
[mg/kg]

MgO
[mg/kg]

K2O
[mg/kg]

Na2O
[mg/kg]

pH
[−]

Total
CaCO3

[%]

Bulk
density
[g/cm3]

0 10.2 3.6 992 57 96 1.5 7.3 b0.5 1.44
0 9.3 2.5 972 59 63 6.0 7.0 b0.5 1.53
0 8.7 1.4 796 45 74 7.0 7.8 b0.5 1.51
0 8.7 2.4 804 79 70 5.0 7.2 b0.5 1.70
0 5.8 1.0 332 38 47 1.5 7.2 b0.5 1.60
0 2.9 10.5 2658 248 139 15.0 7.2 b0.5 1.67
0 5.8 13.6 9326 298 209 12.0 8.2 3.5 1.31
8 10.0 11.5 10,371 339 97 13.0 8.4 9 1.66
1 9.4 10.3 9036 363 60 13.0 8.5 2.9 1.70
5 9.3 10.8 8969 493 69 19.0 8.5 2.4 1.62
6 7.3 5.1 9365 310 36 11.0 8.7 19.5 1.55
5 11.6 3.6 2235 119 34 6.0 8.6 b0.5 1.60
0 8.9 11.6 10,658 340 297 12.0 7.9 29.7 1.17
4 6.3 10.8 10,576 461 227 9.0 8.3 39.5 1.61
0 6.6 12.0 10,662 548 205 142.0 8.2 32.2 1.57
9 6.7 12.7 10,842 561 157 16.0 8.1 22.1 1.57



Table 2
Calculation of available soil water for the vine at the locations of the three pits (F1, F2 and
F3).

Pit C-AWC [mm] P-AWC [mm] TTSW [mm] Beta [m] Erd [m]

F1 81 107 57 0.92 1.25
F2 150 256 127 1.05 1.60
F3 114 253 50 1.50 2.00
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soil horizons (N0.92m)with a high clay fraction (21.8%) also presented
the highest CEC value (10.5 cmol+/kg). When describing the soil, we
observed waterlogged soil horizons (Bw-horizon) with waterlogged
features starting at 0.54 m, whose density increased in the deepest
soil horizons and evolved from a status of oxidation to reduction. This
observation ofwaterloggingwas corroborated by vine root architecture,
as themain root fraction decreased after the first 0.74m of soil, and the
lateral development of roots was important.

The F2 soil profile was also deep, with significant differences com-
pared with F1. Here, the soil texture was always dominated by the
sand fraction; however, the topsoil horizons presented significant clay
(25.7%) and silt (23.5%) fractions.With soil depth, therewas an increase
in the sandy fraction up a value of 92.0% at 1.5 m. Within the topsoil A-
horizon, the clay fraction (25.7%) and organic carbon content (1.16%)
were significantly higher than in F1 andwere responsible for the higher
CEC value (13.6 cmol+/kg) under basic pH conditions (8.2). From the
topsoil to the subsoil, we observed a classic decrease in TOC contents,
which reached levels similar to those observed for F1 at depths over
0.6 m, whereas pH increased up to 8.7 at a depth of 1.00 m. As observed
in all soil pits located in the plain area, the soil profiles were affected by
severe waterlogging conditions: i) secondary carbonate precipitation
structures in soil voids were localised at a depth of 0.32 m; ii) early
traces of waterlogged soil were observed at a depth of 0.36 m (oxida-
tion), and an increasewas noted for both density and intensity in deeper
soil horizons; and iii) iron andmanganese concretions appear at a depth
of 0.60 m. The roots were abundant up to depths of 0.60 m and
remained visible up to 1.60 m. Root development appeared normal
and unaffected by the presence of the water table. Therewere no visible
laterization, as observed in F1 (soils description available in Supplemen-
tary data).

Despite its sloping conditions, the F3 position presented deep soil
conditions. The global soil texture was dominated by silt and clay frac-
tions. From the topsoil to the subsoil, the soil texture became more
clayey: from 28.5% at the soil surface to 36% at 1.30 m. Among the
three pits, the F3 position had the highest TOC content (1.69%) within
thefirst 0.20m (plough layer),whichdecreasesmarkedly for theunder-
lying soil horizon to a stable value around 0.47%, even for the deepest
soil horizons. The pH was less basic than measured for the F2 position,
whereas the CEC value ranged between 10.8 and 12.7 cmol+/kg. At
this location, no waterlogged horizon was described within the first
1.3 m.

Root structures and waterlogging marks in the pits help to under-
stand the water supply of the vine. The F1 soil profile presented clear
lateralising root structures with the appearance of waterlogging
marks. These pedological features highlight the impact of the water
table on vine rooting. Hence, the rising water table during the winter
(Fig. 2) reduced the soil investigation by roots. This reduced the amount
of water available for the vine. F2 was located 0.4 m below in the plain
area (12.8 m a.s.l. for F1 and 12.4 m a.s.l. for F2) and presented
waterlogging marks (Table 1 and Supplementary data). However,
these marks had a lower intensity, and the presence of carbonate pre-
cipitates in horizons up to 1.60 m indicated that the water table does
not rise for a long time in these layers. In addition, the root structure
was not affectedmuch by thewater table. No laterizationwas observed,
as found for the first profile. Thus, the pedological descriptions (Table 1
and Supplementary data) showed that the water supply to vines in
these two soil profiles differs, despite their proximity and similar topo-
graphical locations.

3.4. Vine available water estimation

The effective maximum rooting depth (Erd) and β parameter was
determined based on soil profile descriptions (Table 1 and Supplemen-
tary data). For F1 and F2, the deeper boundary for root investigations
was constrained by the level of thewater table during thewinter season
(Fig. 2). The presence of the water table from mid-January to mid-June
is responsible for waterlogged soil features associated with anoxic con-
ditions that induce vine root necrosis. The difference between F1 and F2
includes a deeper level for F1 conditions and a maximum root density
depth of 1.25 and 1.60 m, respectively (Table 2). For F3, no limitation
of the soil in root investigations was observed, while the soil profile
was developed on the Fronsadais Molasses geological formation, consti-
tute by unconsolidated sedimentary rocks (Table 1 and Supplementary
data). There was no waterlogged horizon at F3 over the entire profile;
however, a survey of water table dynamics (Fig. 2) showed that the
water table level increased to 2.00 m below the soil surface around
the 1st of April. Then, the depth of maximum roots density was defined
as 2.00 m (Table 2).

Among the three locations, F1 had the lowest C-AWC value (81mm,
Table 2) in relation to its sandy-dominated soil texture (Table 1), which
provides low water content at field capacity (Bruand et al., 2004). This
contrasts with the F2 C-AWC value of 150 mm, which is also located
in the plain domain, but the texture shows a significant loamy fraction
(Table 1). The F3 location presented an intermediate condition, with a
C-AWC value of 114mmowing to its clayey texture (Table 1).When in-
tegrating the potential rooting depth in the P-AWC calculation, the F3
location showed the highest value of 253 mm, which was not signifi-
cantly different from that calculated for the F2 location (246 mm). The
F1 location had the lowest AWC, with a P-AWC of 107 mm (Table 2).
The estimated values of TTSW (Table 2) were the lowest for the F3
(50 mm) and F1 (57 mm) locations and the highest for F2 (120 mm).

3.5. Wine quality rank map

The wine quality ranks map is presented in Fig. 4, based on quality
rankings established by the winemaker. In this ranking, A-quality is
the highest. The first comment considers the spatial cover associated
with each rank of the same order, which is almost a third of the total
area for each quality (A-quality = 2.77 ha; B-quality = 5.73 ha; C-
quality = 4.51 ha). The second observation is that the spatial pattern
is associated with quality distribution: A-quality was located on the
slope system, whereas B- and C-quality were found in the southern
plain, where no A-quality was present. When compared with the soil
map stratified in three SFUs, one can say that i) A-quality occurred ex-
clusively in SFU-3, ii) SFU-2 was mainly associated with B-quality, and
iii) SFU-1 generated both B- and C-quality. For this last SFU, we noted
a clear distribution with B-quality located in the northern part of the
SFU, whereas C-quality was clearly observed in the southern part.

3.6. From wine quality map to soil properties

All soil analyses were classified into three classes based on the wine
quality ranks map. Then, within a quality class, samples were split de-
pending on the sampling depth, namely topsoil (from the soil surface
to 0.2 m) and subsoil (from 0.2 m to 0.8 m). All descriptive statistics
for quality and soil depth are summarised in Table 3. Among soil prop-
erties, soil texture and pH are significant when considering the wine
quality categorisation. A-quality was associated with the highest con-
tent of both clay and silt fractions under both topsoil and subsoil condi-
tions, whereas sandy fractions were dominant for C-quality regardless
of soil depth. A-quality was also strongly correlated with pH status
and then CaCO3 content, with the highest values for both pH and
CaCO3 measured for this quality class. Stratification was less
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pronounced for organic carbon and nitrogen values. A-quality covered
both the highest variability and the highest mean value for TOC content
in topsoil. For topsoil condition mean value stratification is ranked with
wine qualitywhereby the lowest qualitywas associatedwith the lowest
meanTOC content. To complement the trends in TOC, total nitrogenwas
well stratified with the highest nitrogen values measured for the
highest quality. The C/N ratios were significantly lower for the highest
wine quality. The final comments are for CEC and major elements (Ca,
Mg, and K), which are consistently related to the stratification of other
soil parameters: CEC values and the concentrations of major elements
decrease with decreasing wine quality. We noted that for CEC and
CaO, the B-quality presented the largest numerical values. To refine
our analysis, specific descriptive statistics were calculated for SFU-1,
whereby B- and C-quality were well spatially distributed (Supplemen-
tary data). Based on these statistics, no significant difference was
found between the main soil parameters when comparing B- and C-
quality classes.
4. Discussion

4.1. Water availability

When considering factors controlling red wine quality, the vine
water supply is a major parameter. Several studies (Choné et al., 2000;
Choné, 2001; Dry and Loveys, 1998; Ojeda et al., 2002; Seguin, 1986;
Smart and Robinson, 1991; Tregoat, 2003; Tregoat et al., 2002; Van
Leeuwen, 2010; Van Leeuwen et al., 2009) have highlighted the impor-
tance of marked water deficit after flowering to promote the synthesis
of polyphenols, which are essential to ensure the quality of red wine
grapes (Carbonneau, 1986; Matthews and Anderson, 1988; Ojeda
et al., 2002; Van Leeuwen and Seguin, 1994). Conversely, excess water
stress reduces quality, while blocking photosynthesis reduces polyphe-
nol synthesis (Deloire et al., 2004). For this reason, ideotypes of good
soils for qualitative red wine are often presented as those having thin
Fig. 4. (a)Wine quality ranking fromA (best) to C (worst) and corresponding tastingmarkers ra
intensity, (4) color, (5) maturity and smoothness of tannins, (6) aromatic complexity. (b) Mos
soil volume orwith high stoniness and conditionswith a limited volume
of water available to the vine.

Regardless of the calculation used, the F1 location presented the
lowest AWC (Table 2). This was explained by its sandy texture
(Table 1), which has a low potential for water retention and capillarity,
and the shallow water table at the end of winter, which constrains the
rooting depth. The values calculated for the F2 location were consis-
tently high in relation to its loamy soil texture and rooting potential
(Tables 1 and 2). The estimated water storage capacity for the F3 loca-
tion seemed more sensible for use in calculations, while (i) AWC was
highly sensible to assess rooting depth conditions then system architec-
ture at a potential investigation depth of 2.00m (Table 2) and (ii) TTSW
calculation integrated the capability of roots to extract water at water
potentials different from the theoretical wilting point, after which the
quantity of non-available water was associated with high water poten-
tial in clayey soils (Bruand et al., 2004).

4.2. Nutrient availability

In contrast to water availability, overall stock and nutrient availabil-
ity is essential for wine production (White, 2003). Among the critical
nutrients, nitrogen forms should be present in sufficient quantities;
however, some studies (Tregoat et al., 2002; Van Leeuwen et al.,
2000) have shown that a limited supply of nitrogen to the vine may
help to improve the quality of red wine. In our study, descriptive statis-
tics (Table 3) showed that the A-horizon of A-quality had an average
content of 1.08‰ (±0.41‰ standard deviation), whereas the values de-
creased with decreasing wine quality: 0.83‰ (±0.33‰ standard devia-
tion) for B-quality and 0.78‰ (±0.35‰ standard deviation) for C-
quality. The highest nitrogen content for A-horizons was observed for
soils located in the most qualitative field units (Table 3). Although not
consistent with the findings of Van Leeuwen et al. (2000), these results
converge with comments by Fierer (2017) and Costantini et al. (2015)
suggesting that other geochemical and microbiological parameters
should be screened and not solely for topsoil horizons. Focusing on
ted from1 to 5. (1) length inmouth, (2) tightness/balance (acidity and alcohol), (3) tannins
t frequent wine quality rank for each vineyard plot from 2012 to 2018.



Table 3
Descriptive statistics for soil properties for each wine quality area at two different soil depths. Clay(%), Silt(%), Sand(%), TOC(total organic carbon in %), Total N(total nitrogen in‰), C/N
(carbon to nitrogen ratio, without unit), CEC(cation exchange capacity in cmol+/kg), CaO(mg/kg), MgO(mg/kg), K2O(mg/kg), pH H2O(without unit), Total CaCO3(%).

Quality Average depth Parameter Unit Count Mean SD Min Q25 Median Q75 Max

A (0,20] Clay % 19 30.07 5.82 20.40 26.20 29.80 32.65 41.30
Silt % 19 35.90 7.07 25.60 30.30 35.20 40.70 49.30
Sand % 19 34.02 11.18 10.90 28.15 32.30 42.05 53.50
TOC % 19 0.93 0.45 0.35 0.49 0.81 1.34 1.69
Total N ‰ 19 1.08 0.41 0.50 0.70 1.00 1.40 1.90
C/N 19 8.85 4.01 2.20 7.15 8.30 9.25 23.20
CEC cmol+/kg 19 10.38 1.70 7.80 9.00 10.20 11.60 13.90
CaO mg/kg 19 10,679.58 870.53 8243.00 10,480.50 10,804.00 11,100.50 11,746.00
MgO mg/kg 19 345.32 124.64 153.00 255.50 326.00 407.50 626.00
K2O mg/kg 19 242.95 98.21 114.00 176.00 231.00 293.50 471.00
pH H2O 19 8.41 0.21 7.90 8.30 8.40 8.55 8.80
Total CaCO3 % 19 20.67 7.17 4.00 15.80 20.20 26.50 30.60

(20,80] Clay % 3 24.60 16.91 5.40 18.25 31.10 34.20 37.30
Silt % 3 43.97 20.32 21.00 36.15 51.30 55.45 59.60
Sand % 3 31.40 37.27 3.00 10.30 17.60 45.60 73.60
TOC % 3 0.29 0.12 0.17 0.23 0.29 0.35 0.41
Total N ‰ 3 0.43 0.19 0.27 0.32 0.37 0.50 0.64
C/N 3 7.23 3.11 4.70 5.50 6.30 8.50 10.70
CEC cmol+/kg 3 8.17 4.82 2.60 6.70 10.80 10.95 11.10
CaO mg/kg 3 9938.33 1126.19 8638.00 9607.00 10,576.00 10,588.50 10,601.00
MgO mg/kg 3 476.00 211.90 272.00 366.50 461.00 578.00 695.00
K2O mg/kg 3 127.67 88.10 59.00 78.00 97.00 162.00 227.00
pH H2O 3 8.50 0.26 8.30 8.35 8.40 8.60 8.80
Total CaCO3 % 3 41.20 7.79 34.40 36.95 39.50 44.60 49.70

B (0,20] Clay % 23 20.73 7.17 8.50 13.60 23.00 26.60 30.90
Silt % 23 19.88 8.01 9.20 14.40 15.90 27.35 33.60
Sand % 23 59.38 14.39 36.80 44.20 62.20 71.25 82.30
TOC % 23 0.90 0.26 0.47 0.73 0.93 1.08 1.63
Total N ‰ 23 0.99 0.32 0.40 0.85 1.00 1.10 2.00
C/N 23 9.40 1.79 5.80 8.40 9.50 10.55 12.40
CEC cmol+/kg 23 9.77 3.19 4.30 7.30 11.30 12.10 13.80
CaO mg/kg 23 5421.26 3677.77 936.00 2204.50 4310.00 9249.00 11,049.00
MgO mg/kg 23 237.83 83.55 90.00 195.50 244.00 319.50 339.00
K2O mg/kg 23 204.70 85.73 96.00 147.50 169.00 239.00 418.00
pH H2O 23 7.76 0.56 6.40 7.50 7.90 8.20 8.40
Total CaCO3 % 23 2.01 2.41 0.25 0.25 0.25 3.75 7.80

(20,80] Clay % 2 25.45 2.05 24.00 24.73 25.45 26.17 26.90
Silt % 2 20.25 7.00 15.30 17.78 20.25 22.72 25.20
Sand % 2 54.30 9.05 47.90 51.10 54.30 57.50 60.70
TOC % 2 0.44 0.21 0.29 0.36 0.44 0.51 0.58
Total N ‰ 2 0.44 0.19 0.31 0.38 0.44 0.51 0.58
C/N 2 9.70 0.42 9.40 9.55 9.70 9.85 10.00
CEC cmol+/kg 2 10.90 0.85 10.30 10.60 10.90 11.20 11.50
CaO mg/kg 2 9703.50 943.99 9036.00 9369.75 9703.50 10,037.25 10,371.00
MgO mg/kg 2 351.00 16.97 339.00 345.00 351.00 357.00 363.00
K2O mg/kg 2 78.50 26.16 60.00 69.25 78.50 87.75 97.00
pH H2O 2 8.45 0.07 8.40 8.43 8.45 8.47 8.50
Total CaCO3 % 2 5.95 4.31 2.90 4.42 5.95 7.47 9.00

C (0,20] Clay % 29 8.87 2.41 5.80 7.00 8.10 10.90 14.20
Silt % 29 10.11 2.43 5.20 8.00 9.40 12.30 14.50
Sand % 29 81.01 4.38 72.80 78.20 82.50 84.90 86.40
TOC % 29 0.70 0.34 0.17 0.47 0.64 0.93 1.51
Total N ‰ 29 0.67 0.28 0.20 0.50 0.67 0.90 1.33
C/N 29 10.12 1.68 7.70 8.70 9.70 11.60 13.10
CEC cmol+/kg 29 4.21 1.39 2.00 3.30 3.90 4.70 7.30
CaO mg/kg 29 1674.45 1304.03 379.00 830.00 1196.00 1937.00 4945.00
MgO mg/kg 29 87.52 33.33 32.00 59.00 88.00 107.00 153.00
K2O mg/kg 29 140.07 54.85 36.00 100.00 137.00 158.00 276.00
pH H2O 29 7.03 0.79 5.70 6.40 7.10 7.50 8.40
Total CaCO3 % 29 0.25 0.00 0.25 0.25 0.25 0.25 0.25

(20,80] Clay % 15 8.51 2.85 3.20 6.80 8.70 9.60 13.30
Silt % 15 8.12 1.45 5.90 7.40 7.90 8.85 11.80
Sand % 15 83.37 3.42 78.00 81.05 83.60 84.95 89.00
TOC % 15 0.23 0.13 0.06 0.17 0.17 0.26 0.47
Total N ‰ 15 0.24 0.09 0.10 0.20 0.20 0.27 0.50
C/N 15 9.28 3.01 5.80 7.65 8.70 9.50 15.50
CEC cmol+/kg 15 2.74 0.67 1.40 2.40 2.70 3.05 4.10
CaO mg/kg 15 1294.73 998.08 494.00 800.00 840.00 1242.00 4171.00
MgO mg/kg 15 67.27 20.27 30.00 56.00 72.00 80.00 106.00
K2O mg/kg 15 89.60 27.86 52.00 66.50 81.00 113.50 134.00
pH H2O 15 7.67 0.36 7.00 7.50 7.60 7.85 8.30
Total CaCO3 % 15 0.27 0.09 0.25 0.25 0.25 0.25 0.60
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Fig. 5. Conceptual representation of the rooting systemof the vine in positions F1–F3 according to the season andwater table variations: impact of the saturated zone (SZ) and the partially
saturated zone (PSZ).
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soil parameters on a pit scale, Table 1 shows that the TOCvalues and dis-
tribution with soil depth differ markedly when comparing pits F1, F2,
and F3: (i) TOC contents in the A-horizon increased with increasing
wine quality, from 0.41% for F1 to 1.69% for F3, and (ii) a deeper B-
horizon for F3 (A-quality) presented TOC content similar to those ob-
served for the A-horizon in F1 (C-quality). This observation of TOC dis-
tribution must be coupled with C/N ratio stratification along soil depth.
The low C/N ratio (b12) observed for all samples is noteworthy. Simi-
larly, it is notable that F3 (A-quality) presented the highest stock of
soil organic carbon and that this stock remained important even for
deep B-horizonswhere the C/N ratio indicated the satisfactory availabil-
ity of nutrients in relation to the satisfactory potential activity of soil mi-
croorganisms. A similar understanding can be reached based on the
origin of soil organic matter for B-horizons. Here, observations of the
root system during field investigations can be helpful: for F3, field ob-
servation revealed the presence of roots down to 1.60 m (the bottom
of the pit) and no limitation to root investigation (soils description
available in Supplementary data). Notably, regarding water supply,
the root system can be used to investigate deep soil horizons, and the
associated yearly biomass production of functional roots constituted a
large input of fresh organicmatter,whose subsequentmineralisation fa-
cilitated by the low C/N ratio could serve the nutritional needs. This
stratification of soil organic matter in deep soil horizons in relation to
root biomass is well established in crop production systems. Further-
more, studies have shown the overall contribution of root biomass to
soil organic carbon stocks (Balesdent and Balabane, 1996;
Clemmensen et al., 2015; Kuzyakov and Domanski, 2000; Mendez-
Millan et al., 2010), and this contribution could be significant for deeper
soil horizons (Mendez-Millan et al., 2012; Rasse et al., 2005; Rumpel
and Kögel-Knabner, 2011). Finally, CEC can be discussed in relation
mainly to both soil texture and soil organic carbon content. The F1 posi-
tion in C-quality was dominated over the whole soil profile by a sandy
fraction (Table 1) and a low TOC content, and subsequently associated
with a CEC value lower than 3.6 cmol+/kg within the first 0.9 m
(Table 1) whereas rooting depth is limited to 1.25 m. At this position,
the low quantity of TOC would not supply nutrients to vines in associa-
tionwith soil organic carbonmineralisation processes, and regardless of
the amount of added mineral fertilizers, almost no cation could be
adsorbed. Then, for F1, the overall capability of the soil system is ex-
tremely low to supply the vinewith nutrients. The functioning is clearly
different for the F3 location where i) soil texture is dominated by silt
and clay fractions, ii) soil organic carbon stock is sufficient to provide
the vinewith nutrients, and iii) a CEC value of over 10.8 cmol+/kg indi-
cates a reserve of adsorbed cation. In our study, the highest wine quality
was observed for soil with a higher potential of supplying the vine with
nutrients.

4.3. Soil–vine dynamics

Amajor soil function is to ensure water and nutrient supplies to the
vine (White, 2003). The overall capability of the soil system to meet
these needs is part of the complexity met by winegrowers and
winemakers when producing high-quality wines. Thus, ourmain objec-
tive was to identify the pedological parameters that may limit or favour
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parameters associated with quality wine production. First, we per-
formed a soil investigation, which was independent from winegrower
and winemaker knowledge. As a result, we produced a high-
resolution soil map and distinguished three SFUs (Fig. 3). Then, for
each SFU,we characterised the fine soil profile (Table 1 and Supplemen-
tary data) andmonitored the water table level in order to refine knowl-
edge on soil–water and root–vine interactions. Second, we obtained
data fromwinemakers regardingwinequality in order to produce a spa-
tial representation of it (Fig. 4). Even if substantial differences exist be-
tween the SFU andwine quality ranksmaps (Figs. 3 and 4),we observed
that A-quality is exclusively produced in SFU-3, and C-quality is exclu-
sively produced in SFU-1. Intermediate B-quality is produced both in
SFU-2 and a part of SFU-1. This diversity of wine quality observed in
SFU-1 suggests that (i) SFU-1 environmental variability is certainly
greater than the one we characterised, or (ii) additional environmental
factors ought to be included for a better SFU characterization.

Fig. 5 is a conceptual representation of the “soil-water table” system,
which constrains vine root architecture and functioning during the
growing period and integrates the main findings of the present study.
In this representation, the three sub-systems (SFU-1, SFU-2, and SFU-
3) and associated system conditions, e.g. soil, water-table, and the
roots, are represented at three different dates (t1, t2, and t3). For
water-saturated levels, we distinguished the saturated zone (SZ), as
measured in piezometers, from the partially saturated zone (PSZ)
under the control of capillarity rises. In soil systems, the height of the
capillary rise depends on the matrix porosity of each soil (Hillel,
1998). In Fig. 5, we suggested that capillary rises were limited by the
coarse textures of F1, intermediate in the loamy textures of F2, and im-
portant for the silty-clayey textures of F3.

At t1 (January), the water table level transitions from the minimum
(beginning of winter) to maximum (April) levels. Considering the soil
and atmosphere temperatures (under 10 °C), the vine plant is dormant,
vine root growth is not active, and soil microbiological activity is overall
reduced. During this period, if needed, water will be supplied from top-
soil water replenished by frequent rainfall, and nutrients will be deliv-
ered by soil solution in relation to the CEC saturation. Then, SFU-2 and
SFU-3 will have the best access to both water and nutrients.

At t2 (April), the water table is at the highest level (the lowest dis-
tance between soil surface topography and the water table level). Vine
buds open and biomass production (roots and shoots) begins. Soil hu-
midity and temperature conditions are favourable for soil microbiolog-
ical activity. During this period, the overall capability of the vine plant to
collect water is related to its root architecture, which is constrained by
thewater-table. In SFU-1 and SFU-2, roots are subjected to waterlogged
conditions, and root systemdevelopment is limited by theupper level of
the saturated area. Additionally, necrosis may occur in the roots previ-
ously located in the newly saturated area. For SFU-3, water will be avail-
able in the rooting zone in the partially saturated area, without necrosis
damaging the roots. For nutrient needs, all positions present satisfactory
conditions for both soil organic matter mineralisation and ammonium
nitrification by soil microorganisms. However, when considering the
initial stock of TOC and volume of the rooting zone, SFU-3 provides
the conditions allowing the best access to soil nutrientswithout the lim-
itations associated with water excess.

At t3 (August), the level of the water table transitions from themax-
imum (t2) to minimum (beginning of winter) levels. Biomass produc-
tion (vegetative step) is almost complete, and the growth of roots and
shoots decreases, grape berries complete ripening, and maturation be-
gins. Air temperature is responsible for the high ET0, and soil tempera-
ture is optimal, but soil humidity is a limiting factor for soil
microbiological activity. During this period without significant rainfall
and marked reductions in the water-table level, the root system will
be used for water supply. Vines in SFU-1, which at t2 was under water
excess conditions, with a limited root system will have to face water-
deficit conditions linked to high hydraulic conductivity of sandy soil.
Vines of SFU-2 and SFU-3 will be subjected to moderate water
constrains in relation to their intermediate silty-clayey conditions,
which are favourable for capillarity rises and have high potential for
water retention. During rainy years, SFU-2 may suffer no water stress.
Among these two positions, SFU-3 will present conditions of high
water stress owing to its clayey soil texture and low annual variability.

5. Conclusion

A relationship between vines and soil exists to meet the water and
nutrient requirements of the plant. Our main objective was to identify
the pedological parameters thatmay limit or favour parameters of qual-
itywine production. As a result, we produced a high-resolution soil map
and distinguished three SFUs, which were close to the wine quality
ranks map. Explanatory factors of this concordance reside in soil,
water, and root interactions with time. Taken together, these dynamics
of soil, water, and root systems are responsible for differentiation of
winemaking wine quality. The best wine qualities were observed
under conditions with no limitations to root investigations due to a
hard rock layer or waterlogged soil conditions. Additionally, the best
soil for quality wine is observed under (i) non-severewater-deficit con-
ditions linked to the overall water retention capacity of silty-clayey soil
textures and (ii) no limitations of nutrient conditions linked to impor-
tant soil organic matter stocks and higher CEC even under high-depth
mineral soil conditions.

However, this result implies that deep soil–root interactions should
be investigated in order to confirm that the best soil for quality wine
arises from both non-severe water deficits and non-limited nutrient
conditions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.133718.
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