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ABSTRACT 

Assessing the interrelationships between belowground, trunk and canopy hydraulics, under 
various edaphic conditions, is essential to enhance understanding of how grapevine (Vitis 
vinifera) responds to drought. This work aimed to quantify and compare in situ belowground 
and trunk hydraulic conductance of the soil-grapevine system to evaluate their coordination 
with the transpiration control during drought. We simultaneously monitored soil water potential, 
trunk xylem water potential, canopy xylem water potential, actual transpiration and atmospheric 
demand to quantify the evolution of belowground, trunk and relative canopy hydraulic 
conductance. By comparing stomatal regulation at the canopy scale and soil-grapevine system 
conductance, we assessed their coordination. Transpiration control was triggered by a decrease 
of belowground hydraulic conductance, and not by xylem cavitation in the trunk. Although the 
relation between canopy conductance and soil water potential is soil texture specific, where 
stomata at the canopy scale started to close at less negative soil water potential in sand than in 
loam, the onset of stomatal closure at the canopy level was at equivalent belowground hydraulic 
conductance, independently of the soil texture. These findings prove that in situ grapevines 
coordinate short-term hydraulic mechanisms (e.g., regulation of canopy hydraulic conductance) 
and longer-term growth (e.g., root:shoot ratio). These belowground and aboveground adjustments 
are, therefore, soil-texture specific.
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INTRODUCTION

Water flow through the soil-plant-atmosphere continuum 
(SPAC) is driven by a gradient of water potential and 
regulated by a series of variable hydraulic conductances 
(or resistances, their inverse). It is widely acknowledged 
that plants continually adjust to variable atmospheric and 
soil conditions by modifying the hydraulic conductances 
of key elements both below- and aboveground of the SPAC 
(Abdalla et al., 2021). On a short timescale, stomatal opening 
and closing regulate the transpiration rate of plants which in 
turn affects the difference between canopy and soil water 
potential. This safety mechanism allows the plant to operate at 
less negative water potentials, thereby delaying the formation 
of embolisms to avoid mortality, for example when the plant is 
in water deficit (Anderegg et al., 2017; Draye et al., 2010). It 
has been shown that stomatal regulation is linked to hydraulic 
and/or chemical (e.g., abscisic acid) signals. However, the 
extent to which these underlying mechanisms interact and 
vary among species and environmental conditions is still a 
subject of debate (Hochberg et al., 2018; Tardieu, 2016).

Stomatal control has been broadly studied in 
relation to xylem cavitation, especially to xylem 
vulnerability on the aboveground part (canopy) of the 
SPAC (Anderegg  et  al.,  2017; Bartlett  et  al.,  2016; 
Henry  et  al.,  2019; Martin‑StPaul  et  al.,  2017; Sperry 
& Love,  2015; Wolf  et  al.,  2016). However, other 
hydraulic constraints arise along the SPAC prior to xylem 
cavitation (Albuquerque  et  al.,  2020; Corso  et  al.,  2020; 
Scoffoni  et  al.,  2017), especially in the belowground part 
(Abdalla  et  al.,  2022; Koehler  et  al.,  2022; Rodriguez-
Dominguez & Brodribb,  2020). The simultaneous 
quantification of these above (i.e., trunk, canopy) and 
belowground (i.e., soil, root system) hydraulic conductances 
is rare and their evolution with time, in relation to stomatal 
conductance at the canopy scale, would allow a better 
understanding how biophysical constraints in the SPAC 
affect plant hydraulics (Novick  et  al.,  2022). In wet soils, 
the soil hydraulic conductivity is typically much higher than 
that of roots, and water flow is primarily governed by root 
hydraulic conductivity (Draye et al., 2010; Passioura, 1980; 
Zarebanadkouki et al., 2013). As the soil dries out, the soil 
water potential decreases, resulting in a significant reduction 
in soil hydraulic conductivity, particularly in the vicinity 
of the roots. This soil limitation can restrict root water 
extraction and may limit the supply of water for transpiration 
(Carminati & Javaux, 2020; de  Jong van Lier et al., 2006; 
Gardner, 1960; Passioura, 1980). The loss of soil hydraulic 
conductance results in large gradients in soil water potential 
close to the roots, leading to a significant decrease in leaf 
water potential to support a slight increase in transpiration. 
Consequently, the relationship between stomatal control and 
leaf water potential, at the canopy level, should be specific to 
the soil and root characteristics (Carminati & Javaux, 2020). 
The soil texture determines soil hydraulic properties, thereby 
influencing plant hydraulics and response to drought conditions 
(Cai et al., 2022; Javaux & Carminati, 2021). Recent studies 
investigated the hypothesis that the soil rather than the xylem 

vulnerability has a dominant role in stomatal closure on 
tomatoes (Abdalla et al., 2021; Abdalla et al., 2022), maize 
(Cai et al., 2022; Koehler et al., 2022; Nguyen et al., 2024) 
and olive trees (Rodriguez-Dominguez & Brodribb, 2020). 
However, these studies are based on well-controlled laboratory 
experiments, exposed to rapid water stress application, not 
representative of slow and gradual water deficit experienced 
by in situ plants. It is still unclear if the results obtained from 
these mentioned studies, under laboratory conditions, can be 
generalised to field conditions and other species (Wankmüller 
& Carminati, 2024).

Grapevines (Vitis vinifera L.) stand as one of the world’s 
most widely cultivated and economically significant 
fruit crops (Yang  et  al.,  2023). Water use and grapevine 
water status are very important in viticulture since it has 
a huge impact on fruit composition and wine quality 
(Gambetta  et  al.,  2020; Matthews & Anderson,  1988; 
van Leeuwen et al., 2009). Previously, grapevine water use 
and stomatal control at the canopy scale were regarded as 
a plant-specific strategy, categorising grapevine cultivars as 
either (near-)isohydric or (near-)anisohydric (Schultz, 2003). 
However, depending on the study and the environmental 
conditions, the same vine variety may be considered iso- or 
anisohydric (Hochberg  et  al.,  2013; Tamayo  et  al.,  2023; 
Tramontini et al., 2014). This is also in line with soil-plant 
hydraulic model predictions (Javaux & Carminati,  2021). 
Rootstock-scion combinations can contribute to the 
variability of the hydraulic behaviour of the same 
cultivar, due to the intrinsic rooting patterns and hydraulic 
properties of a rootstock (Coupel-Ledru  et  al.,  2014; 
Vandeleur  et  al.,  2009). Recent studies emphasise that 
environmental parameters play a significant role in the 
transpiration limitation of grapevines and that the whole soil-
rootstock-variety system contributes to the complex hydraulic 
dynamics across grapevine cultivars (Hochberg et al., 2018; 
Lavoie‑Lamoureux et al., 2017). However, the influence of 
soil type on grapevine hydraulics is scarcely documented 
in the scientific literature (Lovisolo  et  al.,  2016). Xylem 
embolisms have been extensively studied on grapevines, 
particularly on the leaf (Alsina et al., 2007; Choat et al., 2010; 
McElrone  et  al.,  2012), and thought to trigger stomatal 
closure (Nardini & Salleo,  2000; Tombesi  et  al.,  2015). 
Yet, recent studies that simultaneously measured stomatal 
conductance and grapevine water potential showed that 
grapevine stomata closed at less negative water potentials 
(< –1 MPa; Albuquerque et al., 2020; Gowdy et al., 2022; 
Herrera  et  al.,  2022; Morabito  et  al.,  2021) than 
those at which xylem cavitation was observed in 
the leaf (<  –1.2  MPa; Albuquerque  et al., 2020; 
Hochberg  et  al.,  2017b; Sorek  et  al.,  2021), in the petiole 
(<  –1.3  MPa; Alsina  et  al.,  2007; Charrier  et  al.,  2016; 
Lovisolo et al., 2010; McElrone et al., 2012), and the roots 
(<  –1.8  MPa; Cuneo  et  al.,  2016; Lamarque  et  al.,  2023), 
suggesting that xylem embolism is not the driving mechanism 
triggering stomatal closure in grapevines. Several studies 
showed the influence of soil type on soil-root interactions and 
grapevine water status. In a recent meta-analysis on different 
cultivars, Lavoie-Lamoureux  et  al. (2017) highlighted that 
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for the same variety and for the same leaf/canopy water 
potential, stomatal conductance and transpiration rate are 
lower in coarse-textured soils than in fine-textured soils. 
Tramontini  et  al.  (2013) conducted statistical analysis on 
grapevine water potentials and gas exchanges and showed 
the predominance of the soil effect, while the cultivar effect 
was subordinate. Finally, it has been shown that soil texture 
influences the growth of root systems, with deeper but less 
dense root systems in sandy soils compared to loamy soils for 
the same rootstock (Nagarajah, 1987; Ollat et al., 2015). This 
also directly impacts the belowground hydraulic conductance 
of the soil-grapevine system. Nevertheless, none of these 
studies quantified the evolution of the aboveground and 
belowground hydraulics conductances and their relationship 
with transpiration control. Our comprehension of soil-plant 
hydraulics in field conditions is still limited, primarily 
because of the challenges in accessing and quantifying 
belowground hydraulics (Fichtl et al., 2023). The interactions 
between canopy, trunk and belowground hydraulics in situ 
are difficult to predict, and their role in transpiration control 
is not yet fully understood.

The objective of this work is to explore how the 
belowground (soil and roots) and aboveground (trunk) parts 
of soil-plant system are involved in the transpiration control 
of in situ grapevine during drought, for different edaphic 
conditions. We aim to investigate how in situ grapevines 
respond to declining soil moisture across contrasting soil 
textures from a hydraulic perspective. We hypothesise 
that transpiration limitation during drought is significantly 
impacted by the belowground hydraulic properties and is 
therefore soil‑texture specific.

MATERIALS AND METHODS

1. Study areas
This study was conducted on 4 subplots located in two non-
irrigated Belgian vineyards (2 subplots per vineyard), grassed 
in the inter-rows: Château de Bousval and Domaine W. At 
the Château de Bousval (CB) vineyard (Genappe, Belgium, 
50° 36’ 45.0’’ N, 4° 31’ 19.6’’ E), the subplots were located 
on an east-facing field of Chardonnay grafted on 3309C 
rootstock and planted in 2014 with vertical shoot positioning, 
a 1.6 m inter-row and a 0.8 m inter-cep. The average slope 
is 6 %. At the Domaine W (DW) vineyard (Tubize, Belgium, 
50°  41’  19.4”  N, 4°  09’  36.9”  E), the measurements were 
carried out on Chardonnay grafted on 101-14Mgt rootstock, 
in a plain field, with rows running north-south. The vines 
were planted in 2016 with vertical shoot positioning, a 
2.2  m inter-row and a 1 m inter-cep. The average annual 
temperatures are 10.5  °C and 10.8  °C, and the average 
annual precipitations are 874.6 mm and 820.6 mm, for CB 
and DW vineyards, respectively (Belgian Royal Institute 
of Meteorology, IRM). Both vineyards are equipped with 
weather stations providing hourly data of precipitation  (P) 
and reference evapotranspiration (ET0) calculated from the 
FAO Penman-Monteith method (Allen et al., 1998). 

These vineyards were selected due to their similar 
pedogenesis but contrasted layering. At the CB vineyard, 
the soil is made of a silty loam top layer overlying a sandy 
subsoil, but the depth of the interface between these two 
layers changes within the plot reaching more than 2 m at the 
lowermost side of the parcel due to an accumulation of loamy 
colluviums, while being around 0.5 m at the upper part. Two 
subplots were selected in this vineyard: one with grapevines 
planted on the shallow silty loam soil layer (≈ 0.5 m–CBa) 
and one on a deep silty loam soil (> 2 m–CBb) (Figure 1A). 
In the DW vineyard, we also worked on two subplots (Figure 
1B). Grapevines were selected in the northern part of the 
field, characterized by a silty loam soil on the first 125 cm 
and a silty clay loam soil thereafter (DWa). The southern part 
is defined by a silty loam soil on the whole profile (DWb). 
According to the Belgian soil classification, DWa has silty 
soil with good natural drainage and DWb a loamy soil with 
poor to very poor natural drainage.

2. Soil and grapevine characterisations

2.1. Soil properties
At each subplot, a 2 m deep pit was dug in April 2022 to 
evaluate the distribution of the soil’s physico-chemical 
properties. The walls of the pits ran parallel to the rows, at 
10  cm from the grapevines. In each soil profile, disturbed 
samples were collected from each horizon to determine their 
textural class (Robinson,  1933). Undisturbed soil samples 
of 250  cm³ collected on stainless steel cylinders in each 
horizon were used to measure the soil hydraulic properties 
(Figure S1) by Hyprop (METER Group, Inc., Pullman, WA, 
USA) evaporation method (Bezerra-Coelho  et  al.,  2018). 
The soil water content at the wilting point (pF  4.2) was 
measured by a pressure plate (Ridley and Burland,  1993). 
Hyprop-fit software was used to optimize the parameters of 
the Mualem‑van Genuchten equation of the water retention 
and hydraulic conductivity functions (van Genuchten, 1980).

In the CBa subplot, grapevines are planted on a shallow 
loamy soil of 50  cm (horizon Ap) that surmounts a sandy 
subsoil composed of recurring layers with characteristic 
colours. The basic colour of the sandy material is yellow 
and contains iron in the form of glauconia, which is an 
association of clay minerals. The alteration of the glauconia 
and the individualisation of iron in the form of iron oxides 
give the sandy substrate a reddish colour at several depths. 
The pale-yellow (Figure S1) and red strata (Figure S2) result 
from the leaching of iron and its accumulation in layers 
called iron crusts. The hydraulic properties of these iron 
crusts are significatively different than those of the yellowish 
layers. Their water holding capacity (WHC, corresponding 
to the difference between the soil water content at the field 
capacity θFC and at the wilting point θWP) is 0.08 cm3

water.cm‑3
soil, 

while it is almost null in the yellow sand. The WHC of CBa 
is 107 mm on a 2 m soil profile. CBb subplot is composed 
of three silty loam horizons over at least 2 m (Ap 0–48 cm; 
Bw1 49–80 cm, Bw2 80–200 cm) and has a WHC of 421 mm 
at this depth. DWb also consists of 3 silty loam layers (Ap1 
0–11 cm; Ap2 11–90 cm; Bw 90–200 cm) and has 499 mm 
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of WHC on 2  m depth. Finally, the first three horizons of 
DWa are silty loam soil (Ap1 0–10 cm; Ap2 10–40 cm; Bw1 
40–125 cm) and the last horizon is composed of silty clay 
loam (Bw2 125–200 cm). The WHC of this subplot is 383 mm 
to a depth of 2  m. The detailed pedological description of 
each soil profile is illustrated in Figure S1.

2.2. Grapevine characterisation
The quantitative analysis of root distributions in the different 
subplots was carried out using the trench profile method 
(Böhm, 1979). In the 2 m deep soil pit dug in April 2022, 
a grid with 10 × 10 cm² cells was set against the pit wall, 
parallel to the vine rows at 10 cm from the vine trunk. Root 
impacts were mapped and counted within each cell. Large 
roots (diameter > 1 mm) were counted separately from the 
fine roots (≤  1  mm) (Perry  et  al.,  1983). The distinction 
between vine and grass roots in the pit was made based on 
colour (i.e., the grass roots were white and the vine roots 
were dark). To obtain the 1D root density (nroot/dm2) in the 
profile for each soil layer (10 cm by 10 cm), we averaged 
the number of root impacts in each layer by the total area 
of the layer. In each subplot, root density tends to decrease 
with depth, and reach at least 2 m depth (Figure 1). Although 
the number of observed roots was low at the bottom of the 
profile, as we always observed at least one root impact at 2 m 
(Figure S2), it is possible that roots went even deeper.

On a representative plant in each subplot, leaf area index 
(LAI) of grapevines was measured (LP-80, METER Group, 
Inc., Pullman, WA, USA) at two different dates at the 
beginning (close to the veraison, DOY 208 in 2022 and in 
2023) and end (close to the harvest, DOY 250 in 2022 and 
DOY 243 in 2023) of the measurement periods, to assess its 
evolution over these periods (Table 1). As grapevines were 
not thinned out or pruned during the experimental periods, 

the observed evolution of LAI was only due to vegetative 
growth/senescence. We linearly interpolated LAI between 
the dates of measurement of each year (Figure S3) since the 
vegetative growth of grapevine stopped a few days before 
the veraison (Reynier, 2011). 

2.3. Weather conditions during the hydraulic 
measurements
The summer of 2022 was marked by an exceptional drought 
in Belgium. The hydraulic measurements took place between 
27 July 2022 (DOY 209–the start of the veraison) and 05 
September 2022 (DOY 24–harvest). During this period, the 
total rainfall (P) was only 22.2 mm and 11.4 mm in CB and 
DW vineyards respectively (Figure  S4A and Figure  S4B), 
corresponding to a rainfall anomaly of –108  mm and 
–117.6  mm, compared to the period between 1991 and 
2020. The cumulative reference evapotranspiration (ET0) 
exceeded the total rainfall and was 160.3  mm at CB and 
151.8 mm at DW. The water deficit (ET0 – P), which refers 
to the standardised precipitation evapotranspiration index 
(Vicente-Serrano et al., 2010), amounted to 138.1 mm at CB 
and 140.4 mm at DW. No irrigation was applied, as this study 
was conducted in non-irrigated vineyards. The summer was 
also very hot, with a maximum daily temperature of 27 °C 
on average in both vineyards, which is 4 to 5  °C higher 
than the seasonal norm. In both vineyards, temperature 
fluctuations between day and night were significant, on 
average 14.9 ± 4.9 °C at CB and 16.46 ± 5.1 °C at DW. In the 
CBa subplot, we also took hydraulic measurements during a 
wet period in 2023 (between DOY 208 and DOY 243), for 
which the cumulative precipitation was 99.9  mm and the 
cumulative ET0 was 130.79 mm (Figure S4C). To compare 
ET0 and actual transpiration (Tact), we divided ET0 given in 
cm.s-1 by plant density [cm-2] to get ET0 in cm3.s-1.

FIGURE 1. Soil profiles, water holding capacity (θFC–θWP in cm³water/cm³soil) and 1D grapevine root density up to 2 m 
deep for the subplots in (a) the Château de Bousval (CB) vineyard (brown and blue lines correspond to the subplots 
CBa and CBb, respectively) and (b) the Domaine W (DW) vineyard (pink and green lines correspond to the subplots 
DWa and DWb, respectively).
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3. Hydraulic measurements

3.1. Soil and plant hydraulic measurements
Teros21 tensiometers (METER Group, Inc., Pullman, WA, 
USA) were installed vertically at 10 cm, 40 cm and 100 cm 
depth to monitor the soil water potential (Ψbulk soil [MPa]). In 
each subplot, one sensor per depth was inserted under the 
grapevines (no horizontal distance between the plant and 
the sensors) to measure the variation in soil matric potential 
linked to water uptake. We interpolated the soil water 
potential down to 1  m-depth with the classical trapezoidal 
method (Haverkamp  et  al.,  1984). To extrapolate the soil 
water potential to the bottom of the soil profile, we considered 
Ψbulk soil measured at 1 m depth as constant below (therefore 
constant between 1 m and 2 m depth).

Three plants per subplot were equipped with a psychrometer 
(PSY1, ICT International, Armidale, NSW, Australia) and 
a sap flow sensor (Dynagage, Dynamax Inc., Houston, TX, 
USA) to monitor respectively the trunk xylem water potential 
(Ψx_trunk [MPa]) and the sap flow of the plants (assumed as 
being the transpiration rate Tact [cm³.s-1]). The measurements 
took place between 27 July 2022 (DOY 209—end of the 
vegetative growing period and start of the veraison) and 05 
September 2022 (DOY 248—harvest). Since we observed 
that grapevines of the CBa subplot were stressed since the 
start of the measurements in 2022, we also took hydraulic 

measurements during a wet period in 2023 (between DOY 
208 and DOY 243), to extend the range of soil and plant 
water potential, and transpiration observed for grapevines of 
this subplot. All the sensors were removed and reinstalled 
between the measurement campaigns of 2022 and 2023. 
Ψbulk soil, Ψx_trunk and Tact measurements were logged in a 
datalogger (CR1000X, Campbell Scientific Inc., Logan, UT, 
USA) [Figure 2].

While Ψbulk soil and Ψx_trunk were recorded every hour, sap 
flow measurement initial temporal resolution was 2 minutes, 
subsequently averaged per hour. In addition to continuous 
data and on the same plants on which we measured Ψx_trunk, 
punctual measurements of canopy xylem water potential 
(Ψx_canopy) were conducted once or twice a week, around 
midday (between 12 pm and 2 pm) over the season with a 
pressure chamber (670 Pressure Chamber, PMS Instrument 
Company), on mature and healthy leaves bagged on both 
plastic sheet and aluminium foil at least 45 minutes before 
the measurements. Ψx_canopy of this study corresponds to the 
so-called stem water potential that could be found in other 
studies (Choné et al., 2001; Levin et al., 2019). Three to five 
leaves were measured per record.

3.2. Estimates of hydraulic conductances
The belowground hydraulic conductance (Kbelow [cm3.s-1.
MPa-1]), which includes the bulk soil hydraulic conductance, 

CBa CBb DWa DWb

DOY 208 (2022) 1.38 1.83 1.68 1.92

DOY 250 (2022) 1.27 1.51 1.36 1.52

DOY 208 (2023) 1.71

DOY 243 (2023) 1.53

TABLE 1. Leaf area index (LAI) at DOY 208 and DOY 250 of 2022 in each subplot, and at DOY 208 and DOY 
243 of 2023 in the CBa subplot.

FIGURE 2. The set up for automatic monitoring of soil and vine water status. Bulk soil matric potential (Teros21) 
is measured at three different depths (10 cm, 40 cm and 100 cm), and plant transpiration and trunk xylem water 
potential are monitored with sap flow sensors (Dynagage) and psychrometers (PSY1). All these sensors are logged to 
a CR1000X datalogger that collects the hourly data.
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the soil-root interface hydraulic conductance and the root 
system hydraulic conductance, was calculated by analogy to 
Ohm’s law thanks to the transpiration rate and the difference 
between Ψx_trunk and Ψsoil (Tsuda and Tyree, 2000) measured 
simultaneously: 

        (1)

where the soil water potential (Ψsoil) of the profile is the 
effective soil water potential felt by the plant. This soil water 
potential could be calculated by averaging the Ψbulk soil measured 
at the 3 depths (down to 2 m depth), weighted by the 1D root 
density (Ψsoil = Ψsoil_eff) (Couvreur et al., 2012). Alternatively, 
this effective root-felt water potential can be inferred from the 
trunk predawn water potential Ψx_trunk_PD assuming that soil-
root interface is equilibrated with the plant when Tact is null, 
during the night (Ψsoil= Ψx_trunk_PD). The choice of optimal Ψsoil 
is discussed later, in the results section. In the same way, the 
trunk hydraulic conductance (Ktrunk [cm3.s-1.MPa-1]), which is 
the hydraulic conductance between the collar and the canopy, 
was calculated with the difference between Ψx_canopy and 
Ψx_trunk, and Tact measured at the same moment:

       (2)

In this study, we did not measure stomatal and canopy 
conductance directly. Instead, we calculated a relative 
canopy conductance based on the ratio between actual 
and potential transpiration rates Tact/Tpot (Cai  et  al.,  2018; 
Jarvis and McNaughton,  1986; Koehler  et  al.,  2022; 
Shaozhong  et  al.,  2000; Shen  et  al.,  2002). This relative 
canopy conductance represents the net effect of the 
stomatal conductance of all leaves forming the canopy 
(Gowdy et al., 2022; Kelliher et al., 1995). To estimate the 
potential transpiration (Tpot), a cultural coefficient Kc was 
calculated with the Kc–LAI relationship for grapevines 
described by Netzer et al. (2009) as it has already been used 
and validated for grapevines trained onto vertical shoot 
positioning (Munitz et al., 2020):

      (3)

Since LAI and Kc are vine-specific in our case and do not 
contain inter-row information, we calculated the Tpot as the 
product between Kc and ET0. 

4. Statistical analyses and fitting relations
We used a non-linear function, according to Muchow and 
Sinclair (1991), to elucidate the relations among the measured 
hydraulics variables (equation 4). For example, the relation 
Kbelow(Ψsoil) was fitted with the following function:

       (4)

With a, b and c, the fitting parameters, rely on the measured 
data. Equation 4 was also used to fit and describe the relations 
between Tact/Tpot and Ψsoil, Tact/Tpot and Ψx_trunk, Kbelow and 
Ψx_trunk, Ktrunk and Ψsoil (for CBa), Ktrunk and Ψx_trunk (for CBa), and 
Tact/Tpot and Kbelow. For the subplots CBb, DWa and DWb, the 
relations between Ktrunk and Ψsoil, and between Ktrunk and Ψsoil, 
were better predicted by a simple linear regression, as follows:

       (5)

with a and b the fitting parameters. We also assessed 
the statistical significance of the different relationships 
between the hydraulic variables with analysis of covariance 
(ANCOVA). We conducted these statistical analyses on the 
different subplots, to evaluate the impact of soil type on the 
different relations between hydraulic variables. We assumed 
that the variables exhibited approximate linear relationships 
for these statistical analyses (Table S1). Relations between 
different hydraulic variables were considered statistically 
different for p-values less than 0.05.

RESULTS

1. Water potentials and transpiration 
evolution

1.1. Soil water potential
In Figure  3A-D, we can see that, during the experimental 
period in 2022, CBa has the driest soil (lowest Ψsoil_eff 
among the four subplots). The observed Ψsoil_eff over the 
experimental period ranged between –0.83 and –1.09 MPa 
for this subplot but between –0.37 and –0.66 MPa in CBb. 
We can also observe that Ψsoil_eff is highly dynamic in CBa. 
In dry soils, due to the shape of the retention curve, a small 
variation in water content causes a large variation in water 
potential. At DW vineyard, Ψsoil_eff of DWa decreased from 
–0.22  MPa to –0.67  MPa over the measurement period, 
while it varied between –0.19 MPa and –0.87 MPa in DWb. 
The soil in DWa was slightly drier than in DWb during the 
first two weeks, but the soil of DWb became drier after that. 
For each subplot, the soil was drier at the surface than at 
depth. Soil water potential typically decreased over time 
due to grapevine water uptake. Due to a higher grapevine 
root density at the surface, the soil dried out more quickly in 
the shallow horizons than in the deep ones, to reach values 
between –1.5 MPa and –2 MPa. At the surface, the decrease 
in soil water content is also due to the inter-row grass water 
uptake. This perennial-herbaceous association therefore 
also contributes to the faster drying of the surface horizons 
(Celette et al., 2005). During the wet period of 2023, between 
DOY 208 and DOY 243, Ψsoil_eff of the CBa subplot remained 
high throughout the period, varying between –0.02 MPa and 
–0.18 MPa (Figure S5A). 

It is interesting to note that, in 2022 during dry conditions, 
Ψsoil_eff is always lower than Ψx_trunk_PD, which is the trunk 
water potential at night when transpiration should be null, 
and which should be equilibrated with Ψsoil_eff. Several 
reasons could explain this difference, like the uncertainties 
on the depth of the root system or the method to interpolate 
or extrapolate Ψbulk soil along the soil profile. This could 
underestimate Ψsoil_eff, explaining why it is always lower 
than Ψx_trunk_PD. To minimise the errors due to the different 
hypotheses in the estimation of Ψsoil_eff, we will consider 
Ψx_trunk_PD as Ψsoil for the following analyses and in the Kbelow 
calculation (equation 1). In 2023, during wet conditions, we 
observed similar values by comparing Ψsoil_eff and Ψx_trunk_PD in 
the CBa subplot (Figure S5A). 
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1.2. Transpiration, trunk xylem water potential and canopy 
xylem water potential
In each subplot, three plants have been equipped with 
psychrometers and sap flow sensors. For both transpiration 
(Tact) and trunk xylem water potential (Ψx_trunk), the replicates 
were extremely consistent, with a standard deviation of 
0.0065 cm³.s-1 for Tact and of 0.05 MPa for Ψx_trunk (Figure S6). 
The results presented here are therefore the mean Ψx_trunk and 
Tact of the three replicates for each subplot. Figure 3E–H show 
the evolution of hourly Tact measured with sap flow gauges 
installed at the trunk of grapevines over the experimental 
period in 2022. Grapevines transpired, per plant, 73 L of water 
in CBa, 232 L in CBb, 203 L in DWa and 340 L in DWb over 
the measurements campaign (43  days, between DOY 209 
and DOY 248). Grapevines start to transpire after dawn. The 
daily amplitude is much higher and variable for vines planted 
in fine-textured soil (CBb, DWa and DWb) than in sandy soil 
(CBa). The average daily peak sap flow measured during the 
experimental period was 0.16  cm³.s-1 in CBb, 0.11  cm³.s-1 

in DWa and 0.21  cm³.s-1 in DWb, but only 0.04  cm³.s-1 in 
CBa. Ψx_trunk was hourly monitored with psychrometers. Ψx_

trunk showed a diurnal pattern (Figure 3I‑L), with minimum 
(more negative) values corresponding to the time at which 
Tpot is maximum in each subplot, around 2  pm and 3  pm. 
The maximum values of Ψx_trunk (less negative) are between 
3 am and 6 am (depending on the day) and correspond to the 
predawn water potential (Ψx_trunk_PD). For the time at which 
Tpot is maximal (around midday), the average daily Ψx_trunk 
observed over the experimental period were –1.05  MPa, 
–0.79 MPa, –0.71 MPa and –0.67 MPa for CBa, CBb, DWa 
and DWb, respectively. In each subplot, Ψx_canopy followed the 
same time dynamic as Ψx_trunk over the experimental period. 

The relationship between Ψx_canopy and Ψx_trunk remained linear 
over the season and the slopes of the linear regressions 
between the two variables are statistically not different to 1 
for these subplots (Figure S7). This proved the reliability of 
Ψx_trunk measured by psychrometers.

2. Hydraulic conductances

2.1. Relative canopy conductance
We used the ratio between Tact and Tpot (at peak Tpot) 
as a proxy for the relative canopy conductance and, 
therefore, quantified the water stress (Cai  et  al.,  2018; 
Jarvis and McNaughton,  1986; Koehler  et  al.,  2022; 
Shaozhong  et  al.,  2000; Shen  et  al.,  2002). The relative 
canopy conductance represents the net effect of the stomatal 
conductance of all leaves forming grapevine canopy 
(Gowdy et al., 2022; Kelliher et al., 1995). In 2022, in CBb, 
DWa and DWb, we observed that Tact/Tpot slightly decreased 
over time, as shown in Figure 4, meaning that, at the end of 
the experimental period, the transpiration is slightly limited 
by stomata at the canopy scale (0.6 > Tact/Tpot > 1). For Cba, 
on the other hand, Tact/Tpot had completely different values 
and was around 0.5 at the start of the measurement period in 
2022, and around 0.25 at the end. These low values of Tact/
Tpot, in Cba, present throughout the experimental period of 
2022, suggest that these plants were stressed during the whole 
period. At the canopy level, the stomata are partially closed 
during the day and limit the transpiration of the plants, which 
explains the limited Tact measured in Cba. Transpiration of 
grapevines was, therefore, significantly constrained in sandy 
soil due to stomatal closure, during drought conditions. 
During the wet period in 2023, Tact/Tpot of the Cba subplot 
was always close to 1 over the whole period (Figure S5D). 

FIGURE 3. Time series of soil water potential Ψsoil (a, b, c, d), averaged actual transpiration Tact (e, f, g, h), averaged 
trunk xylem (Ψx_trunk–coloured lines) and averaged canopy xylem (Ψx_canopy–black points) water potential (i, j, k, l) over 
the experimental period in CBa (brown) (a, e, i), CBb (blue) (b, f, j), DWa (pink) (c, g, k) and DWb (green) (d, h, l). In 
(a), (b), (c) and (d), the dashed coloured lines, dotted coloured lines and full coloured lines correspond, respectively, 
to the bulk soil water potentials Ψbulk soil at depths of 10 cm, 40 cm and 100 cm; the full grey lines are the root-effective 
soil water potentials Ψsoil_eff, and the dashed grey lines are the predawn water potentials Ψx_trunk_PD.  In (e), (f), (g) and 
(h), the dashed black lines correspond to the potential evapotranspiration Tpot. In (i), (j), (k) and (l), the full coloured 
lines are the averaged Ψx_trunk time series and the black points correspond to the averaged Ψx_canopy (error bars are 
the standard deviation) measured punctually. The times series of Tact and Ψx_trunk are an average of 3 replicates (see 
Figure S6).
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The stomata of these grapevines are therefore fully opened 
during this period. Measurements collected in 2023 in the 
Cba subplot were, therefore, useful to observe very different 
grapevine water statuses in this subplot for the following 
analyses. 

2.2. Belowground and trunk hydraulic conductance
Belowground hydraulic conductance (Kbelow), calculated with 
equation 1, decreased throughout the experimental period in 
2022 (Figure 5). At the daily peak of Tpot (around midday), 
Kbelow varied between 0.39 and 0.09  cm³.s-1.MPa-1 in CBb, 
between 0.45 and 0.09  cm³.s-1.MPa-1 in DWa and between 
0.48 and 0.11 cm³.s-1.MPa-1 in DWb. Kbelow was significantly 
lower in CBa over the whole experimental period in 2022, 
varying between 0.08 and 0.02  cm³.s-1.MPa-1, which is, 
therefore, always lower than in the other subplots. In 2023, 
we measured a relatively constant Kbelow of 0.26  ±  0.04 
cm³.s-1.MPa-1 over the wet period in CBa (5E), which is 
greater than any Kbelow measured in 2022 in this subplot. We 
also punctually calculated the trunk hydraulic conductance 
(Ktrunk) with equation 2. Ktrunk was relatively constant for the 
fine-textured subplots (CBb, DWa and DWb) over the whole 

experimental period (Figure 5). Ktrunk was 2.20 ± 0.08 cm³.s-1.
MPa-1 in CBb, 1.16  ±  0.09  cm³.s-1.MPa-1 in DWa and 
2.26  ±  0.18  cm³.s-1.MPa-1 in DWb. In CBa, Ktrunk was first 
relatively constant (1.02 ± 0.09 cm³.s-1.MPa-1) then dropped 
to 0.19  cm³.s-1.MPa-1 at DOY 237, and finally increased 
again to reach a value of 0.79 cm³.s-1.MPa-1 at the end of the 
experimental period. In each subplot, Ktrunk was 9 to 30 times 
greater than Kbelow in CBa, 5 to 20 times greater in CBb, 3 to 
10 times greater in DWa and 5 to 12 times greater in DWb.

3. Relation between relative canopy 
conductance with soil and trunk xylem water 
potential
Figure 6 shows the relationships between Ψsoil (estimated based 
on Ψx_trunk_PD) and Tact/Tpot and between Ψx_trunk and Tact/Tpot. 
These illustrate how stomatal regulation at the canopy scale 
(i.e., relative canopy conductance) was affected by soil and 
water potentials. These relationships are statistically similar 
between the subplots CBb, DWa and DWb (p-value > 0.05; 
Table S1); data from these subplots were therefore assembled 
for the analyses. The observed reductions in relative canopy 
conductance (Tact/Tpot) as Ψsoil and Ψx_trunk decreased fit well 

FIGURE 4. Time series of Tact/Tpot (relative canopy conductance) throughout the experimental period. The brown 
triangles and line, blue circles and line, pink squares and line, and green diamonds and line correspond, respectively, 
to the study areas CBa, CBb, DWa and DWb. Only one value of Tact/Tpot is represented per day, corresponding to the 
daily peak of Tpot. Each coloured line is a linear regression of Tact/Tpot over time. The slopes of these linear regressions 
are slightly different from 0 (0.01 < p-value < 0.05), in all cases. The dotted black line is Tact/Tpot = 1.

FIGURE 5. Time series of belowground hydraulic conductance Kbelow (lines) and trunk hydraulic conductance Ktrunk 
(points) over the experimental period in CBa (brown line and triangles), CBb (blue line and circles), DWa (pink line 
and squares) and DWb (green line and diamonds). Only one value of Kbelow is represented per day, corresponding 
to the daily peak of Tpot.
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FIGURE 6. Relationships between (a) Ψsoil and Tact/Tpot and (b) Ψx_trunk and Tact/Tpot. The brown triangles, blue circles, 
pink squares and green diamonds correspond, respectively, to the subplots CBa, CBb, DWa and DWb. The brown 
triangles surrounded in red are data collected in 2023 in CBa. The relationships were fitted with 95 % functional 
prediction intervals (shaded area). The fitted parameters (a, b and c) in equation 4 and the fitting coeffient (R²) are 
given in the plots. Points corresponding to CBb, DWa and DWb have been assembled to predict the relationships 
between Tact/Tpot with Ψsoil and Ψx_trunk since these relationships are not different between these subplots (p-value > 0.05; 
Table S1). Ψsoil is equivalent to Ψx_trunk_PD.

FIGURE 7. Relationships between (a) Ψsoil and Kbelow, (b) Ψx_trunk and Kbelow, (c) Ψsoil and Ktrunk and (d) Ψx_trunk and Ktrunk. 
The brown triangles, blue circles, pink squares and green diamonds correspond respectively to the subplots CBa, 
CBb, DWa and DWb. The brown triangles surrounded in red are data collected in 2023 in CBa. The relationships 
were fitted with 95 % functional prediction intervals (shaded area). The fitted parameters (a, b and c in equation 4; 
a and b in equation 5) and the fitting coefficient (R²) are given in the points. In (a) and (b), points corresponding to 
CBb, DWa and DWb have been assembled to predict the relationships between Kbelow and Ψsoil, and between Kbelow 
and Ψx_trunk, since these relationships are not different between these subplots (p-value > 0.05; Table S1). In (c) and 
(d), the relations between Ktrunk and Ψsoil, and Ktrunk and Ψx_trunk, are better predicted by a simple linear regression 
(equation 5) for CBb, DWa and DWb subplots. The slopes of these linear regressions are not statistically different 
from 0 (Table S2). Ψsoil is equivalent to Ψx_trunk_PD.
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with the empirical equations (equation  4), particularly for 
the sandy subplot (CBa). Significant differences between 
the soil textures became apparent as the soil dried out. When 
comparing coarse-textured soil (CBa) and fine-textured soils 
(CBb, DWa and DWb), the decline of Tact/Tpot happened at less 
negative Ψsoil for CBa (Ψsoil = –0.10 MPa) than for the other 
subplots (Ψsoil  =  –0.30 MPa) [Figure  6A]. The confidence 
interval of the observations and empirical predictions do not 
overlap between the fine-textured (CBb, DWa and DWb) 
and coarse-textured (CBa) soils, particularly for lower Ψsoil. 
This suggests that grapevine stomatal response to soil drying 
was significantly impacted by soil texture. The relationship 
between Ψx_trunk and Tact/Tpot was also greatly impacted by soil 
textures. As with the relationship between Tact/Tpot and Ψsoil, 
the statistical analysis revealed that the relationship between 
Tact/Tpot and Ψx_trunk is significantly influenced by the soil 
texture, with significant differences (p-value < 0.001; Table S1) 
between the fine-textured subplots (CBb, DWa and DWb) and 
the coarse-textured subplot (CBa). There was no difference 
between the three fine-textured subplots (p-value  >  0.05). 
In CBa, Tact/Tpot started to decrease when Ψx_trunk was around 
–0.50  MPa, while it decreased at Ψx_trunk  ≈  –1.00  MPa the 
loamy subplots (CBb, DWa and DWb) [Figure 6B].

4. Relation between belowground and trunk 
hydraulic conductance with soil and trunk 
xylem water potential
The relation between Kbelow and Ψsoil was well described by 
equation 4 and was significantly affected by soil texture. 
Subplots CBb, DWa and DWb showed similar relations 
(p-value > 0.05; Table S1), but CBa showed a statistically 
different relationship (p-value < 0.001). In wet soil conditions, 
Kbelow was relatively stable across fine-textured (CBb, DWa, 
DWb; Kbelow  =  0.40 cm³.s-1.MPa-1) and coarse‑textured 
soils (CBa; Kbelow = 0.25 cm³.s-1.MPa-1). In each case, Kbelow 
decreased as the soil dried out (Figure 7A), with a sharper 
decline in the sandy subplot (CBa) than in the loamy 

subplots (CBb, DWa and DWb). Ψx_trunk also decreased with 
Kbelow (Figure 7B). However, the confidence interval of the 
measurements and predictions overlap, the relation between 
Kbelow and Ψx_trunk was less significatively different (compared 
to other relations) between subplots (0.01 < p-value < 0.05; 
Table  S1), particularly by comparing the loamy subplots 
(CBb, DWa and DWb) with the sandy subplot (CBa), and the 
decline was similar in coarse-textured and fine-textured soils. 
Trunk hydraulic conductance (Ktrunk) was constant in CBb, 
DWa and DWb despite the drying out of the soil. The slopes 
of the linear regressions between Ψsoil and Ktrunk of these 
subplots are not statistically different from 0 (Figure 7C and 
Table S2). For CBa, Ktrunk remained constant (1.02  cm³.s-1.
MPa-1) until Ψsoil was –0.39  MPa and then dropped to 
0.19  cm³.s-1.MPa-1 (Figure  7C). The lowest value of Ktrunk 
was measured when Ψx_trunk was –1.32 MPa (Figure 7D). The 
decrease of Ktrunk in CBa could be due to xylem cavitation 
between the collar and the canopy. This value corresponds 
to the one measured by Lamarque et al. (2023), who started 
to observe embolism on Chardonnay at Ψx_trunk = –1.3 MPa. 
Since Ktrunk remained constant in CBb, DWa and DWb, this 
suggests that there was no xylem cavitation for grapevines in 
these subplots.

5. Relation between relative canopy 
conductance and belowground hydraulic 
conductance
The relation between the relative canopy conductance 
(Tact/Tpot) and Kbelow was well characterised by equation 4 in 
the different soil types. The relations were statistically similar 
(p-value > 0.05; Table S1) in the fine-textured subplots (CBb, 
DWa, and DWb), but different (p-value < 0.001) for the sandy 
subplot (CBa). Although we observed a sharper decline of 
Tact/Tpot in the sandy subplot (CBa) than in loamy ones (CBb, 
DWa and DWb), the stomatal closure at the canopy level was 
triggered at the same Kbelow for each subplot, around 0.17 
cm3.s-1.MPa-1 (Figure 8). 

FIGURE 8. Relationships between Kbelow and Tact/Tpot. The brown triangles, blue circles, pink squares and green 
diamonds correspond respectively to the subplots CBa, CBb, DWa and DWb. The brown triangles surrounded in red 
are data collected in 2023. The relationships were fitted (brown line for CBa, black line for CBb, DWa and DWb) 
with 95 % functional prediction intervals (shaded area). The fitted parameters (a, b and c in equation 4) and the 
fitting coefficient (R²) are given in the points. Points corresponding to CBb, DWa and DWb have been assembled to 
predict the relation between Kbelow and Tact/Tpot since this relationship is not statistically different between these subplots 
(p-value > 0.05; Table S1).
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DISCUSSION

The interplay between trunk and belowground hydraulics 
is complex and their exact role in regulating transpiration 
for in situ plants is still not fully comprehended. To assess 
in situ soil-grapevine water relations during drought, we 
measured and quantified simultaneously the relative canopy 
conductance, trunk hydraulic conductance, and belowground 
hydraulic conductance of grapevines planted on different soil 
types. This study suggests that the interaction between the 
grapevine and the soil hydraulic environment plays a crucial 
role in the grapevine stomatal control at the canopy level 
during drought periods. In the subsequent section, we discuss 
the dominant role of belowground hydraulics on grapevine 
stomatal control.

1. Transpiration control is induced by 
belowground hydraulics in drought conditions
Our comprehension of the hydraulic interactions between 
the soil and the plants was still limited in situ, particularly 
due to the difficulty of accurately quantifying belowground 
hydraulics in the field (Fichtl et al., 2023). By simultaneously 
measuring the relative canopy conductance, the trunk 
hydraulic conductance and the belowground hydraulic 
conductance of soil-grapevine systems in different 
edaphic conditions, we present in this study experimental 
evidence that, during drought, the stomatal regulation at 
the canopy level of in situ grapevines is mainly governed 
by belowground hydraulics (i.e., soil and root hydraulics), 
instead of aboveground hydraulics (i.e., trunk xylem 
cavitation). The results substantiated our hypothesis that 
grapevine hydraulic responses varied to varying soil texture 
and hydraulic properties. In this study, while grapevines were 
of the same variety (Chardonnay), had deep root systems 
and experienced the same meteorological conditions, we 
observed different transpiration rates and relative canopy 
conductance depending on whether the grapevines were 
planted on coarse-textured (CBa) or fine-textured soils (CBb, 
DWa and DWb). While all plants had the same canopy 
variety (Chardonnay), the downregulation of Tact occurred 
at contrasted soil water potential. Although it is difficult to 
distinguish the decrease in canopy conductance linked to leaf 
maturation (Gowdy et al., 2022; Zhang et al., 2012) and to 
drought, the stomatal downregulation at the canopy scale 
occurred at more negative soil matric potential in loamy 
subplot (CBb, DWa and DWb; Ψsoil  =  –0.30 MPa) than in 
sand (CBa; Ψsoil = –0.10 MPa). Moreover, a steeper drop in 
canopy conductance was observed in coarse-textured soil 
compared to fine-textured ones (Figure 6). We are aware that 
the decrease in relative canopy conductance in the loamy 
subplots (CBb, DWa and DWb) was much less marked than 
in the sandy subplot (CBa). Despite the drought conditions 
of 2022, the fact that the grapevines have a well-established 
deep root system means that only a slight decrease in relative 
canopy conductance can be observed when the soil is deep 
and loamy. Further studies should be carried out in different 
edaphic conditions (e.g., different soil texture, shallow 
soil, stony soil), different plant conditions (e.g., different 
rootstocks, shallow root system) and different weather 

conditions (e.g., longer period of drought, higher evaporative 
demand) to compare our results, and to contribute to a better 
understanding of soil-grapevine water relations.

By fitting the relation between Kbelow and the relative canopy 
conductance (Tact/Tpot), we observed that the stomatal closure 
at the canopy scale was triggered at the same Kbelow for each 
subplot and each soil texture (Figure 8; Kbelow = 0.17 cm3.s-1.
MPa-1). This finding proves that in situ grapevines coordinate 
mechanisms between plant hydraulic status (e.g., regulation 
of canopy hydraulic conductance) and longer-term growth. It 
has been demonstrated that the decreasing of the shoot:root 
ratio is a mid-to-long-term adaptive mechanism to drought 
by decreasing transpiration (less canopy surface) and 
increasing belowground conductance (more root surface) 
(Carminati and Javaux,  2020). In this study, we measured 
lower LAI (Table  1), which is directly proportional to the 
total canopy area of grapevines (Vitali et al., 2013), in the 
sandy subplot than in loamy subplots in 2022. While we 
measured root system depth in each subplot down to 2 m, we 
can hypothesise that the root system is deeper in CBa than 
in the other subplots. Other studies observed the influence of 
soil texture on root system growth, with deeper root systems 
in sandy than in loamy soil for the same variety and same 
rootstock (Nagarajah,  1987; Ollat  et  al.,  2015). Moreover, 
during drought conditions, we observed a bigger difference 
between Ψsoil_eff and Ψx_trunk_PD in the sandy subplot (CBa) than 
in the loamy subplots (CBb, DWa and DWb), suggesting that 
grapevine in the sandy subplot have a longer root system 
than in the loamy subplots, exploring deeper and wetter 
soil horizons. This statement is discussed in more detail in 
the next section. All these observations bolster the fact that 
grapevines adapt their shoot:root ratio to the soil texture. 
They adapt their structure to match the fine equilibrium 
between the atmospheric water demand and the soil water 
offer. These belowground and aboveground adjustments, 
which are considered crucial responses and significant 
adaptive strategies against drought (Alsina  et  al.,  2011), 
should, therefore, be soil-texture specific.

We quantified and showed that, during a drought period, the 
hydraulic conductance between the collar and the canopy 
(Ktrunk) was always significantly greater than the hydraulic 
conductance between the soil and the collar (Kbelow) in each 
subplot. Kbelow was therefore the limiting factor for the total 
conductance of the SPAC, since the component in the SPAC 
with the lowest conductance exerts the greatest control 
on the overall system conductance (Draye  et  al.,  2010). 
Moreover, Ktrunk was constant over the whole drought period 
in the loamy subplots (CBb, DWa and DWb), indicating that 
there was no xylem cavitation in these subplots. While we 
can assume that we observed xylem cavitation in the sandy 
subplot (CBa) by measuring a decrease of Ktrunk, the lower 
relative canopy conductance (lower Tact/Tpot) in this subplot 
was measured before this drop of Ktrunk. Therefore, our 
results showed that stomatal closure was not triggered by 
trunk xylem cavitation for in situ grapevines. This is in line 
with the study of Alsina et al. (2007), which measured that 
Chardonnay lost 50 % of trunk hydraulic conductance due to 
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embolism for a trunk xylem water potential of –2.27 MPa. 
We never measured such a low Ψx_trunk. They suggested 
that xylem cavitation was, therefore, not responsible for 
the stomatal closure of Chardonnay. Other studies claimed 
that the limitation of transpiration in grapevine due to 
stomatal closure was not the result of xylem cavitation 
or of decline in leaf hydraulic conductance in other grape 
varieties (Hochberg  et  al.,  2017; Charrier  et  al.,  2018; 
Albuquerque et al., 2020; Corso et al., 2020).

Recent works, conducted under controlled laboratory 
conditions, emphasise the role of belowground hydraulics 
in triggering stomatal closure during drought, including 
changes in the hydraulic conductance of roots, soil, and 
their interface. The literature suggests that a decrease in 
soil matric potential induces stomatal closure, resulting 
in a reduction in transpiration rate (Abdalla  et  al.,  2022; 
Carminati and Javaux, 2020; Koehler et al., 2022; Rodriguez-
Dominguez and Brodribb, 2020). Both soil water potential 
and soil hydraulic conductivity are recognised as key factors 
influencing water supply to the root system. In wet soils, 
root hydraulic conductivity mainly controls water flow in 
the belowground part of the soil-grapevine system, but as the 
soil dries out, its hydraulic conductivity drops significantly, 
limiting the water flow towards the soil–root interface and 
leading to a decrease in maximum transpiration rate as the 
plant cannot meet evaporative demand (Gardner,  1960; 
Passioura, 1980). Cai et al. (2022) observed that, during soil 
drying, the decline in soil hydraulic conductivity led to a 
steep and nonlinear reduction in soil matric potential at the 
soil-root interface, with a greater reduction in sandy soils 
compared to loamy soils. In sandy soil, a small reduction in 
matric potential implies a much larger decrease in hydraulic 
conductivity compared to loamy soil (Figure  S1). This 
more rapid decline in soil hydraulic conductivity implies 
that the soil is more rapidly limiting (at less negative soil 
water potential), triggering earlier stomatal closure at the 
canopy level. This is consistent with our results, for which 
Tact/Tpot started to decrease at a lower Ψsoil in CBa. This also 
explains the steeper limited transpiration of plants in this 
subplot. Stomatal control of in situ grapevine during drought 
is, therefore, soil-texture specific. Stomatal regulation is 
amplified in sandy profile as compared to finer texture profile 
within the same grape variety. Recently, a mechanistic soil-
plant hydraulic model predicted that stomata close when the 
soil water potential around the roots decreases more rapidly 
than the increase in transpiration in drying soil, preventing 
further decreases in water potential at the soil-root interface 
and protecting the plant against early xylem embolism 
(Carminati and Javaux, 2020). This model therefore predicted 
that the downregulation of transpiration differs between soil 
textures, which is consistent with our results.

The decrease of Kbelow and stomatal closure at the canopy 
level could also be due to xylem cavitation in the root 
system. However, root xylem embolism was observed at a 
water potential of –1.8 MPa in fine roots and –3.5 MPa in 
coarse roots (Cuneo et al., 2016). We never observed such 
low plant water potentials, it is thus reasonable to say that 

there was little or no cavitation in the root xylem in our 
case. However, these values are certainly rootstock-specific 
(Cuneo et al., 2021; Lamarque et al., 2023). Given the great 
similarity of the rootstocks used in this study, it seems normal 
to see no effect of rootstock on the hydraulic behaviour of 
Chardonnay. Moreover, statistical analysis conducted on 
the main ecophysiological parameters, including water 
potentials and gas exchanges, revealed that the soil effect 
outweighed the plant effect (Tramontini  et  al.,  2014; 
van Leeuwen et al., 2018). However, it would be interesting 
to study the effect of the soil-rootstock combination for 
rootstocks with very contrasting characteristics, since it has 
already been shown that rootstock controls the grapevine 
hydraulic response of water stress in the same soil type 
(Tramontini  et  al.,  2013b). For example, the comparison 
between a short and a long root system would be interesting, 
as we could expect that long root systems limit the drop of 
water potential at the soil-root interface compared to a short 
root system (Abdalla  et  al.,  2022) and, therefore, impact 
stomatal control of in situ plants.

2. Difference between Ψsoil_eff and Ψx_trunk_PD 
during drought
The predawn water potential (Ψx_trunk_PD) is an indicator 
used in viticulture to quantify the water status of the plant 
and the soil (Choné  et  al.,  2001; Gaudillère  et  al.,  2002; 
Tosin et al., 2021). In fact, it has been shown that Ψx_trunk_PD 
should be, in principle, equal to Ψsoil_eff when transpiration is 
null (Hinckley et al., 1978, Couvreur, 2013). In this study, 
when conditions are dry, we always measured a greater 
Ψx_trunk_PD than the Ψsoil_eff, for each subplot and during the 
whole experimental period (Figure 3). The gap became wider 
as the soil dried out (Figure  S8). In theory, plants do not 
transpire at predawn hours. Several studies have shown that a 
disequilibrium between Ψsoil_eff and Ψx_trunk_PD might exist due 
to a non-equilibrium between bulk soil and soil root interface 
and/or to night-time transpiration, even low, reducing 
Ψx_trunk_PD and disconnecting it from Ψsoil_eff 
(Donovan  et  al.,  2001; Groenveld  et  al.,  2023; 
Kangur et al., 2017). In this work, we observed the opposite. 
Root density measurements were taken to a depth of 2  m, 
corresponding to the depth of the pits. In each subplot, 
we counted root impacts up to 2  m depth (Figure  S2). As 
a result, the root system of grapevines may be more than 
2 m deep, exploring soil layers with higher water potential. 
By converting Ψsoil_eff in water content with the water 
retention curves (Figure  S1), we observed, throughout the 
experimental period in 2022, a variation of 51  L, 136  L, 
165 L and 303 L on the 2 m soil profile, on CBa, CBb, DWa 
and DWb respectively. However, in the same period, the 
grapevines transpired 73 L of water in CBa, 232 L in CBb, 
203 L in DWa and 340 L in DWb. Thus, there is a difference 
of 22 L, 96 L, 38 L and 37 L, respectively, in CBa, CBb, DWa 
and DWb. The plants therefore transpired more water than 
was lost over 2 m of soil, in each subplot. Given the value of 
soil hydraulic conductance at the suction level observed in 
this study, capillary rise cannot explain the large difference 
between transpiration and variation of soil water content. By 
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considering the same Ψbulk soil between 1 m and 2 m depth, 
we calculated a capillary rise of 4.5 L, 1.4 L, 4.6 L and 2.9 L 
over the experimental period. This suggests that grapevines 
take up water from a depth of over 2 m, and therefore have 
a longer root system than measured. The difference between 
Ψsoil_eff and Ψx_trunk_PD is significantly greater for CBa (sandy 
soil), compared to the other subplots. Several studies have 
shown that root proliferation is deeper in coarse-textured 
soils compared to fine-textured soils (Nagarajah,  1987; 
van  Leeuwen  et  al.,  2004; Lovisolo  et  al.,  2016). It is, 
therefore, possible that the root system of grapevines in CBa 
is deeper than those in CBb, DWa and DWb, explaining the 
biggest difference in the sandy subplot. 

Since the Ψbulk soil was measured down to 1  m, Ψsoil_eff was 
calculated by considering a constant Ψbulk soil between 1  m 
and 2 m depth. However, it is generally observed that Ψbulk soil 
increases with depth (Domec et al., 2012; Ewers et al., 2000; 
Sperry  et  al.,  1998). Moreover, given the low root density 
at depth, this may be underestimated with the trench profile 
method (Vansteenkiste et al., 2014), thus underestimating the 
contribution of root density and Ψbulk soil between 1 m and 2 m 
in the calculation of Ψsoil_eff.

Furthermore, it has been shown that in dry soil conditions, 
roots shrink and lose contact with the soil as gaps form 
between the roots and the soil (Carminati et al., 2009). Since 
the soil surface in each subplot is very dry, soil-root air gaps 
may have formed in these horizons, where root density is 
also highest. As a result, the roots, even if less dense, only 
feel the wettest horizons of the soil (Couvreur et al., 2014), 
contributing to the fact that the Ψx_trunk_PD is greater than 
Ψsoil_eff. These assumptions of deeper root systems (> 2 m) and 
soil-root air gap formation in dry horizons allow the plant to 
not reach very negative water potential (Zheng et al., 2019) 
and could explain why in situ grapevines remained within 
a safe margin range of water potential (>  –1.5  MPa) 
(Charrier  et  al.,  2018; Gambetta  et  al.,  2020). All these 
reasons justify the use of Ψx_trunk_PD instead of Ψsoil_eff as Ψsoil in 
the different analyses and in the calculation of Kbelow.

It would be interesting to observe variations in soil water 
potential, due to water uptake, at greater depths during drought. 
Deep root systems are difficult to quantify, and observation 
methods are often destructive and limited in depth. Currently, 
other reliable methods to detect deep roots are used, such 
as water isotope quantification (Savi et al., 2018) or 3D soil 
tomography (Zhu et al., 2014). However, knowledge of root 
distribution alone is not enough, as we know that water uptake 
is rarely uniform along the root system (Mapfumo et al., 1994). 
Functional-structural root soil models integrate the 
nonuniformity of root and soil properties (Javaux et al., 2008), 
but the distribution of radial and axial hydraulic conductivities 
along the root system must be known, which is difficult to 
measure under in situ conditions. Electrical methods such 
as the mise-à-la-masse method are promising for good 
quantification of root structure and functioning, particularly 
for the active root density in the ground (Mary et al., 2018), 
but future developments are needed to get more accurate and 
reliable results with this method.

CONCLUSION

To investigate how belowground and trunk hydraulics 
are involved in the transpiration regulation of in situ 
grapevine, we simultaneously quantified the relative canopy 
conductance, trunk hydraulic conductance and belowground 
hydraulic conductance of grapevine with deep root systems 
planted in different soil types during drought. Taken 
together, these concomitant measurements demonstrated 
that grapevine transpiration control at the canopy level 
was triggered by a decrease of belowground hydraulic 
conductance, but not by xylem cavitation in the trunk. 
Although we found that the relation between relative canopy 
conductance and soil water potential of in situ grapevine is 
soil-texture specific, with stomatal regulation at the canopy 
scale happened at less negative soil water potential in sandy 
(Ψsoil = –0.10 MPa) than in loamy soil (Ψsoil = –0.20 MPa), 
we observed that stomatal closure was triggered at the same 
Kbelow (0.17 cm3.s-1.MPa-1), independently of the soil texture, 
with a sharper decline of canopy conductance in sandy soil 
compared to loamy soil. These findings show that in situ 
grapevines coordinate short-term hydraulic mechanisms 
(e.g., regulation of canopy hydraulic conductance) and 
longer-term growth (e.g., shoot:root ratio). These short- and 
long-term adjustments of in situ grapevines are crucial and 
significant adaptive strategies against drought conditions, 
and are, therefore, soil-texture specific. Considering the 
dynamic properties of the rhizosphere is essential and 
critical for a comprehensive understanding of soil-plant 
hydraulic dynamics, to enhance predictions of how in situ 
plants respond to climate for different edaphic conditions. 
Simultaneous measurements of meteorological conditions, 
soil and plant water potentials, transpiration rates and root 
architecture can be used in physically based soil-plant 
hydraulic model (Vanderborght  et  al.,  2023) to reveal the 
relative importance of bulk soil, soil-root interface, soil-
root air gaps, root and xylem vulnerability to the hydraulic 
operation of in situ grapevines. Further investigations must 
be done in this sense to gain a mechanistic understanding of 
the hydraulic functioning of complex soil-grapevine systems.
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