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Abstract: The present study aims to analyze the physiological and agronomical response to drought

among seven local and traditional field-grown Monastrell clones (4, 94, 188, 360, 276, 372, and 373)

over four seasons (2018–2021) under optimum irrigation conditions (control) and water stress (stress).

We have focussed on measuring Monastrell interclonal variability in plant water relations and leaf

gas exchange, vegetative growth, leaf mineral nutrition, yield, water use efficiency (WUE), and grape

and wine quality. A classification of the different clones according to drought-tolerance degree and

agronomical/oenological performance was established. The classification revealed that (a) The most

drought-tolerant clone (i.e., clone 4) was neither the most productive (8600 kg ha−1), the most effi-

cient in terms of water use (average of 25 kg m−3), nor the one that presented a better grape quality;

(b) The most productive and efficient clone (i.e., clone 94) (11,566 kg ha−1, average of 30 kg m−3)

was also a drought-tolerant clone, but it provided the worst berry and wine qualities with the lowest

aromatic/nutraceutical potential, and it is not recommended for premium red wine production;

(c) Conversely, clone 360 provided the highest berry quality, but at the expense of a greatly reduced

vigor and yield (4000 kg ha−1) and a lower WUEyield (average of 10 kg m−3); (d) Low-vigor clones

372 and 276 were the most sensitive to drought conditions and put more water conservation mech-

anisms into play, i.e., a tighter control of vine water use and reduced leaf transpiratory surface,

under soil water deficit and high vapor pressure deficit (VPD). In addition, these clones reached

a balance between drought tolerance, productive water use efficiency (WUEyield), and berry and

wine quality, because they provided moderate yields (7400–7700 kg ha−1), a high WUEyield (aver-

age between 17–19 kg m−3 applied water), and an enhanced berry and wine quality with greater

oenological, nutraceutical, and aromatic potential; (e) High-vigor clone 188 also displayed several

mechanisms of drought tolerance (tighter stomatal control of water use), maintained a higher yield

(10,500 kg ha−1) and a very high WUEyield (29 kg m−3), enhanced berry quality (similarly to 276 or

372), and improved oenological/aromatic potential, and can also be recommended for the application

of low water volume deficit irrigation (DI) strategies under semi-arid conditions.

Keywords: berry and wine quality; climate change; clone; intracultivar genetic diversity; Monastrell;

water stress tolerance; water use efficiency

1. Introduction

Current projections of future wine-growing regions with climate change suggest
dramatic shifts in viticultural areas [1–3]. Unless emissions are strongly reduced, many
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warmer-climate regions that currently grow grapes (for example, semi-arid areas from
southern Europe, especially the south-east of Spain) are expected to become too hot and dry
for the cultivation of high-quality grapes in the future [4]. Challenges for water management
will be exacerbated in the near, mid, and long term, depending on the magnitude, rate, and
regional details of future climate change, and will be particularly challenging for regions
with constrained resources for water management [5]. Agronomic adaptation to a higher
water scarcity in semi-arid wine-growing regions includes modifying viticultural practices
(e.g., deficit irrigation (DI), canopy management, training systems, soil management, etc.)
and selecting the most resilient, efficient, and drought-adapted genotypes (i.e., rootstocks,
cultivars, and clones) [6–8]. For instance, irrigation is effective in reducing drought risk and
climate impacts in many regions and has several livelihood benefits, but an appropriate
management is needed to avoid potential adverse outcomes, which can include accelerated
depletion of groundwater and other water sources and an increased soil salinization [5].

On the other hand, predicted impacts of climate change on crops could also be miti-
gated by exploiting the existing genetic diversity within crops. For instance, wine grapes
possess a tremendous genetic diversity (both intercultivar and intracultivar) in traits that
affect the response to climate conditions, such as phenology and drought tolerance, to cope
with a high diversity of climate regimes, but this diversity is still scarcely exploited [4].
Instead, in many countries, the same 12 varieties (international varieties), which repre-
sent a mere 1% of total diversity among the 1100 commercial varieties of grapevines that
are planted worldwide, take up to 70–90% of total hectares [4]. Of special relevance are
the local/traditional varieties/clones, which often outperform modern, widely-planted
cultivars and which have led to a growing interest in better understanding, preserving,
and exploiting this diversity. Indeed, the diversification of rootstocks and clones as a way
of increasing genetic variability, avoiding the cultivation of a single rootstock and clone
combination, has been proposed in winegrapes [9], in an effort to explore clone × rootstock
interactions when comparing tolerance to abiotic stresses in different cultivars [10]. Ex-
ploring grapevine intracultivar variability (e.g., clones) is particularly interesting because
there is consistent evidence of significant interclonal variability in water use efficiency at
a leaf level (WUEleaf (A/gs)), carbon isotopic discrimination (δ13C), stomatal regulation,
photosynthetic capacity, and biomass/yield traits [11–15], and, indeed, it respects the cul-
tural and social components of winegrape cultivation and the wine typicity associated with
local terroir. Therefore, identifying new clones with a superior drought tolerance would
provide genetic material that has a greater water use efficiency, thereby reducing reliance
on supplemental irrigation [16].

Recent results provide molecular support for the intravarietal variability previously ob-
served at an agronomic and physiological level, sustaining that phenomena of phenotypic
plasticity can occur not only at the cultivar, but also at the clone level [17]. Therefore, there
is a growing interest in selecting genotypes that are better adapted to future environmental
conditions, and the first step is to understand the physiological/agronomical responses
under different conditions of the currently available genetic pool [13]. For an efficient
clonal selection, genotype sensitivity to environmental conditions is a very important trait
to consider in order to determine whether a genotype can be selected for cultivation in a
wide range of environments, or whether it is only adapted to very specific conditions [11].
Clones are propagated vegetatively, and thus are usually identical from a genetic point
of view; they represent small genetic differences within a variety, much smaller than the
differences that occur between varieties which originate from sexual reproduction. How-
ever, different clones from one grape variety can differ not only in their stomatal regulation
and photosynthetic performance, but also in their productive traits and their ability to
produce berries and wines with different composition and organoleptic characteristics
(e.g., a different aromatic volatile profile) [18,19]. Monastrell (Mourvedre in France, and
Mataro in Australia and California) is an ancient, native, late-ripening, black-skinned
grape variety originating from the Spanish Levante (south-eastern, Spain) that has been
grown in vineyards all around the western Mediterranean countries for centuries. It is well
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adapted to these rigorous and dry climates of high temperatures and recurrent drought
cycles. In this sense, certain physiological characteristics of tolerance to drought have been
identified in Monastrell, which give it a good capacity to adapt to moderate water stress
(WS) [20]. Moreover, recent studies have revealed the existence of significant levels of
genetic diversity among Monastrell clones in the south-east of Spain [21,22], but there is
little knowledge about its physiological and agronomic behavior under rainfed and deficit
irrigation conditions.

The present study aims to analyze the physiological and agronomical response to
drought among seven local, traditional, and non-studied field-grown cv. Monastrell clones
over four seasons under optimum irrigation conditions (control) and under water stress. We
have focussed on a holistic approach to measure Monastrell interclonal variability in plant
water relations and gas exchange, vegetative growth, leaf mineral nutrition, yield, WUE,
and grape and wine quality. A classification of the different clones according to the drought-
tolerance degree (e.g., water savers vs. water spenders) and agronomical/oenological
performance has been established.

2. Material and Methods

2.1. Field Conditions, Plant Materials, and Irrigation Treatments

All of the trials and experiments were carried out in a plot of 0.12 ha of adult Monastrell
variety trellis vines in an experimental orchard located in Cehegín (Murcia) (38◦6′38.13′′ N,
1◦40′50.41′′ W, 432 m a. s. l.) during years 2018–2021. Grapevines (Vitis vinifera L., var.
Monastrell, syn. Mourvedre) were 20+ years old, and the Monastrell clones studied are 4,
94, 188, 276, 360, 372, and 373, grafted on rootstock 110R. These traditional clones were
recovered from a prospection made in old vineyards in the Region of Murcia, SE Spain, in
the 2000s. Planting density was 3 m between rows and 1 m between plants (3333 vines/ha).
The soil of the plot is clayey (>40% clay, 36%–38 silt) and has an organic-matter content
between 0.82–1.05%, a pH of 7.40, an electrical conductivity of 0.13 dS m−1, an active
limestone (CaCO3) between 17–19%, a cation exchange capacity of 18 meq/100 g, a C/N
ratio between 7.1–8.1, a total N between 0.067–0.078%, and an assimilable P between
10.7–14.7 mg/kg. The irrigation water that was used came from a well and had a pH of
7.96 and an electrical conductivity of 0.68–0.81 dS m−1. Climate is Mediterranean semi-arid,
with hot and dry summers and a scarce annual rainfall (Table 1). The training system
was a bilateral cordon trellised to a three-wire vertical system (Figure 1). The vine rows
ran NW–SE. Six two-bud spurs (12 nodes) were left after pruning, while in May, green
non-productive shoots were removed from each vine in the same manner for all of the
treatments, according to the grower’s practice in the area.

Table 1. Mean values of several climatic parameters in different phenologial periods for every year of

the experiment in the study area.

Phenological Period Period of the Year
Eto

(mm)
VPD
(kPa)

Rain-Fall
(mm)

Tamax
(◦C)

Tamed
(◦C)

Tamin
(◦C)

Solar Rad.
(W m−2)

Year 2018
Budburst-fruit set 15 April–14 June 265 0.98 78 23.7 16.7 8.8 268
Fruit set-veraison 15 June–31 July 291 2.00 0.1 32.8 24.6 14.4 328
Veraison-harvest 1 August–20 September 219 1.39 57 31.0 23.76 16.43 229

Postharvest 21 September–31 October 97 0.77 26.8 23.8 16.5 9.93 165
Dormancy period 1 November–14 April 289 0.52 126.3 17.03 8.3 0.60 147

Total/annual average 1161 1.13 288.2 25.67 19.97 10.03 227
Year 2019
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Table 1. Cont.

Phenological Period Period of the Year
Eto

(mm)
VPD
(kPa)

Rain-Fall
(mm)

Tamax
(◦C)

Tamed
(◦C)

Tamin
(◦C)

Solar Rad.
(W m−2)

Budburst-fruit set 15 April–14 June 280 1.06 119 24.2 16.9 8.6 280
Fruit set-veraison 15 June–31 July 280 2.04 1.4 32.9 24.5 14.2 313
Veraison-harvest 1 August–20 September 219 1.43 170 30.5 23.3 15.7 234

Postharvest 21 September–31 October 95 0.79 39 25.0 16.9 9.3 180
Dormancy period 1 November–14 April 261 0.45 289 16.7 9.34 2.75 133

Total/annual average 1135 1.15 618 25.9 18.2 10.10 228
Year 2020

Budburst-fruit set 15 April–14 June 255 1.06 27 25.1 17.7 9.3 264
Fruit set-veraison 15 June–31 July 266 1.92 6 33.2 24.6 14.4 316
Veraison-harvest 1 August–20 September 231 1.71 6 32.2 23.5 13.8 258

Postharvest 21 September–31 October 99 0.99 9 24.5 15.2 5.8 181
Dormancy period 1 November–14 April 261 0.45 233 16.6 9.0 2.2 135

Total/annual average 1112 1.23 281 26.3 18.0 9.10 231
Year 2021

Budburst-fruit set 15 April–14 June 253 0.94 113 24.3 17.1 9.2 259
Fruit set-veraison 15 June–31 July 247 1.75 53 32.1 23.8 13.8 306
Veraison-harvest 1 August–20 September 206 1.63 3 32.3 24.1 15.5 234

Postharvest 21 September–31 October 94 0.79 16 24.8 17.2 10.05 162
Dormancy period 1 November–21 March 173 0.48 201 16.2 8.06 0.80 120

Total/annual average 973 1.12 386 25.94 18.05 9.87 216

Fruit set-veraison 15 June-31 July 291 2.00 0.1 32.8 24.6   14.4 328 

Veraison-harvest 1 August-20 
Sept. 219 1.39 57 31.0 23.76 16.43 229 

Postharvest 21 sept.-31 Oct. 97 0.77 26.8 23.8 16.5 9.93 165 
Dormancy period 1 Nov-14 April 289 0.52 126.3 17.03 8.3 0.60 147 

Total/annual average  1161 1.13 288.2 25.67 19.97 10.03 227 
         

Year 2019         
Budburst-fruit set 15 April-14 Jun. 280 1.06 119 24.2 16.9 8.6 280 
Fruit set-veraison 15 June-31 July 280 2.04 1.4 32.9 24.5 14.2 313 

Veraison-harvest 1 August-20 
Sept. 219 1.43 170 30.5 23.3 15.7 234 

Postharvest 21 sept.-31 Oct. 95 0.79 39 25.0 16.9 9.3 180 
Dormancy period 1 Nov.-14 April 261 0.45 289 16.7 9.34 2.75 133 

Total/annual average  1135 1.15 618 25.9 18.2 10.10 228 
         

Year 2020         
Budburst-fruit set 15 April-14 Jun. 255 1.06 27 25.1 17.7 9.3 264 
Fruit set-veraison 15 June-31 July 266 1.92 6 33.2 24.6 14.4 316 

Veraison-harvest 1 August-20 
Sept. 231 1.71 6 32.2 23.5 13.8 258 

Postharvest 21 sept.-31 Oct. 99 0.99 9 24.5 15.2 5.8 181 
Dormancy period 1 Nov.-14 April 261 0.45 233 16.6 9.0 2.2 135 

Total/annual average  1112 1.23 281 26.3 18.0 9.10 231 
         

Year 2021         
Budburst-fruit set 15 April-14 Jun 253 0.94 113 24.3 17.1 9.2 259 
Fruit set-veraison 15 June-31 July 247 1.75 53 32.1 23.8 13.8 306 

Veraison-harvest 1 August-20 
Sept. 206 1.63 3 32.3 24.1 15.5 234 

Postharvest 21 sept.-31 Oct. 94 0.79 16 24.8 17.2 10.05 162 

Dormancy period 1 Nov-21 
March 173 0.48 201 16.2 8.06 0.80 120 

Total/annual average  973 1.12 386 25.94 18.05 9.87 216 

 

A B 

C D 

Figure 1. (A). Experimental vineyard showing Monastrell vines from clone 373 under control

treatment in July 2020. (B). Monastrell vines from clone 360 under water stress in July 2020.

(C). Monastrell vines from clone 4 under water stress in July 2020. (D). Monastrell vines from

clone 372 under water stress in July 2020.

Crop evapotranspiration (ETc = Eto × Kc) was estimated using varying crop coefficients
(Kc)—based on those proposed by the FAO, adjusted for the Mediterranean area— and
reference evapotranspiration (ETo) values (Table 1). The applied Kc values were 0.35 in April,
0.45 in May, 0.52 in June, 0.75 in July–mid August, 0.60 in mid-August–early September, and
0.45 in mid-September–October. The ETo was calculated weekly from the mean values of the
preceding 12–15 years, using the Penman Monteith-FAO method and the daily climatic data
collected in the meteorological station (Campbell mod. CR 10X) located at the experimental
vineyard and belonging to the Servicio de Información Agraria de Murcia (SIAM, IMIDA).

Each clone was irrigated from April to October using high-frequency drip irrigation
(2–5 times per week during the late evening, depending on the phenological period),
applying an optimized regulated deficit irrigation (RDI) strategy throughout the year
(Control treatment) and a severe deficit irrigation strategy where no irrigation was applied
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from the fruit set to the end of the cycle (Stress treatment, Table 2). All of the clones of each
treatment were irrigated with similar annual water volumes, applying the same control
and DI strategy from 2018 to 2020 (Table 2). In 2021, irrigation was optimized in each clone
according to the physiological and agronomic results obtained in the three previous years,
and a different annual irrigation water volume was applied to each clone (Table 2). The
amount of water applied in the orchard was measured with flow meters (model MFSM-L,
Hidroconta, Murcia, Spain). Water was applied by one pressure-compensated emitter per
plant (2 L h–1) with one drip-irrigation line per row. All of the clones received the same
annual amount of organic fertilizer (liquid organic matter–amino acid complex/compost,
50 L ha−1 month−1), supplied through the irrigation drip system from April to August. In
the stressed vines, fertilizer was applied directly into the soil when irrigation was cut.

Table 2. Water volume applied for each treatment (control and stress) in each phenological period

and total for every year of the experiment (2018–2021). Treatments: C: control; S: stress.

Period 2018–2020 Year 2021

Clone All Clones (avg.) 4 94 188 276 360 372 373

Treatment C S C S C S C S C S C S C S C S
Budburst-fruit set 25.9 23.3 11.7 0 11.7 0 11.7 0 20.9 24.3 36.2 31.3 22.8 23.8 20.9 23.5
Fruit set-veraison 27.3 0 15.2 0 15.1 0 15.2 0 27.0 0 46.9 0 29.5 0 27.0 0
Veraison-harvest 20.6 0 12.2 0 12.1 0 12.2 0 21.7 0 37.7 0 23.7 0 21.7 0

Post-harvest 10.5 0 4.1 0 4.1 0 4.1 0 7.3 0 12.6 0 7.9 0 7.3 0
Total (mm) 84.3 23.3 43.2 0 42.9 0 43.2 0 76.8 24.3 133.4 31.3 83.8 23.8 76.8 23.5

A completely randomized design was used in the vineyard with two factors: Clone
(7 clones) and Irrigation conditions (control and stress treatments), with 15 repetitions per
combination. Therefore, each clone had 15 control vines and 15 stressed vines arranged in
the same trellis row (Figure 1). Due to its small size and to the high soil homogeneity (there
were no significant differences in soil characteristics, such as texture, organic matter, pH, or
cation exchange capacity), the experimental design was elaborated without repetitions of
complete blocks. To cut off irrigation in plants with stress treatment, a key in the drip line
was provided to open or close when irrigation or drought had to be applied. Inter-row and
under-vine weeds were removed mechanically during the season, soil management was no
tillage, and vineyard management and all of the phytosanitary treatments were applied
following the rules of organic production.

2.2. Vine Water Status, Leaf Gas Exchange and Leaf Hydraulic Conductivity

In 2020 and 2021, the stem water potential (Ψs) (and occasionally, leaf water poten-
tial, Ψl) was determined monthly from the beginning of the fruit set (June) until harvest
(September). Six to eight healthy, fully exposed, and expanded mature leaves from the
main shoots in the middle-upper part of the vine canopy were taken per clone-treatment
combination. Leaves were enclosed in aluminium foil and covered with plastic at least
2 h before midday measurement. Ψs was measured at noon (12:00–13:30 p.m., local time)
using a pressure chamber (Model 600; PMS Instrument Co., Albany, OR, USA). In 2020 and
2021, leaf gas exchange rates were measured monthly between 09:00 and 10:30 a.m. (early
morning) and between 12:15–13:45 p.m., local time (midday), from June to September on se-
lected clear and sunny days. Measurements were made on leaves that were similar to those
used for the stem water potential measurements (one leaf on each of six or eight vines per
clone–treatment combination, depending on the year). Gas exchange rates were measured
with a portable photosynthesis measurement system (LI-6400, Li-Cor, Lincoln, NE, USA)
equipped with a broadleaf chamber (6.0 cm2). During measurements, leaf temperature was
between 23–37 ◦C, leaf-to-air vapor pressure deficit was between 1.4–5.3 kPa, and relative
humidity was 30–50%. Molar air flow rate inside the leaf chamber was 500 µmol mol–1.
All of the measurements were taken at a reference CO2 concentration similar to am-
bient (400 µmol mol–1) and at a saturating photosynthetic photon flux density (PPFD)
of 1500 µmol m–2 s –1.
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Conductance from stem to leaf (Kleaf) was estimated with the evaporative flux method,
using the following equation [23]:

Kleaf = Emax/(Ψs − Ψl)

where Ψs is the midday stem water potential in a non-transpiring leaf, Ψl is the midday leaf
water potential in a transpiring leaf, and Emax is the maximum transpiration rate (measured
between 12:00–16:00 p.m.). Gradient of water potential in the leaves (∆Ψ) was calculated as
the difference between Ψl and Ψs.

2.3. Isotope Carbon Composition

In September, in 2019 and 2020, before harvest, dry, powdered berry samples were
packed in tin capsules and analyzed with isotope ratio mass spectrometry (Continuous
Flow Isotope Ratio Mass Spectrometer, Micromass Isoprime, EuroVector SpA, Milan, Italy),
according to [24]. The 13C:12C ratios were expressed in δ notation [25].

2.4. Leaf Mineral Analysis

Leaf samples were collected at the end of July (veraison) in 2018, 2019, 2020, and
2021 for mineral analysis. About 12 leaves per plant from the main shoots (5th or 6th leaf
starting from the top of the shoot) were collected from 6 vines per clone and treatment.
They were washed, dried at 65 ◦C for 48 h, and milled. After plant tissue was digested,
ashes were dissolved in HNO3, and K, Mg, Ca, Na, P, Fe, Mn, Zn, and B were analyzed with
an inductively coupled plasma optical emission spectrometer (Varian MPX Vista, Palo Alto,
CA, USA). Nitrogen concentration was determined with a LECO FP-428 protein detector.

2.5. Main Shoot Length and Total Leaf Area

TLA per plant was measured once a year (from 2018 to 2021) at the end of July
(veraison) and was estimated by selecting 5 representative main shoots per vine and
calculating their average shoot length in 6–8 vines per clone–treatment combination. Total
shoot length was measured with a tape measure. The total number of main shoots per vine
was also recorded each year, at the end of July, in the same vines. Total leaf area (TLA)
per vine was estimated using a non-destructive method: a first order polynomial linear
equation relating main shoot length (SL) to total leaf area (TLA) of the main shoot for the
rootstock 110R: TLA (cm2) = −1227 + 37.3SL, r = 0.96 *** [26]. TLA per plant was estimated
by multiplying the average shoot leaf area by the total number of main shoots of the vine.

2.6. Yield Response, WUE, and Sink/Source Ratios

Each year at harvest (from 2018 to 2021), yield components were measured for 15 vines
per clone-treatment combination. Harvest date was in accordance with the grower’s
practice in the area, when ◦Brix reached 23.0–24.0. Yield per vine, number of clusters
per vine, cluster weight, berry number per cluster, and berry weights were calculated.
Vegetative growth and productive data of the different years were used to calculate several
vine vigor indices and sink/source ratios, such as yield/pruning weight, TLA/yield, and
TLA/pruning weight. The productive water use efficiency (WUEyield) was expressed as

the mass of fresh grapes produced per m3 of applied water. Photosynthetic nitrogen use
efficiency (NUEph) (ratio of photosynthesis rate to nitrogen content in the leaf) was also
calculated [27].

2.7. Berry Composition and Berry Quality Index

Samples of mature berries were collected from each grapevine in September 2018,
2019, 2020, and 2021, when maturity was around 23–24 ◦Brix (coinciding with harvest)
and transported to the laboratory. Harvest dates were determined on the basis of weekly
analyses of grape composition total soluble solids (TSS) and acidity during the ripening
period. Samples consisted of 800–900 g of berries, randomly collected from different clusters
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in each vine. Berries were crushed by an automatic blender (Coupe 550 G T), avoiding seed
breakage. A first sub-sample of this crushed sample of grapes was centrifuged, and the
juice was used for the analysis of pH, TSS (Digital Brix refractometer, HI 96801, Hanna
Instruments, Smithfield, RI, USA) solutes per berry (g), titratable acidity, and organic acids
(tartaric and malic), as described in detail in [26]. Yeast available nitrogen content (YAN) of
must was also measured in 2021 using the Sörensen method [28]. A second sub-sample
was used for the phenolic potential determination of the grapes, calculated according to
the method described by [29] and [30]. We also calculated the berry quality indices (QIs) in
Monastrell grapevines described by [26,31].

2.8. Microvinifications

Microvinifications (3 per clone) were performed at the end of the experiment in 2021.
When there were enough grapes (>20 kg of grapes), microvinifications were carried out.
This was only possible in five clones (in the control treatment): 4, 94, 276, 372, and 188.
Then, grapes were weighted, destemmed, crushed, and distributed in 30-L tanks. Tanks
were introduced in a cool room (4 ◦C) for 3–4 days to produce cryofermentation. After
that, we removed the tanks from the cool room to increase their temperature, and selected
yeasts (Sacharomyces cerevisiae, Laffort, DSM. Servian, France, 10 g of dry yeast/100 kg of
grapes) were added to all of the vinifications. After this, all of the steps were conducted
at 23 ± 1 ◦C during alcoholic fermentation (ALF). Throughout the pomace contact period
(13 days), the cap was punched down twice a day, and temperature and must density were
recorded. Later, a light pressing was carried out and wine was collected, deposited again
in the tanks, and left to stand for a few days (6 days). After that, malolactic fermenta-
tion was started, applying 200 mL of wine lees and maintaining a temperature between
17–18 ◦C. After 20 days, wines were cleaned, protected with sulphurous (8 g SO2/100 kg
grapes) and tartaric acids to correct the acidity, and bottled (750 mL) for a posterior analysis.
They were analyzed at the end of the malolactic fermentation.

2.9. Wine Chemical Composition

Color intensity (CI) was calculated as the sum of the absorbances at 620 nm, 520 nm,
and 420 nm [32]. CIELab parameters (lightness, L*; redness-greenness, a*; yellowness-
blueness, b*) were determined by measuring the transmittance of the wine every 10 nm
from 380 to 770 nm, using the D65/10◦ for the illuminant/observer, with 0.2-cm path
length glass cells. The chroma (C*) and hue angle (h*) were calculated by the formulae
C* = (a*2 + b*2)1/2 and h* = (tan−1 b*/a*). Total anthocyanins and total phenols were
measured spectrophotometrically, following the methods described by [33] and [34], re-
spectively. Wine quality index (QI) was calculated as it was previously described [31].
Anthocyanins and flavonol derivatives in wine samples were directly analyzed by HPLC-
UV-VIS (mod. 1260, Agilent Technologies, Santa Clara, CA, USA). Chromatograms were
recorded at 360 nm for flavonols and 520 nm for anthocyanins, according to the methodol-
ogy described by [35]. Resveratrol was extracted with ethyl acetate, as described by [36].
Tannin levels were measured using methylcellulose as a precipitant, according to [37]. Total
free amino acids in wines were determined by the AccQ Tag-ultra Ultra Performance Liquid
Chromatography (UPLC) method (Waters, 2006, Waters, Milford, MA, USA), as described
in detail in [38].

2.10. Determination of Volatile Aromatic Compounds in Wines

Analysis of volatile compounds in wines was performed by solid-phase microextrac-
tion (SPME) and gas chromatography-mass spectrometry, according to [39]. For the isola-
tion of volatile compounds by SPME, a divinylbenzene-carboxen-polydimethylsiloxane
50/30 microns (DVB/CAR/PDMS) fibre was used. For the analysis of wine volatile com-
pounds, 10 mL of wine, 3 g of sodium chloride, and 25 µL of the internal standard (2-octanol;
100 µg/L) were added to the same vial. The vial was loaded onto a Gerstel autosampling
device (Gerstel GmbH & Co.KG, Mellinghofen, Germany). The program of the autosam-
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pling device consisted in swirling the vial at 500 r.p.m. for 15 min at 40 ◦C, then inserting
the fibre into the headspace for 30 min at 40 ◦C, and thereupon transferring the fibre to the
injector for desorption at 260 ◦C for 5 min. The conditions of the gas chromatograph and
the mass spectra can be found in [39]. Injections were conducted in the splitless. MS was
operated in electron ionization mode at 70 eV and in SCAN mode with the transfer line to
the MS system maintained at 230 ◦C. Peak identification was carried out by comparing mass
spectra with those of the mass library (Wiley 6.0) (Wiley Chichester, UK) and comparing
the calculated retention indices with those published in the literature. The compounds
that were positively identified were quantitatively analyzed by total ion current using the
calibration curves proposed for each sample. All of the samples were analyzed in triplicate.

2.11. Statistical Analysis

Data were analyzed using analysis of variance (ANOVA) procedures, and means were
separated by Duncan´s multiple range test, using Statgraphics v. 5.1 software (Statistical
Graphics Corporation, Warrenton, VA, USA). A two-way ANOVA procedure was used to
discriminate the effects of clone and irrigation treatment and their interaction. Linear and
non-linear regressions were fitted using SigmaPlot 11.0 (Systat, Richmond, CA, USA).

3. Results

3.1. Period 2018–2020 All of the Clones Were Irrigated Using the Same Irrigation Strategy and
Water Volume

3.1.1. Vine Water Status and Leaf Gas Exchange

Clones 4, 94, and 188 maintained a better vine water status (measured by Ψs) and a
greater gradient of water potential (∆Ψ) in the leaves (4 and 188) than clones 360, 372, and
276 (Table 3). This was also reflected in significantly greater rates of daily leaf gas exchange
(A, gs, and E) maintained during the growing season, especially in clone 4, followed by
clones 94 and 188, compared to clones 360, 372, or 276. These differences were more
accentuated during the post-veraison period. In addition, Ci was also significantly higher
in clones 4 and 94 (pre-veraison, 2020) and clones 4, 94, and 188 (post-veraison, 2020)
compared to the rest of the clones (especially clones 372 and 360 with lower gs and Ci)
(Table 3). Moreover, high-vigor clones (especially clone 4) were significantly more efficient
in the photosynthetic nitrogen use (NUEph) than low-vigor clones, and particularly clone
360, which showed the lowest NUEph (Table 3).

Clone 4 was the least efficient in water use at the leaf level (lower A/gs, A/E), especially
during the post-veraison period (2020), compared to 94 and 188 and even to the rest of the
clones. In contrast, clone 360, the most water-stressed (followed by 372 and 276), showed
the highest A/gs and A/E (post-veraison, 2020). In addition, carbon isotopic (δ13C) in berries,
a surrogate parameter that acts as an indicator of long term WUE, was also significantly
lower (more negative) in vines from clone 4 than in vines from other clones (Table 3).
Conversely, clones 360, 372, and 276 showed the highest values of δ

13C in berries (in 2019
and 2020). There were significant negative linear relationships between A/gs, WUEyield,

A/gs, and yield (Figure 2A–D), between WUEyield and δ
13C (Figure 2E,G), and between

yield and δ
13C (Figure 2F), and a significant positive linear relationship between A/gs and

δ
13C (Figure 2E).
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Table 3. Average values of Ψs, midday stem water potential (MPa), Ψl, leaf water potential (MPa), early morning leaf gas exchange parameters measured during pre-

and post-veraison periods for each clone, irrigation treatment and their interaction (clone × irrigation treatment) for years 2020 and 2021. Mean values of 13C isotope

discrimination (δC13; ‰) measured at harvest in berries from different combinations of clones-irrigation treatment in 2019 and 2020. Photosynthetic nitrogen use

efficiency (NUEph) measured for each clone and irrigation treatment in 2020.

Year 2020

Pre-veraison period (June-July) Post-veraison period (August-September) (2019) (2020) (2020)

Clone Ψs A gs Ci E A/gs A/E Ψl Ψs ∆Ψ A gs Ci E A/gs A/E
δC13

(berry)
δC13

(berry)
NUEph

4 −0.92c 17.1b 0.185b 182b 4.35 105a 5.04 −1.41 −0.99d 0.50b 14.84c 0.236d 249c 5.14d 65a 2.94a −27.1a −27.0a 10.51c
94 −0.99bc 17.9b 0.181b 179b 4.22 106a 5.06 −1.55 −1.15bcd 0.36a 13.62c 0.181c 230b 4.28c 78b 3.31b −26.4ab −25.9b 9.18bc
188 −1.01b 16.8ab 0.158ab 165ab 3.79 116ab 5.37 −1.62 −1.11cd 0.53b 14.33c 0.185c 228b 4.41c 79b 3.31b −25.9b −25.7b 9.02bc
276 −1.05b 16.7ab 0.148ab 157ab 3.58 121ab 5.29 −1.58 −1.28abc 0.29a 11.04b 0.121b 204a 3.18ab 98cd 3.62bc −25.7bc −24.1c 8.21ab
360 −1.18a 14.2a 0.116a 137a 3.11 137b 5.49 −1.57 −1.35a 0.29a 8.84a 0.087a 197a 2.50a 105d 3.67c −24.7d −24.7c 6.45a
372 −1.07b 15.6ab 0.129a 143a 3.38 132b 5.54 −1.59 −1.30ab 0.28a 10.50ab 0.117b 202a 3.12ab 100cd 3.61bc −24.9cd −24.2c 7.87ab
373 −1.03b 15.9ab 0.143ab 160ab 3.70 120ab 5.16 −1.41 −1.08d 0.31a 11.41b 0.129b 209a 3.44b 94c 3.54bc −25.8bc −25.0bc 7.84ab

Treatment
Control −1.02 16.92 0.162 168 3.95 114 5.16 −1.52 −1.16 0.37 12.73 0.159 219 3.90 87 3.43 −25.9 −25.5 8.72
Stress −1.05 15.68 0.141 153 3.51 125 5.40 −1.55 −1.20 0.37 11.43 0.143 215 3.55 90 3.42 −25.7 −24.9 8.16

ANOVA
Clone **** * *** *** ns ** ns ns **** **** **** **** **** **** **** **** **** **** ****

Treatment ns * * ** ns ** ns ns ns ns *** * ns * ns ns ns ** ns
Interaction ns ns ns ns ns ns ns ns ns ns *** ** ** ** *** ns ns ns ns

Year 2021

Pre-veraison period (June-July) Post-veraison period (August-September)

Clone Ψs (June) Ψs (July) A gs Ci E A/gs A/E Ψs A gs Ci E A/gs A/E

4 −0.59a −0.98 20.2b 0.33c 241b 7.83c 61a 2.61 −0.96b 14.24d 0.142c 190 3.47c 103a 4.16
94 −0.67ab −1.00 18.3ab 0.25ab 224a 6.69b 74b 2.80 −1.05ab 10.45bc 0.090b 157 2.43b 129b 4.62
188 −0.71b −1.03 18.7ab 0.27b 230ab 6.95bc 69ab 2.73 −1.01ab 11.20c 0.096b 170 2.61b 120ab 4.40
276 −0.74b −1.11 17.0a 0.23ab 219a 6.06ab 79b 2.85 −1.10a 7.04a 0.055a 143 1.59a 142b 4.78
360 −0.76b −0.99 16.3a 0.21a 219a 5.59a 80b 3.06 −0.98b 8.56ab 0.081ab 175 2.19ab 120ab 4.25
372 −0.72b −1.06 17.1a 0.23ab 217a 5.98ab 80b 2.91 −1.03ab 9.26abc 0.075ab 153 2.08ab 133b 4.57
373 −0.69b −1.04 18.0ab 0.25ab 224a 6.29ab 75b 2.91 −1.00b 9.63bc 0.081ab 168 2.21ab 123ab 4.47

Treatment
Control −0.68 −0.94 18.1 0.26 227 6.65 72 2.80 −0.96 10.22 0.092 171 2.45 121 4.36
Stress −0.72 −1.12 17.8 0.25 222 6.32 76 2.88 −1.08 9.89 0.085 159 2.29 128 4.56

ANOVA
Clone ** ns ** **** ** **** *** ns ** **** **** ns **** ** ns

Treatment ns **** ns ns ns ns ns ns **** ns ns ns ns ns ns
Interaction ns ns ns ns ** ns * ns *** ** ns ns ns ns ns

Abbreviations and units: A, leaf net photosynthesis rate (µmol m−2 s−1); gs, stomatal conductance (mol m−2 s−1); E, leaf transpiration rate (mmol m−2 s−1); Ci, intercellular CO2

concentration (mmol mol−1); A/gs, intrinsic leaf water use efficiency (µmol mol−1); A/E, instantaneous leaf water use efficiency (µmol mmol−1); nitrogen use efficiency (NUEph, µmol

m−2 s−1/mol N kg−1 DW). “ns” not significant; *, **, ***, and **** indicate significant differences at the 0.1, 0.05, 0.01, and 0.001 levels of probability, respectively. In each column and for
each factor or interaction, different letters indicate significant differences according to Duncan’s multiple range test at the 95% confidence level.
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Figure 2. (A) Relationship between average A/gs measured from fruit set to harvest in the morning,

and productive WUE in 2020. (B) Relationship between average A/gs measured from fruit set to

veraison in the morning and midday, and yield at harvest in 2020. (C) Relationship between average

A/gs measured in the morning at pre-veraison period, and productive WUE (WUEyield) in 2021.

(D) Relationship between average A/gs measured in the morning at pre-veraison period, and

yield in 2021. (E) Relationship between average A/gs measured during the whole season (pre-

and post-veraison period, early morning and midday) and carbon isotopic δ
13C in berries in 2020.

(F) Relationship between yield at harvest and carbon isotopic δ
13C in berries in 2020. (G) Relationship

between WUEyield and carbon isotopic δ
13C in berries in 2020. Each point represents the measurement

in a single vine for the different clones and under control and stress conditions. *, indicate significant

differences at the 0.1 levels of probability.

Generally speaking, taking into account the average of two years, Ψs was not signif-
icantly affected by water stress, except for two clones (4 and 276), which showed a signif-
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icantly higher Ψs under water stress compared to their controls (Figure 3A). In the oth-
erclones, Ψs did not change substantially under water stress compared to the control.
Thesignificant and positive linear relationship between ∆Ψ in the leaves and leaf transpira-
tion (similar in control and stress vines) suggests that, in general, vines with a greater E
were associated with a greater leaf ∆Ψ (Figure 3B). However, this positive relationshipwas
only significant in clones 276 and 372 (Figure 3C). In addition, there were no signifi-cant
differences in Kleaf among clones (Figure 3C).
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Figure 3. (A) Differences in midday stem water potential (Ψs) between control and stress treat-

ments for each clone during post-veraison periods (average data from two years: 2020 and 2021).

(B) Significant linear relationship between leaf transpiration rate (E) and ∆Ψ (Ψl-Ψs) measured at

midday during post-veraison in 2020. * p < 0.05. In (B), points represent data from all of the clones.

(C) Significant relationships between gradient of water potential in the leaves and leaf transpira-

tion measured at midday for each clone, during post-veraison period in 2020 (20th August 2020).

In (C), each single point is a single measurement made in the same leaf in a vine. Kleaf was calculated

in August 2020 for each clone using the evaporative flux method (see Material and methods). ns, not

significant, * p < 0.1, ** p < 0.05, *** p < 0.01.
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Essentially, the stress treatment significantly decreased leaf gas exchange (A, gs, Ci) and
increased A/gs in all of the clones during the pre-veraison period in 2020 (Table 3). However,
during post-veraison, significant interactive effects in gas exchange parameters (A, gs, Ci, E,
A/gs) indicated different leaf gas exchange regulation under water stress, depending on the
clone (Table 3). Therefore, during post-veraison, vines from 276 and 373, under water stress,
showed a significant decrease in A, gs, and E and an increased A/gs at the early morning
compared to their control vines (Figure 4A–D). In the same way, at midday, clone 276 under
WS had a strong decrease in A, gs, and E (38–52%) and an enhanced A/gs (38%) compared
to its control. Other clones, such as 373 and 188, also restricted their leaf gas exchange at
midday, but to a lesser extent; between 16% and 9.5% on average, respectively (significantly
lower gs in 188 under WS compared to their Control) (Figure 4E–H). In other clones, there
were no significant differences in leaf gas exchange between control and stress vines at the
early morning or midday.
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Figure 4. Significant interactive effects of the clone and irrigation treatment on leaf gas exchange

parameters measured at early morning and midday during the post-veraison in 2020. Different letters

indicate significant differences according to Duncan´s multiple range test at the 95% confidence level.

The significant relationships found between midday stem water potential (Ψs) and leaf
gas exchange parameters (Figure 5) revealed that: (1) in general, low-vigor clones had lower
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Ψs than high-vigor clones (minimum around −1.7 MPa vs. 1–3 MPa, respectively); the
point cloud is always leftmost (Figure 5A); (2) for the same Ψs, high-vigor clones showed a
greater leaf gas exchange (A, E, gs) and lower (A/gs) than low-vigor clones, and this was
accentuated by severe water stress (gs and A/gs) (Figure 5A,C,E,G); (3) clone 4 maintained
greater gs for the same Ψs value, compared to the rest of the clones (Figure 5B); (4) clone
4 maintained greater gs when WS developed (lower slope); in contrast, in clones 188 and
373, leaf gas exchange decreased sharply when water stress developed (higher slope)
(Figure 5B,D,F); (5), while clone 4 practically did not enhance A/gs under WS, clone 373 and
mainly clone 360 linearly enhanced it when WS developed (Figure 5H). For values above
−1.3 MPa, an abrupt rise in A/gs was observed.
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Figure 5. Significant relationships between midday stem water potential (Ψs) and leaf gas exchange

parameters measured at midday (12:15–13:45 p.m.) for high (4, 94, and 188) and low/moderate-vigour

clones (276, 360, 372, and 373) (A,C,E,G) and for each clone (B,D,F,H) during the post-veraison period

(August) in 2020. Each point represents a single measurement of Ψs and leaf gas exchange made in

the same vine. ns, not significant; * p < 0.05.
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The analysis of regulation of daily leaf gas exchange from the early morning to midday
also showed that A and gs decreased more in clone 276 (16% and 18%, respectively) and
in clone 94 (12% and 19%, respectively) compared to the rest of the clones (Figure 6). In
addition, in these clones, E increased less from the early morning to midday (22–23%)
compared to the rest of the clones (between 35–55%). These clones also showed a slightly
greater increase in A/gs at midday compared to the rest of the clones, where A/gs decreased
at midday (Figure 6). The analysis of the behavior of E (from the early morning to midday)
for each clone under control and WS conditions also revealed different daily regulation of
water use at a leaf level, with clones 4 and 188 showing significant increases at midday
in E under control and water stress (Figure S1, supporting information), compared to the
rest of the clones (with no significant differences). In addition, clones also had different
seasonal regulation (from pre-veraison to post-veraison) of leaf gas exchange, with vines
from clones 4 and 188 showing a lower seasonal stomatal regulation (significantly lower
decrease in A and enhanced gs and E) compared to the rest of the clones (especially
276 and 360), where A, gs, and E decreased substantially as the summer progressed
(Tables S1 and S2, supporting information). This is also supported by the positive lin-
ear relationship between E and the daily atmospheric vapour pressure deficit (VPD) during
the season (Figure 7); this relationship was similar in all of the clones, except in clone 276,
where E increased linearly as atmospheric VPD intensified during the summer in control
irrigated vines, but it increased less in water stressed vines (less steep slope) (Figure 7A).
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Figure 6. Differences between mean values of leaf gas exchange rates measured at early morning and

midday for each clone during the post-veraison in 2020. Vertical bars represent the standard errors.

ns, not significant; * p < 0.1, ** p < 0.05, *** p < 0.01, **** p < 0.001. Separation was made by Duncan’s

multiple range test at the 95% confidence level.



Agronomy 2023, 13, 433 15 of 39

atmospheric VPD (kPa)
2.0 2.5 3.0 3.5 4.0 4.5

Control
Stress

Clone 360

atmospheric VPD (kPa)
2.0 2.5 3.0 3.5 4.0 4.5

Control
Stress

Clone 372E F

Control
Stress

Clone 188 CControl
Stress

Clone 94 B

atmospheric VPD (kPa)
2.0 2.5 3.0 3.5 4.0 4.5

E
 (m

m
ol

 m
-2

 s-1
)

0

2

4

6

8 Control
Stress

Clone 373 G

r =0.81*

r =0.77*

r =0.79*

r =0.79*

r =0.72*

r =0.72*

r =0.75*

r =0.75*

r =0.85*

r =0.85*

E
 (m

m
ol

 m
-2

 s-1
)

0

2

4

6

8
Control
Stress Clone 4 A

r =0.69*

r =0.69*

E
 (m

m
ol

 m
-2

 s-1
)

0

2

4

6

8 Control
Stress Clone 276 D

r =0.80*

r =0.75*

. 

− −

− −

− −

Figure 7. Relationships between atmospheric vapour pressure deficit (VPD) and leaf transpiration

rate (E) for each irrigation treatment in the different clones. Data from daily measurements of VPD

and E measured at the same time (from early morning to afternoon) during the growing season (from

July to September) in 2020. * p < 0.05.

There were significant relationships between gs and A (positive, Figure 8A) and gs

and A/gs (negative, Figure 8C) at the early morning and at midday. Moreover, a detailed
analysis of these relationships indicated that for the same value of gs (between 0.10 and
0.30 mol m−2 s−1), clone 4 had a lower A than clones 276, 188, or 372, over all at higher
gs (>0.15 mol m−2 s−1) (Figure 8B). In addition, for the same gs value, clone 4 also showed
a lower A/gs compared to other clones; this effect was more accentuated with a low gs

(Figure 8D). In addition, there were significant relationships between stomatal conductance
(gs) and intercellular CO2 concentration (Ci) for each clone, except for clone 4, which
showed an unchanged Ci for a wide range of gs (from 0.35 to 0.15 mol m−2 s−1) at the early
morning, compared to the rest of the clones, where Ci decreased linearly as stomatal closure
occurred (Figure 8E). This effect was more accentuated at midday, with clone 4 showing
a lower slope (significant relationship), while in clones 276 and 372, Ci decreased most
quickly as stomatal closure occurred (higher slope) (Figure 8F).
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Figure 8. (A). Significant relationships between A and gs at early morning and midday during

post-veraison in 2020. (B). Significant relationships between gs and A for each clone in the morning

(including early morning and midday) during post-veraison in 2020. (C). Significant relationships

between gs and A/gs at early morning and midday during post-veraison in 2020. (D). Significant

relationships between gs and A for each clone in the morning (including early morning and midday)

during post-veraison in 2020. (E,F). Significant relationships between stomatal conductance (gs) and

intercellular CO2 concentration (Ci), for each clone at early morning (9:00–10:30 a.m.) and midday

(12:30–14:00 p.m.), respectively. Each single point is the average of three measurements made in

different dates in the leaves of the same vine under control and stress conditions during post-veraison

in 2020. * p < 0.1; ** p < 0.05, *** p < 0.01; **** p < 0.001.
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3.1.2. Leaf Mineral Nutrition

Leaf mineral analysis for the period 2018–2020 revealed that clone 276 had a signifi-
cantly enhanced concentration of K and a decreased concentration of Mg compared to the
rest of the clones (Table 4). Moreover, clone 360 had a significantly increased leaf Mg and Cu
content compared to the other clones. Clones 360 and 4 also had a significantly increased
leaf B content compared to the rest of the clones. In general, WS enhanced B concentration
in leaves. Moreover, the analysis of the significant clone × treatment interaction indicated
that WS significantly decreased leaf N and Mg content in clone 276 compared to their
control, while K and Mg leaf content was increased by WS in clone 360. In contrast, WS
decreased leaf K content in clones 373 and 188 (Table 4).

Table 4. Leaf nutrient concentrations of Monastrell grapevines at veraison for each clone, irrigation

treatment, and the interaction (clones × irrigation treatment) during the 3-year period 2018–2020. N,

P, K, Ca, and Mg are expressed as % in DW, and Fe, Cu, Mn, Zn, and B as ppm.

3-Year Period (2018–2020)

Clone N P K Ca Mg B Fe Cu Mn Zn

4 2.31 0.107 0.62a 2.03 0.31b 56.0c 71.1a 11.4a 103.9ab 21.3
94 2.30 0.111 0.65a 2.06 0.34b 44.8b 82.9ab 8.9a 94.5abc 20.7

188 2.35 0.112 0.63a 2.12 0.34b 41.8ab 87.1ab 8.5a 86.2a 20.8
276 2.14 0.114 0.73b 1.93 0.28a 44.1ab 98.9b 8.5a 100.6abc 23.3
360 2.19 0.112 0.60a 2.09 0.38c 51.9c 79.2ab 19.4b 111.5bcd 24.9
372 2.19 0.107 0.62a 1.99 0.33b 37.1a 73.9a 10.8a 126.6d 24.5
373 2.18 0.106 0.63a 1.97 0.32b 39.9ab 69.2a 8.0a 117.0cd 21.1

Treat.
Control 2.26 0.111 0.64 2.03 0.33 43.2 81.5 10.9 103.5 22.0
Stress 2.21 0.109 0.63 2.02 0.33 47.0 79.1 10.6 108.0 22.7

Clone × Treat.
4 Control 2.30b 0.106 0.61abc 1.86 0.30b 48.3 64.8 11.4 102.8 20.1

Stress 2.31b 0.108 0.63abcd 2.19 0.32bc 63.7 77.4 11.3 105.1 22.5
94 Control 2.25b 0.106 0.62abc 2.11 0.32bc 44.5 89.2 9.3 105.3 20.3

Stress 2.36b 0.116 0.67bcd 2.02 0.36cde 45.2 76.7 8.6 83.7 21.0
188 Control 2.35b 0.113 0.69cd 2.02 0.32bc 39.3 95.4 7.8 88.2 23.2

Stress 2.34b 0.112 0.57ab 2.22 0.36cde 44.3 78.9 9.2 84.2 18.4
276 Control 2.35b 0.119 0.74d 1.95 0.33bc 44.3 90.4 9.0 87.6 22.0

Stress 1.93a 0.109 0.72cd 1.90 0.24a 43.9 107.4 7.9 113.7 24.6
360 Control 2.22b 0.116 0.53a 2.19 0.39e 50.5 82.9 19.6 114.7 24.6

Stress 2.16ab 0.108 0.67bcd 1.99 0.38de 53.4 75.5 19.2 108.3 25.1
372 Control 2.20ab 0.109 0.63abc 2.14 0.31bc 35.8 75.4 10.6 116.8 22.6

Stress 2.18ab 0.104 0.61abc 1.85 0.35bcde 38.4 72.3 10.9 136.3 26.4
373 Control 2.19ab 0.107 0.69cd 1.97 0.32bc 39.7 72.7 8.8 109.0 21.1

Stress 2.18ab 0.105 0.57ab 1.96 0.33bcd 40.1 65.8 7.2 125.0 21.1

ANOVA
Clone ns ns ** ns **** **** ** **** *** ns

Treatment ns ns ns ns ns ** ns ns ns ns
Interaction * ns *** ns *** ns ns ns ns ns

“ns” not significant; *, **, ***, and **** indicate significant differences at the 0.1, 0.05, 0.01, and 0.001 levels of
probability, respectively. In each column and for each factor or interaction, different letters indicate significant
differences according to Duncan’s multiple range test at the 95% confidence level.

3.1.3. Vegetative Development and Yield Response

In the 3-year period (2018–2020), the most vigorous (greater TLA, pruning weight, and
shoot length) and productive (higher yield) clones were 94, 188, and 4, in this order, and
the least vigorous and productive was clone 360 (Table 5). The most productive clones also
showed the highest WUEyield. All of the yield parameters were significantly affected by the
clone, with clones 188 and 94 showing the highest number of clusters, cluster weight, and
berry size compared to the rest of the clones, and clone 360 displaying the lowest values of
these yield parameters and the lowest WUEyield. In addition, sink/source ratios indicated
that clone 276, followed by 360 and 373, showed the highest TLA/yield ratios, and 188 and
94, the lowest ratios (Table 5). Furthermore, TLA/pruning weight ratio were lower in
clones 276 and 94 compared to 372 and 373 (with the highest values) (Table 5). The analysis
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of the interaction indicated that under WS, yield was significantly reduced between 33–54%
in clones 372, 276, and 373 (in this order) compared to their controls, mainly due to a
lower number of clusters per vine (373), and a lower berry weight (372, 276) (Figure 9A–C,
Table 5). Moreover, total leaf area decreased more under WS in clone 372, followed by
373, 276, and 188, significantly enhancing TLA/yield ratio (276) and TLA/pruning weight
ratio (372, 373) (Figure 9E–G). The WUEyield significantly increased under WS in high-vigor
clones (4, 94, and 188) and in low-vigor clone 372, compared to their controls, reaching a
very high WUEyield of >40 kg m−3 (4, 94, 188) (Figure 9D).

Table 5. Average annual values of yield components at harvest for each clone, irrigation treat-

ment, and the interaction (clone × irrigation treatment) during the experimental period (2018–2021):

WUEyield (productive water use efficiency, kg m−3). Average values of vegetative development

parameters (main shoot length, total leaf area –TLA- and pruning weight) for each clone, irriga-

tion treatment, and the interaction (clone × irrigation treatment) during the experimental period

(2018–2021).

3-Year Period (2018–2020)

Clone
Yield

(kg vine−1)
Number of

clusters

Cluster
weight

(g)

Number of
berries per

cluster

Berry
weight (g)

WUEyield

(kg m−3)

Main shoot
length
(cm)

TLA
(m2

vine−1)

Pruning
weight

(kg vine−1)

Ravaz index
(kg kg−1)

TLA/yield

(m2 kg−1)

TLA/Pruning
weight

(m2 kg−1)

4 2.59bc 13.50bc 168bc 121 1.71cd 25.31c 87c 2.34bc 0.25bc 13.05 1.02ab 9.45ab
94 3.47d 14.92bc 216d 128 1.79d 29.99c 83c 2.23bc 0.31c 12.27 0.78a 8.70a

188 3.15cd 15.40c 199cd 132 1.78d 28.78c 85c 2.47c 0.29c 13.70 0.81a 9.39ab
276 2.22b 12.51bc 156ab 112 1.60bc 17.16b 74b 2.14bc 0.26bc 10.12 1.44b 8.99a
360 1.17a 8.38a 125a 112 1.19a 10.02a 56a 1.02a 0.10a 13.54 1.21ab 9.54ab
372 2.32b 12.84bc 165bc 121 1.48b 19.15b 73b 1.87b 0.19b 14.18 0.96ab 12.12b
373 2.23b 12.21b 165bc 109 1.60bc 16.66b 67b 1.37a 0.22bc 11.61 1.21ab 11.9b

Treat.
Control 2.83 13.71 185 124 1.69 11.80 80 2.18 0.28 13.19 0.92 9.08
Stress 2.08 11.93 156 114 1.50 30.22 70 1.65 0.19 12.09 1.20 10.94

ANOVA
Clone **** **** **** ns **** **** **** **** **** ns ** **
Treat. **** ** *** ns **** **** **** **** **** ns ** **

Interact. ns ** ns * **** **** *** ns ns ns *** ****

Year 2021

Clone
Yield

(kg vine−1)
Number of

clusters

Cluster
weight

(g)

Number of
berries per

cluster

Berry
Weight

(g)

WUEyield

(kg m−3)

Main shoot
length
(cm)

TLA
(m2

vine−1)

TLA/yield

(m2 kg−1)

4 2.04bc 12.64b 145cd 100bcd 1.57b 21.53b 72b 1.57c 0.78a
94 2.62c 14.41b 171d 123d 1.53b 24.59b 56ab 1.25bc 0.54a

188 2.28bc 13.75b 150cd 112cd 1.46b 20.72b 60ab 1.16abc 0.75a
276 1.61abc 13.44b 95ab 65a 1.53b 10.14a 52a 1.12abc 1.61b
360 0.59a 7.34a 79a 76ab 1.09a 3.31a 46a 0.34a 0.73a
372 1.40ab 10.30ab 129bc 81ab 1.43b 9.46a 50a 0.64ab 0.49a
373 1.58abc 11.46ab 126bc 89abc 1.57b 11.59a 60ab 1.39bc 0.95a

Treat.
Control 2.23 13.92 142 99 1.53 13.00 63 1.49 0.76
Stress 1.23 9.90 114 86 1.39 15.95 50 0.65 0.91

ANOVA
Clone *** ** **** *** **** **** ** * ***
Treat. *** *** ** ns ** ns *** **** ns

Interact. ns ns ns * ns ns ns ns ***

“ns” not significant; *, **, ***, and **** indicate significant differences at the 0.1, 0.05, 0.01, and 0.001 levels of
probability, respectively. In each column and for each factor or interaction, different letters indicate significant
differences according to Duncan’s multiple range test at the 95% confidence level.

3.1.4. Berry and Must Quality Parameters

The analysis of technological berry quality (period 2018–2020) revealed that high-vigor
clones had significantly higher berry weight (188, 94), total acidity (4), malic acid (4, 94,
and 188) and a higher juice percentage (94) than low-vigor clones (Table 6). In contrast,
high-vigor clones had significantly lower pH (94), IM (4), and tartaric/malic ratio (4, 94,
and 188) than low-vigor clones. Moreover, the lowest productive and vigorous clone (360)
also showed the lowest berry weight and juice % and the highest TSS, pH, and tartaric acid,
compared to the rest of the clones (Table 6). There was also a significant effect of WS in most
of the berry technological parameters (decreasing berry weight, pH, malic acid, and juice
%, and increasing tartaric acid and tartaric/malic ratio), but this depended on the clone
(Table 6). There were significant interactive effects (clone × treatment) in berry weight
(decreasing by WS in 372 and 276), pH (decreasing by WS in 188), malic acid (decreasing
by WS in 360 and 188), and tartaric/malic ratio (increasing by WS in 360, 276, and 188).
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Figure 9. Significant interactive effects of clone and irrigation treatment in yield (yield, no. clusters

per vine, no. berries per cluster and WUEyield), vigour parameters (total leaf area), and sink-source

ratios (TLA/yield, TLA/pruning weight). Values are the average of three years: 2018–2020. Arrows

indicate the percentage of reduction with regards to their controls. Different letters indicate significant

differences according to Duncan’s multiple range test at the 95% confidence level. In (A) and (E), we

also did a unifactorial analysis (ANOVA) for each clone, looking for significant differences between

control and stress treatment. ns, not significant. * p < 0.05; ** p < 0.01; ***, p < 0.001, according to

Duncan’s multiple range test at the 95% confidence level.
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Table 6. Average annual values of berry technological quality at harvest for each clone, irrigation

treatment, and the interaction (clones × irrigation treatment) during the 3-year period 2018–2020. TSS

(total soluble solids, ◦Brix), titratable acidity (g tartaric acid L−1), IM (maturity index, ◦Brix/Titratable

acidity), tartaric acid (g L−1), and malic acid (g L−1).

3-Year Period (2018–2020)

Clone
Berry

Weight
TSS pH

Total
Acidity

IM
Tartaric

Acid
Malic
Acid

Tartaric/Malic% Juice % H2O

4 1.71cd 22.9ab 4.04abc 3.99b 5.82a 3.34a 1.81c 1.88a 67.5bc 76.3
94 1.79d 22.5a 3.96a 3.74ab 6.08ab 3.46a 1.53b 2.33b 69.5c 75.6

188 1.74d 23.3ab 4.00ab 3.77ab 6.23abc 3.46a 1.43b 2.68b 67.3bc 74.7
276 1.54b 23.1ab 4.07bc 3.73a 6.44bc 3.50a 1.15a 3.27cd 66.7b 74.8
360 1.19a 23.8b 4.19d 3.82ab 6.12abc 4.06b 1.41b 3.09c 55.2a 73.8
372 1.48b 23.1ab 4.00ab 3.55a 6.58c 3.47a 1.10a 3.18cd 66.0b 74.9
373 1.60bc 23.1ab 4.11cd 3.60a 6.46bc 3.56a 1.10a 3.44d 65.0b 75.4

Treat.
Control 1.66 22.9 4.08 3.73 6.18 3.45 1.47 2.53 66.7 75.1
Stress 1.49 23.3 4.03 3.75 6.32 3.65 1.25 3.15 63.9 75.0

Clone × Treat.
4 Control 1.66bc 23.0 4.05cd 3.91 5.92 3.29 1.79d 1.80a 68.7 77.2

Stress 1.77bc 22.9 4.03bcd 4.07 5.73 3.39 1.83d 1.96ab 66.3 75.5
94 Control 1.84c 22.6 4.02bc 3.67 6.23 3.52 1.58bcd 2.26abc 70.8 75.2

Stress 1.74bc 22.4 3.91ab 3.80 5.94 3.41 1.49bc 2.41bcd 68.2 76.0
188 Control 1.83c 23.4 4.13cde 3.83 6.08 3.36 1.73cd 2.04ab 67.7 74.5

Stress 1.64bc 23.1 3.88a 3.71 6.38 3.55 1.13a 3.32ef 67.0 74.8
276 Control 1.78bc 22.9 4.05ce 3.70 6.43 3.32 1.31ab 2.69cd 69.5 74.4

Stress 1.31a 23.4 4.10cde 3.76 6.45 3.68 0.99a 3.84f 64.0 75.2
360 Control 1.28a 23.3 4.16de 3.73 5.88 3.80 1.57cd 2.75cd 57.2 74.5

Stress 1.10a 24.3 4.23e 3.91 6.35 4.32 1.26ab 3.44ef 53.1 73.0
372 Control 1.65bc 22.8 4.01abc 3.62 6.42 3.35 1.21a 2.89de 67.7 75.1

Stress 1.30a 23.3 3.99abc 3.48 6.75 3.59 1.00a 3.47ef 64.3 74.7
373 Control 1.61b 22.6 4.13cde 3.67 6.30 3.48 1.12a 3.30ef 65.5 75.0

Stress 1.59b 23.6 4.09cde 3.54 6.62 3.64 1.08a 3.59f 64.4 75.8

ANOVA
Clone **** * **** ** *** **** **** **** **** ns

Treatment **** ns ** ns ns ** **** **** *** ns
Interaction **** ns ** ns ns ns ** *** ns ns

“ns” not significant; *, **, ***, and **** indicate significant differences at the 0.1, 0.05, 0.01, and 0.001 levels of
probability, respectively. In each column and for each factor or interaction, different letters indicate significant
differences according to Duncan’s multiple range test at the 95% confidence level.

Low-vigor clones also showed higher color intensity (373, 276, 360), seed maturity index,
and tannins concentration (360) than high-vigor clones (94, 4) (Table 7). It is noted that high-
vigor clone 188 had also a significantly higher polyphenol content compared to 94 or 372, and
a similar polyphenol content than 360. Moreover, WS increased anthocyanins concentration
in the must, compared to control, but this depended on the clone. Therefore, clones 372 and
94 under WS increased the concentration of total anthocyanins, and clone 360 under WS
increased polyphenol content compared to their controls (Table 7). In addition, global berry
quality indices (QI) calculated for the period 2018–2020 revealed that WS (compared to the
control) significantly enhanced berry quality, regardless of the clone, but the improvement in
QIoverall berry was greater in low-vigor clones (276 (48%) > 372 (25%) > 360 (24%) > 373(13%))
compared to high-vigor clones (188 (20%)> 94 (19%) > 4(10%)) (Table 8).
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Table 7. Average annual values of berry phenolic quality at harvest for each clone, irrigation

treatment, and the interaction (clones × irrigation treatment) during the 3-year period 2018–2020.

Total anthocyanins (mg L−1), extractable anthocyanins (mg L−1), polyphenols content (mg L−1), TPI

(total phenol index), AE index (anthocyanin extractability index, %), and SM index (seed maturity

index, %).

3-Year Period (2018–2020)

Clone
Colour

Intensity
Tone

Total
Antho-
cyanins

Extractable
Antho-
cyanins

Polyphenols
Content

TPI AE Index SM Index
Tannins
(mg L−1)

4 5.0a 0.94 740 341 39.6ab 19.9 52.9 65.4ab 3.39ab
94 5.4ab 0.97 704 340 36.8a 18.1 51.3 62.7a 3.51ab

188 5.3ab 0.95 761 335 45.3b 21.4 56.1 68.4bc 4.34b
276 6.7d 0.97 682 288 38.2ab 17.7 56.9 64.2ab 3.55ab
360 6.2cd 1.06 671 321 42.2ab 21.0 53.4 72.0c 7.39c
372 5.8bc 0.94 607 343 34.0a 19.8 55.3 67.0abc 3.58ab
373 6.9d 0.95 606 347 38.6ab 20.6 55.0 67.9abc 2.72a

Treat.
Control 5.7 0.99 621 307 38.1 19.2 54.2 66.9 3.98
Stress 6.0 0.94 745 355 40.4 20.3 54.6 66.7 4.16

Clone × Treat.
4 Control 4.7 0.94 680abc 351 43.8bcd 19.0 51.4 65.4 3.66

Stress 5.2 0.95 799bc 330 35.4abc 20.8 54.3 65.5 3.12
94 Control 5.7 1.01 535ab 277 34.2ab 19.0 50.1 66.9 3.24

Stress 5.0 0.93 872c 404 39.4abcd 17.2 52.6 58.6 3.78
188 Control 5.3 0.99 714bc 335 44.6cd 21.0 54.8 67.6 4.55

Stress 5.2 0.91 808bc 335 46.0cd 21.8 57.4 69.2 4.13
276 Control 5.8 1.01 733bc 261 35.2abc 15.7 58.0 62.6 3.61

Stress 7.5 0.93 631abc 315 41.3abcd 19.7 55.8 65.7 3.50
360 Control 6.0 1.00 594abc 274 34.4abc 22.8 52.8 73.2 6.85

Stress 6.5 1.12 767bc 368 50.0d 19.2 54.1 70.7 7.93
372 Control 5.6 0.99 405a 306 37.7abcd 19.2 52.7 65.8 2.99

Stress 6.0 0.88 809bc 379 30.4a 20.5 57.8 68.1 4.17
373 Control 6.8 1.01 683abc 343 36.9abcd 18.1 59.8 66.9 2.98

Stress 7.0 0.89 528ab 351 40.3abcd 23.1 50.2 68.9 2.46

ANOVA
Clone **** ns ns ns ** ns ns *** ****

Treatment ns ns ** * ns ns ns ns ns
Interaction ns ns ** ns ** ns ns ns ns

“ns” not significant; *, **, ***, and **** indicate significant differences at the 0.1, 0.05, 0.01, and 0.001 levels of
probability, respectively. In each column and for each factor or interaction, different letters indicate significant
differences according to Duncan’s multiple range test at the 95% confidence level.

Clone 360 increased mineral content in the must (K, Ca, Mg, P, B, Mn, and Zn) com-
pared to the rest of the clones (Table 9). In contrast, high-vigor clones (94 and 188) had the
lowest mineral concentration, especially for K, Ca, P, Zn in clone 94 and Mn and Zn in clone
188. In general, WS significantly increased the concentration of P and B and decreased Cu
in the must compared to the control. In addition, significant interactive effects also showed
that low-vigor clones 276 under WS increased Ca, Mn, P, Zn, 372 under WS increased Mg,
Mn, and B and decreased Cu, and 360 and 373 under WS increased B and P, respectively,
compared to their controls. In contrast, in high-vigor clones 188, 4, and 94, WS significantly
decreased K, Mn, and P, respectively, compared to their controls (Table 9).
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Table 8. Average annual values of berry technological quality index (QI technological berry), berry

phenolic quality index (QI phenolic berry), and overall berry quality index (QI overall berry) cal-

culated for Monastrell grapes at harvest for each clone, irrigation treatment, and the interaction

(clones × irrigation treatment) during the 3-year period 2018–2020 and in year 2021.

3-Year Period (2018–2020) Year 2021

Clone QItechnological berry QIphenolic berry QIoverall berry QItechnological berry QIphenolic berry QIoverall berry

4 6.2 5.2 11.5 5.3 4.8abc 10.1ab
94 6.1 5.2 11.3 3.6 4.1ab 7.8a

188 6.7 5.4 12.1 3.8 3.7a 7.5a
276 6.7 5.5 12.2 5.3 6.2bc 11.5b
360 6.5 7.1 13.6 4.4 7.1c 11.5b
372 6.8 5.6 12.4 4.6 4.7abc 9.3ab
373 6.7 6.0 12.7 4.2 5.1abc 9.3ab

Treat.
Control 5.9 5.1 11.1 4.2 4.3 8.5
Stress 7.1 6.3 13.4 4.7 5.9 10.5

Clone × Treat.
4 Control 5.9 5.0 10.9 6.20b 4.4 10.6bcde

Stress 6.5 5.5 12.0 4.40ab 5.2 9.6abcde
94 Control 5.7 4.5 10.3 3.75ab 3.3 7.2abc

Stress 6.4 5.9 12.3 3.50ab 4.8 8.3abcde
188 Control 5.8 5.2 11.0 4.40ab 4.0 8.4abcde

Stress 7.5 5.6 13.2 3.20a 3.3 6.6a
276 Control 5.9 4.3 10.2 3.60ab 4.4 8.0abcd

Stress 7.5 6.7 14.2 7.00b 8.0 15.0e
360 Control 5.8 6.4 12.2 4.75ab 7.0 11.8de

Stress 7.3 7.8 15.1 4.00ab 7.3 11.3cde
372 Control 6.3 4.7 11.0 3.60ab 3.0 6.6a

Stress 7.3 6.4 13.7 5.60b 6.4 12.0e
373 Control 6.1 5.8 11.9 2.80a 4.0 6.8ab

Stress 7.3 6.1 13.4 5.50b 6.3 11.8de

ANOVA
Clone ns ns ns ns * **

Treatment *** *** **** ns ** ***
Interaction ns ns ns ** ns ***

“ns” not significant; *, **, ***, and **** indicate significant differences at the 0.1, 0.05, 0.01, and 0.001 levels of
probability, respectively. In each column and for each factor or interaction, different letters indicate significant
differences according to Duncan’s multiple range test at the 95% confidence level.

3.2. Year 2021 Optimization of the Irrigation Water Volume for Each Clone

3.2.1. Vine Water Status and Leaf Gas Exchange

There were no clear differences in vine water status among clones (high-vigor vs.
low-vigor) during 2021 (Table 3). However, it is noted that clone 4 (irrigated with less
water than low vigor clones, Table 2), maintained a higher Ψs than the rest of the clones
during the pre-veraison period in June and the post-veraison period in August (compared
to 276). Moreover, leaf gas exchange in clone 4 was also significantly higher than in the
rest of the clones during the growing season (even compared to high-vigor clones 188 and
94, irrigated with the same low water volume). This was specially accentuated during the
post-veraison period (Table 3). In contrast, A/gs was significantly lower in clone 4 compared
to the rest of the clones (pre-veraison) and clones 94, 276, and 372 (post-veraison).

Conversely, the lowest-vigor clone 360, irrigated with more water volume during the
growing season in 2021 (between 85% more water than clones 372, 373, and 276 and 209%
more than 4, 94, and 188), maintained a vine water status, leaf gas exchange, and WUEleaf

similar to more irrigated clones, except for clone 4 (Table 3). In addition, clone 276 main-
tained a greater water stress and lower leaf gas exchange and higher WUEleaf (A/gs) during
the growing season compared to other clones (especially in the post-veraison period).

3.2.2. Leaf Mineral Nutrition

The leaf mineral analysis in 2021 did not reveal great differences in leaf mineral
nutrition (Table S3, supporting information). Therefore, clone 276 had a significantly higher
leaf K concentration than 360, 372, 94, and 4, and a lower concentration of Mg (related to
360 and 188) and Mn (related to 373). In addition, WS enhanced leaf Zn concentration (276)
compared to their control and significantly decreased the leaf Fe concentration (360 and 94)
and Cu concentration (372, Table S3, supporting information).
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Table 9. Average annual values of mineral composition of must at harvest for each clone, irrigation

treatment, and the interaction (clones × irrigation treatment) during the 3-year period 2018–2020.

Data are expressed as mg L−1.

3-Year Period (2018–2020)

Clone K Ca Mg P B Cu Mn Zn

4 1951c 69.4b 90.9bc 83.1ab 10.6a 0.286 0.84b 0.212ab
94 1604a 58.6a 85.7ab 75.7a 10.0a 0.257 0.77ab 0.193a

188 1744ab 66.3ab 87.6ab 80.3ab 10.3a 0.264 0.65a 0.177a
276 1791bc 64.9ab 83.4a 111.4c 10.3a 0.278 0.86b 0.222ab
360 2325d 83.1c 96.4c 112.6c 13.8b 0.318 1.17c 0.246c
372 1744ab 64.1ab 87.3ab 92.0b 10.5a 0.256 1.09c 0.211ab
373 1823bc 62.8ab 84.3a 93.9b 10.4a 0.243 0.83b 0.182a

Treat.
Control 1889 65.7 88.4 88.2 9.9 0.289 0.89 0.197
Stress 1821 68.4 87.5 97.3 11.8 0.255 0.89 0.216

Clone × Treat.
4 Control 1938de 71.8de 93.2cd 76.1ab 8.7a 0.277bc 0.97de 0.217bc

Stress 1965e 66.9cd 88.5abc 90.0bcd 12.5d 0.295bc 0.72abc 0.208abc
94 Control 1707abcde 62.7abcd 90.2abc 87.5bc 9.7ab 0.268bc 0.87bcde 0.182ab

Stress 1500a 54.4a 81.3a 64.0a 10.2bc 0.247abc 0.67ab 0.204abc
188 Control 1922de 64.3abcd 86.6abc 83.9bc 9.5ab 0.291bc 0.73abc 0.184ab

Stress 1566ab 68.4cd 88.6abc 76.7ab 11.1bcd 0.237ab 0.58a 0.170ab
276 Control 1687abcd 55.3ab 84.1ab 80.7abc 9.8ab 0.262abc 0.68ab 0.143a

Stress 1895cde 74.5def 82.7ab 142.0f 10.7abcd 0.294bc 1.03def 0.300d
360 Control 2329f 85.3f 99.5d 111.0e 12.1cd 0.330c 1.26f 0.256cd

Stress 2321f 80.9ef 93.3bcd 114.2e 15.5e 0.305bc 1.09ef 0.236bcd
372 Control 1823bcde 62.1abcd 81.0a 98.0cde 9.0ab 0.332c 0.92cde 0.223bc

Stress 1665abc 66.0bcd 93.5cd 86.0bc 12.0cd 0.179a 1.27f 0.200abc
373 Control 1815bcde 58.3abc 84.0ab 79.9abc 10.2abc 0.261abc 0.78abcd 0.172ab

Stress 1832bcde 67.4cd 84.7abc 108.0de 10.6abcd 0.225ab 0.88bcde 0.192abc

ANOVA
Clone **** **** **** **** **** ns **** **

Treatment ns ns ns *** **** ** ns ns
Interaction ** *** ** **** **** ** **** **

“ns” not significant; **, ***, and **** indicate significant differences at the 0.1, 0.05, 0.01, and 0.001 levels of
probability, respectively. In each column and for each factor or interaction. Different letters indicate significant
differences according to Duncan’s multiple range test at the 95% confidence level.

3.2.3. Vegetative Development and Yield Response

In general, in 2021, there was a clear reduction in vegetative development and yield
response in all of the clones (Table 5), probably associated with the lower water volume
applied in some clones and a lower and anomalous rainfall in this year (Table 1). Despite
being irrigated with less water, high-vigor clones (94, 188, and 4) maintained a signifi-
cantly higher yield (number of clusters, cluster weight, number of berries per cluster) and
WUEyield than low-vigor clones (276, 360, 373, 372). Compared to irrigated vines, yield
reduction in high-vigor clones under stress (rainfed conditions) was around 43% (4), 24%
(94), and 17% (188). In low-vigor clones, yield reduction under WS was between 21% (373)
and 93% (276) compared to the control (data not shown).

Vegetative development (main shoot length and TLA) was also higher in high-vigor
clones (especially in clone 4), compared to low-vigor clones (Table 5). Clone 360 was again
the least vigorous (lower TLA, and SL) and productive (lower yield, number of clusters,
berry weight) when compared to other clones. Clone 276 had a significantly enhanced
TLA/yield ratio compared to the rest of the clones, particularly under WS, as a consequence
of a drastic yield reduction. In general, in 2021, WUEyield decreased in all clones compared
to the average 2018–2020, due to reduced yield (Table 5). However, in high-vigor clones
(in the control treatment), WUEyield was substantially increased by 100% (4), 43% (94), and
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36% (188), compared to the average of other years (2018–2020, in the control treatment), as
a consequence of a decreased irrigation water volume in 2021. In low-vigor clones, except
for clone 276 under WS, where WUEyield decreased drastically, in clones 372, 373, and 360,
WS also enhanced WUEyield by 34% (372), 158% (373), and 165% (360) compared to their
controls (data not shown).

3.2.4. Berry and Must Quality Parameters and Oenological Potential

In 2021, there were no significant differences in pH, total acidity, IM, and juice %
among clones (Table 10). Moreover, vines from clone 360 (irrigated with more water in
2021, Table 2) showed a significantly lower berry weight and water percentage and a higher
concentration of tartaric and malic acids and YAN than the rest of clones. High-vigor
clones (4, 94, and 188), despite being irrigated with less water, showed a similar berry
weight, a higher % water, and a lower TSS (188, 94) and tartaric/malic ratio (clone 4) than
low-vigor clones (Table 10). WS also decreased berry weight, juice, and water percentages
in a significant way compared to the control, but some of these effects depended on the
clone. For example, WS significantly decreased the berry water percentage only in clones
276 and 372, and the juice percentage only in clone 276. Moreover, under stress conditions,
clone 360 had significantly more malic acid than clones 372, 373, and 94 (Table 10).

Table 10. Average annual values of berry technological quality at harvest for each clone, irrigation

treatment, and the interaction (clone × irrigation treatment) during year 2021. TSS (total soluble

solids, ◦Brix), titratable acidity (g tartaric acid L−1), IM (maturity index, ◦Brix/ Titratable acidity),

tartaric acid (g L−1), and malic acid (g L−1), YAN (yeast available nitrogen).

Year 2021

Clone
Berry

Weight
TSS pH

Total
Acidity

IM
Tartaric

Acid
Malic
Acid

Tartaric/Malic% Juice % H2O
YAN

(mg L−1)

4 1.57b 22.4cd 3.95 3.36 6.5 2.77ab 2.18abc 1.22a 55.5 70.6bc 112a
94 1.53b 20.8a 4.16 3.30 6.4 2.66a 1.96abc 1.39ab 58.9 70.9c 115a
188 1.46b 21.2ab 4.07 3.21 6.5 3.12b 2.22bc 1.35ab 55.3 70.2bc 135a
276 1.53b 22.6d 4.01 3.05 7.4 2.68a 1.96abc 1.41ab 54.0 68.1a 90a
360 1.09a 22.1cd 4.19 3.26 6.9 3.63c 2.36c 1.61b 52.4 67.8a 196b
372 1.43b 22.0abc 4.09 3.23 7.0 2.95ab 1.78a 1.58b 56.9 69.4abc 110a
373 1.57b 22.2cd 4.13 3.26 6.9 2.99ab 1.82ab 1.59b 57.2 69.0ab 120a

Treat.
Control 1.53 21.7 4.09 3.28 6.6 2.95 2.09 1.42 57.1 70.0 123
Stress 1.39 22.1 4.08 3.20 7.0 3.00 1.98 1.48 54.3 68.8 128

Clone × Treat.
4 Control 1.62 23.1 3.91 3.29 6.7 2.91 2.35cd 1.26 56.8ab 70.2cde 110

Stress 1.52 21.7 4.00 3.43 6.4 2.63 2.00abcd 1.18 54.2ab 71.0de 114
94 Control 1.63 20.8 4.20 3.39 6.2 2.73 2.07abcd 1.29 58.7ab 70.7de 107

Stress 1.44 20.7 4.12 3.21 6.6 2.58 1.84abc 1.49 59.0b 71.2e 122
188 Control 1.52 21.4 4.10 3.41 6.0 3.02 2.28bcd 1.25 53.3ab 70.4cde 114

Stress 1.40 21.0 4.03 3.02 7.1 3.22 2.17abcd 1.44 57.2ab 70.0bcde 154
276 Control 1.55 21.4 4.12 3.04 6.9 2.75 2.06abcd 1.42 60.8b 70.8de 105

Stress 1.51 23.8 3.91 3.05 7.8 2.60 1.86abcd 1.40 47.2a 65.4a 75
360 Control 1.26 22.8 4.11 3.23 7.2 3.49 1.97abcd 1.80 55.3ab 67.4ab 196

Stress 0.93 21.5 4.27 3.30 6.5 3.77 2.75d 1.42 49.5a 68.1abc 196
372 Control 1.60 21.2 4.10 3.28 6.6 2.67 2.00abcd 1.46 59.0ab 71.0e 108

Stress 1.27 22.8 4.09 3.17 7.3 3.24 1.56a 1.70 54.8ab 67.7ab 113
373 Control 1.50 21.4 4.10 3.31 6.5 3.06 1.92abcd 1.46 55.9ab 69.7bcde 118

Stress 1.64 23.0 4.15 3.21 7.3 2.93 1.71ab 1.72 58.5ab 68.3abcd 122

ANOVA
Clone **** ** ns ns ns **** ** ** ns *** **

Treatment ** ns ns ns ns ns ns ns ** *** ns
Interaction ns ns ns ns ns ns ** ns ** ** ns

“ns” not significant; **, ***, and **** indicate significant differences at the 0.1, 0.05, 0.01, and 0.001 levels of
probability, respectively. In each column and for each factor or interaction. Different letters indicate significant
differences according to Duncan’s multiple range test at the 95% confidence level.

The analysis of mineral composition of the must in 2021 revealed that clone 360 had the
highest concentration of K, Ca, Mg, P, and Cu, and clone 276 had the highest concentration
of Zn, significantly higher than the rest of clones (Table S4). In contrast, clone 373 had the
lowest concentration of Ca and Mg. The significant interactions also indicated that WS
enhanced the concentration of Ca (360), Mg (360, 372), P and Zn (276), and B (372, 276, and
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4) compared to their controls. In contrast, WS significantly decreased Cu (372) and Zn (372,
and 188) (Table S4).

The lowest vigor/productive clone, 360, also had the highest concentration of polyphe-
nols, tannins, and TPI (Table 11). Indeed, seed maturity index was also the highest in this
clone. In clone 276, the concentration of total and extractable anthocyanins was the highest
this year. In contrast, clone 94 showed the lowest concentration of polyphenols and tannins
compared to the rest of the clones. WS decreased tone and enhanced the concentration of
total and extractable anthocyanins, polyphenol content, TPI, and tannins, although there
were significant interactive effects (clone × treatment). Therefore, WS decreased tone in
clones 372, 276, and 188, and enhanced the concentration of total anthocyanins in clone
276 and tannins in almost all of the clones (Table 11).

Table 11. Average annual values of berry phenolic quality at harvest for each clone, irrigation

treatment, and the interaction (clone × irrigation treatment) during year 2021. Total anthocyanins

(mg L−1), extractable anthocyanins (mg L−1), polyphenols content (mg L−1), TPI (total phenol index),

AE index (anthocyanin extractability index, %), and SM index (seed maturity index, %).

Year 2021

Clone
Colour

Intensity
Tone

Total
Antho-
cyanins

Extractable
Antho-
cyanins

Polyphenols
Content

TPI AE Index SM Index
Tannins
(mg L−1)

4 4.72 1.18ab 699a 459 43.8ab 16.1a 37.8 57.3a 4.77ab
94 5.09 1.31c 647a 353 39.8a 14.7a 44.2 63.1ab 3.31a

188 4.18 1.21abc 652a 364 46.1ab 16.3a 44.4 66.6bc 5.30ab
276 5.86 1.10a 1090b 495 54.6b 18.8a 52.9 61.9ab 5.10ab
360 5.05 1.15ab 756a 512 67.7c 22.9b 44.5 70.0c 7.59c
372 5.21 1.13a 724a 430 44.2ab 16.0a 39.3 64.7bc 5.53b
373 5.82 1.26bc 748a 486 49.1ab 17.7a 41.7 60.9ab 4.32ab

Treat.
Control 5.10 1.26 672 399 44.2 16.0 42.9 63.4 4.30

DI 5.16 1.13 846 486 54.5 19.0 44.2 63.6 5.96
Clone × Treat.

4 Control 4.81 1.17bcd 693ab 487 45.8 16.8 33.5 57.1 2.98
stress 4.63 1.15abc 704ab 431 41.8 15.3 42.1 57.4 6.56

94 Control 5.19 1.31d 578a 320 40.2 14.7 43.6 65.6 3.09
stress 4.99 1.27bcd 715ab 386 39.4 14.7 44.8 60.6 3.52

188 Control 4.38 1.29cd 687ab 348 44.6 15.5 49.5 67.0 4.88
stress 3.99 1.13ab 618a 380 47.6 17.0 39.3 66.2 5.71

276 Control 5.02 1.29cd 703ab 349 40.3 15.3 49.0 61.0 3.27
stress 6.69 0.91a 1477c 642 69.0 22.2 56.8 62.8 6.92

360 Control 5.78 1.15abc 784ab 507 58.8 20.8 41.9 66.1 5.65
stress 4.33 1.15abc 727ab 518 76.7 25.0 47.2 73.9 9.54

372 Control 4.94 1.21bcd 642ab 327 33.1 12.4 46.0 64.0 5.33
stress 5.47 1.06a 806ab 532 55.3 19.7 32.5 65.5 5.72

373 Control 5.60 1.29cd 619ab 456 46.5 16.4 36.8 62.8 4.87
stress 6.04 1.22bcd 876b 516 51.8 19.0 46.6 58.9 3.77

ANOVA
Clone ns *** *** ns *** *** ns **** **

Treatment ns **** *** ** *** ** ns ns ***
Interaction ns ** *** ns ns ns ns ns ns

“ns” not significant; **, ***, and **** indicate significant differences at the 0.1, 0.05, 0.01, and 0.001 levels of
probability, respectively. In each column and for each factor or interaction, different letters indicate significant
differences according to Duncan’s multiple range test at the 95% confidence level.

The berry quality indices in 2021 showed a significantly higher QItechnological berry

in clone 373 under WS than control (Table 8). Indeed, QIphenolic berry was the highest in
clone 360, followed by clone 276, and had its lowest values in clone 188. Additionally,
WS significantly enhanced QIphenolic berry, regardless of the clone. Moreover, QIoverall berry

significantly enhanced in clones 360 and 276, and had its lowest values in clones 188 and 94.
The significant interactive effects also revealed that WS enhanced QIoverall berry in low-vigor
clones (373, 372, and 276) between 75% and 88% compared to their controls, but not in high-
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vigor clones (4, 188, and 94, which were rainfed in 2021), showing a similar QIoverall berry

than their controls (Table 8).
The wine chemical composition and their chromatic characteristics were also signifi-

cantly affected by the clone in 2021 (Table 12). Thus, more productive and vigorous clones,
such as clone 4, showed the highest alcohol content, but lower pH, color intensity, total
anthocyanins and tannins, and a higher CIElab parameter L* compared to other clones.
Other productive clones, such as clone 188, showed the highest pH and total anthocyanins,
while clone 94 showed the lowest alcohol degree and CIElab parameter b*, and the highest
concentration of some amino acids (Tyr, Met, Val, Ile, Leu, and Phe) (Table 12). In contrast,
a moderate/low-vigor and productive clone such as 372 gave the highest color intensity, a*,
and total tannins (Table 12). In addition, the concentrations of several individual deriva-
tives of anthocyanins and flavonols were the highest in wines from clone 372 (quercetin
3-galactoside) and clone 4 (quercetin 3 glucoside + glucuronide, myricetin 3 glucoside +
glucuronide). Conversely, concentrations were the lowest in 94 wines (Table 12). Mineral
composition of wines also gave significant differences among clones, with clone 188 show-
ing the highest K and the lowest Fe and Cu contents, clone 372 presenting the highest P
and Na and the lowest Mg contents, and clone 4 with the highest concentration of Ca, Fe,
Na, Mn, and Zn (Table S5).

The analysis of volatile aromatic compounds (VOCs) in wines revealed that alcohols
and esters were the major groups in terms of the number and concentration of aromatic
compounds, followed by volatile fatty acids, terpenes, and norisoprenoids (Table 13). Wines
from clone 372 had the highest concentrations of total aromatic compounds, mainly alcohols
(2-methyl 1-propanol) and esters (ethyl acetate). Clone 4 also accumulated a high concen-
tration of VOCs (1-propanol, 1-hexanol, ethyl octanoate, 3-methyl tio 1-propanol, nerolidol,
octanoic acid) compared to other clones. On the other hand, wines derived from clone
188 had the lowest total concentration of aromatic compounds, with a lower concentration
of alcohols (2-methyl 1-propanol, 3-methyl 1-butanol, 1-hexanol) and a higher concentra-
tion of some esters (ethyl octanoate, ethyl dodecanoate, ethyl hexadecanoate), volatile fatty
acids (decanoic acid hexanoic acid), terpenes (linalool, citronellol), and norisoprenoids
(β-damascenone) compared to the rest of the clones (Table 13). Of the 17 odor-active
volatile compounds described for Monastrell wines that can have a significant contribution
to the Monastrell red wines aroma, 8 compounds were found in these wines (1-hexanol,
1-propanol, 2-phenylethanol, linalool, nerolidol, ethyl hexanoate, ethyl octanoate, ethyl
acetate), all of them above odor thresholds values.

Table 12. Average values of chemical parameters, chromatic characteristics, and phenolic and

aminoacidic composition of wines at the end of the malolactic fermentation for clones 372, 276, 188,

94, and 4 (under control conditions) in 2021.

Parameter 4 94 188 276 372 ANOVA

Technological parameters
Alcohol degree (◦) 12.45c 10.9a 11.25ab 11.2ab 11.55b ***

pH 3.32a 3.44b 3.57d 3.56d 3.48c ****
Glycerol (mg L−1) 9079 9630 8791 11015 10615 ns

Chromatic characteristics
Colour intensity 3.66a 3.99c 4.02c 3.8b 4.16d ****

L* 50.5d 49.1b 48.8a 49.3c 48.7a ****
Total phenol index (TPI) 26.70 24.90 25.81 25.95 29.48 ns

Total Anthocyanins (mg L−1) 55.7a 58.3abc 62.5c 56.5ab 61.4bc **
Antioxidant activity

(mM trolox)
13.75 13.20 14.49 16.36 14.63 ns

Total tannins
(mg catequin L−1)

970a 1007ab 1101bc 1092b 1190c ***

Anth./tan. ratio 0.058b 0.058b 0.057b 0.052a 0.052a ***
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Table 12. Cont.

Parameter 4 94 188 276 372 ANOVA
a* 31.85ab 31.62a 31.76ab 31.78ab 32.41b ns
b* 7.84c 5.68a 6.42b 9.53d 7.94c ****
C* 32.8 32.13 32.40 33.18 33.05 ns
h 13.83c 10.51a 11.42b 16.69d 13.90c ****

Polyphenol content 4 94 188 276 372 ANOVA
Quercetin 3-galactoside

(mg L−1)
0.22b 0.19a 0.24b 0.29c 0.36d ****

Miricetin 3-glucoside+
Miricetin 3-glucuronide

(mg L−1)
2.73c 2.0a 2.17a 2.43b 2.53b ****

Quercetin 3-glucuronide+
Quercetin 3-glucoside

(mg L−1)
2.7d 1.7a 2.03b 2.5cd 2.43c ****

Resveratrol
(mg L−1)

<0.10 <0.10 <0.10 <0.10 <0.10 -

Amino acid profile
(µmol ml−1)

4 94 188 276 372 ANOVA

His 28.1 31.5 28.2 24.8 25.2 ns
Ser 5.31b 5.32b 4.67b 1.77a 4.14b ***
Arg 1.64 2.65 2.27 1.42 1.44 ns
Gly 39.1 37.8 54.4 36.6 68.6 ns
Asp 1.71 1.76 2.06 1.27 1.72 ns
Glu 61.9 58.0 59.6 49.4 55.5 ns
Thr 28.9 26.2 27.9 22.8 25.9 ns
Ala 9.9 13.3 11.7 9.6 12.9 ns
Pro 79.9 79.2 82.8 64.2 75.2 ns
Cys 6.3 27.4 7.6 22.0 8.4 ns
Lys 42.6 37.4 43.1 35.3 42.1 ns
Tyr 2.61a 14.93c 11.48b 3.05a 4.23a ****
Met 5.08a 8.43b 5.16a 4.42a 4.06a **
Val 0.50a 2.50b 1.83b 0.33a 0.83a ****
Ile 0a 1.67c 1.00b 0a 0.33a ****

Leu 0.33a 1.67b 1.33b 0.33a 0.33a ***
Phe 0a 1.33c 1.0b 0a 0a ****

Total 314 351 346 277 331 ns

“ns” not significant; **, ***, **** indicate significant differences at the 0.1, 0.05, 0.01, and 0.001 levels of probability,
respectively. In each row and for each factor, different letters indicate significant differences according to Duncan’s
multiple range test at the 95% confidence level.

Table 13. Average values of aromatic compounds (concentration and composition) of wines at the

end of malolactic fermentation, for clones 372, 276, 188, 94, and 4 (under control conditions) in 2021.

Aromatic Compounds (mg L−1) 4 94 188 276 372 ANOVA

Ethyl acetate 103a 102a 117b 119b 139c ****
1-Propanol 52d 38a 42b 37a 47c ****

2-Methyl 1-propanol 103b 106b 88a 126c 138d ****
3-Methyl 1-Butanol acetate 0.66a 0.88b 0.63a 0.61a 0.81b ****

3-Methyl 1-butanol 160c 162c 119a 136b 156c ****
Ethyl hexanoate 2.49 2.42 2.48 2.40 2.37 ns

1-Hexanol 3.99d 3.28b 2.57a 3.90d 3.59c ****
Ethyl octanoate 1.19d 0.54b 1.14c 0.58b 0.44a ****

Linalool 0.013b 0.014b 0.014b 0.011a 0.013b ****
3-Methyl tio 1-propanol 3.49d 2.84b 2.85b 2.51a 3.18c ****

β-Damascenone 0a 2.18c 2.42d 2.09b 2.04b ****
Citronellol 0.019a 0.023b 0.025b 0.019a 0.023b ****

Ethyl dodecanoate 0.085c 0.063b 0.096d 0.059ab 0.054a ****
Hexanoic acid 9.09c 8.41a 9.25d 8.70b 8.46a ****

2-Phenyl ethanol 53b 44a 45a 46a 52b ****
Ethyl tetradecanoate 0.019 0.017 0.019 0.017 0.015 ns

Nerolidol 0.075c 0.041a 0.059b 0.062b 0.058b ****
Octanoic acid 1.90c 0.88a 1.46b 0.83a 0.97a ****

Ethyl hexadecanoate 8.29c 5.28a 8.45c 5.87b 5.61ab ****
Decanoic acid 0.14b 0.099a 0.13b 0.10a 0.11a ****

9-Decenoic acid 4.01d 4.00cd 3.99b 0a 3.99bc ****
ΣTotal (mg L−1) 499c 479b 438a 486bc 560d ****

“ns” not significant; **** indicate significant differences at the 0.1, 0.05, 0.01, and 0.001 levels of probability,
respectively. In each column and for each factor or interaction, different letters indicate significant differences
according to Duncan’s multiple range test at the 95% confidence level.

Taking into account the physiological and agronomical behavior of the clones under
irrigated and rainfed conditions during the 4-year period, we conducted a classification of
these Monastrell clones in accordance with three relevant aspects: (1) drought tolerance,
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(2) productive water use efficiency, and (3) berry and wine quality potential, looking for an
optimum balance among these three traits (Figure 10).

 

A 

B 

Figure 10. (A) Graphics representing changes in control of transpired water (E, leaf transpiration rate;

TLA, total leaf area) for each clone under control and stress conditions (A), WUEleaf (B) changes in

yield, WUEyield, TLA (total leaf area) and QIoverall berry (C) and increments and decrements for each

clone in yield, TLA, WUE and QI between control and stress treatments (irrigation treatments) (D)

Data average from three years. (B). Diagram showing a classification of clones according to three

criteria: tolerance to drought, productive water use efficiency, and quality of grapes and wines. Low-

vigour clones (372, 276) and high-vigour clone 188 showed an equilibrium among moderate/high

yield, drought tolerance, WUEyield, and high berry and wine quality.

4. Discussion

4.1. Traditional Monastrell Clones Show a High Variability in WUE

Our results show that the choice of the clone had a significant impact on the vine
water status, leaf photosynthesis, and vine water use, vigor, productivity, WUE, and
berry and wine quality of cv. Monastrell, indicating the existence of a great phenotypic
plasticity among traditional Monastrell clones in SE Spain and confirming the presence
of significant levels of intracultivar genetic diversity (a high variability) in this vari-
ety [21,22]. In the same way, a huge genetic variability between the clones with regards
to their agronomic behavior and berry and wine composition has been found in other
varieties (cvs. Tempranillo, Graciano, Sangiovese) [40,41]. Similarly, other studies demon-
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strated that even the few genetic differences existing among clones of the same cultivar
(i.e., cv. “Nebbiolo”) can affect the physiological and agronomical aptitudes of the grapevine
through fine transcriptional reprogramming events mainly linked to carbohydrate and
secondary metabolic changes [17].

Our results indicate a specific clone–rootstock interaction when comparing abiotic
stress tolerance (e.g., drought tolerance), water use efficiency, and oenological potential
in different cultivars, as it has been previously described [9,10]. It is important to note
that large differences in A, gs, and E (vine water use) were observed among Monastrell
genotypes (Table 3), which demonstrates that some genotypes present large fluxes of
CO2 and water, and others, low gas exchange fluxes, as observed in clones from other
varieties [12,13]. Therefore, clones also play an essential role in the water stress response
in grapevines.

Although the rootstock plays a central role in the improvement of water use efficiency
(WUE) [26], this study also shows a great variability in WUE among Monastrell clones at a
leaf level (WUEleaf) (average A/gs of 65–137 µmol mol−1, Table 3) and a plant level (average
WUEyield between 10–30 kg m−3, δ13Cberries, −24- -27 ‰, Tables 3 and 5), indicating that
intracultivar clones constitute a major source of variation in water use efficiency, as was
also observed in different varieties [11–15]. The most productive water use-efficient clones
(94 and 188, Table 5) showed very high WUEyield values (28–30 kg m−3), similar to the

highest found in cv. Gaglioppo in Italy (9–29 kg m−3) [42].
The values of WUEyield reported in field-grown deficit irrigated grapevines vary

widely depending on the rootstock and the edaphoclimatic and irrigation conditions [43].
In Monastrell vines grafted on different rootstocks in SE Spain, they ranged between
9–18 kg m−3 [26]. It is noticed that with the same irrigation water volume (around 80 mm
year−1, Table 2), and similar soil conditions, these traditional Monastrell clones (in the
control treatments) reached WUEyield values up to 14–16 kg m−3 (clones 188, 94, respec-
tively) (Figure 9D), substantially higher than those obtained from a commercial Monastrell
clone grafted on the same rootstock (110R) (10.47 kg m−3) and in the same experimental
and soil conditions [26]. Probably, more demanding climatic conditions in the 2012–2016
period in the rootstock experiment (VPD 1.00 kPa, ETo 1240 mm year−1 and a lower rainfall,
with 302 mm year−1) compared to the 2018–2021 period in the clone experiment (VPD
1.16 kPa, ETo 1095 mm year−1 and a higher rainfall, with 393 mm year−1) may also help
explain these differences in WUE. Moreover, the very high WUEyield (>40 kg m−3) reached
in high-vigor clones (94, 4, and 188) under WS (Figure 9D) indicates that these clones
are very productive with very little irrigation water (23 mm year−1, Table 2), suggesting
a greater drought tolerance and water use efficiency than in low-vigor clones. Future
research combining high-WUE drought tolerant rootstocks (e.g., 140Ru) [26] and these
high-WUE drought tolerant Monastrell clones (e.g., clones 4 or 188) under semi-arid-deficit
irrigation (DI)/rainfed conditions would be necessary, because it could reduce reliance on
supplemental irrigation and make vineyards more sustainable in semi-arid areas, even for
dry farming.

In spite of low water irrigation volumes (Table 2), physiological indicators (Ψs and
gs) were, in most of the clones and years, within the optimum water stress ranges and thresh-
olds that were proposed (moderate water stress, −1.2 > Ψs > −1.4 MPa and
0.15 > gs > 0.05 mol m−2 s−1) in order to avoid severe damage in DI vineyards [44–46]. It is
also noticed than high-vigor clones, such as 4, 94, and 188, were the most water use efficient
vines from a productive point of view (WUEyield, Table 5), but were the least efficient at

the leaf/organ level (the lowest A/gs, A/E, δ13Cberries, Table 3), whereas the opposite effect
was observed with low/medium vigor and less productive clones (360, 373, 372, and 276).
This is also supported by the significant negative linear relationships found between A/gs,
δ13Cberries, yield, and WUEyield (Figure 2). δ13Cberries, which integrates the entire grape
ripening period, confirmed that the most negative genotypes (4, 94) had a lower WUEleaf

(A/gs) and suffered lower WS. Meanwhile, 276 and 360 showed the least negative values
(−24‰) and higher A/gs, which is indicative of a greater WS [15,47].
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Significant relationships between long-term A/gs and WUEyield have been also found
in Monastrell and other grapevine varieties [13,48–50]. In our study, improvements in
WUEyield were not related to an increase in A/gs (Figure 2A,C). A significant positive

relationship was found between A/gs and δ13Cberries, as reported in different grapevine
genotypes [14,15]. The agreement found between A/gs and δ13Cberries (Figure 2E), bet-
ter than with WUEyield (Figure 2C vs. 2G), as has also been found in other varieties (cv.
Grenache) [13,15], indicates that WUEyield, which refers to the fraction of carbon that is
translocated into yield, does not only depend on purely physiological factors. Rather, car-
bon partitioning and sink/source adjustments due to different resources distribution and a
different response to environmental conditions (i.e., VPD) could have been involved [15,50].
For instance, as a consequence of a reduced plant carbon gain, low-vigor clones under WS
reduced yield by around 48% (276), 54% (373), and 33% (372) (compared to their controls,
Figure 9A) and modified sink/source ratios, showing a higher TLA/yield ratio (276) and
TLA/pruning weight ratio (372, 373) than high-vigor clones (188 or 94), which indicates that
low-vigor clones distributed more resources towards leaf area development than towards
yield or above-ground biomass accumulation (pruning weight) (Table 5). Therefore, these
genotypes would be capable of establishing a high leaf area in spring and then have a
strong stomatal control when water is not available (summer) [12].

4.2. Clones Show Different Hydraulic Behavior, Stomatal Regulation, and Vine Water Use

Vitis species possess the ability to show different strategic behaviours in response to
drought [51]. In our study, differences in the gs–Ψs and A–Ψs, relationships (Figure 5B,D)
indicate a different stomatal regulation among Monastrell clones, as observed in other
varieties [15]; for instance, for the same Ψs, high-vigor clones (4 and 188) maintained higher
gs than low-vigor clones (276, 360, 373). Moreover, some clones displayed a tighter stomatal
control and tended to close their stomata earlier than others when water stress developed
(e.g., clones 188, 94, 373 or 276 had higher slopes, between 0.19 and 0.28, data not shown, vs.
clone 4 with a lower slope of 0.062, data not shown) (Figure 5B). Slopes higher than 0.25 in
gs-Ψs relationship have been related with a tight stomatal regulation in winegrapes [15,52].

A tighter and earlier stomatal closure indicates a short-term cost-effective strategy
(stress avoidance strategy) that slows the dry-down by decreasing water loss by transpi-
ration [53–55]. These genotypes are considered “plastic”, due to their ability to modify
their performances under different environmental conditions [56]. Moreover, reducing
the canopy size could provide another excellent emergency strategy for vineyards that face
extreme drought [54]. Clones with smaller canopies and, as a consequence, a reduced tran-
spiratory surface (especially 360 and 373), substantially reduced vine water use under water
stress, also releasing water tension in the xylem and saving water [53]. Interestingly, WS
reduced TLA in low/medium-vigor clones (276, 360, 373) between 33–41% (compared to their
controls), while high-vigor clones (especially 4, 94) did not reduce TLA under WS (Figure 9E).

Despite an increased stomatal closure and reduced leaf area, Ψs was also substantially
reduced in these vines (near-anisohydric behavior), contrary to the response that is fre-
quently observed in anisohydric species [55,57]. However, a tight regulation of Ψl is not
necessarily associated with a greater stomatal control nor with a more constrained assimila-
tion during drought [58]. Variation in (an)isohydry may result from a slight deviation in
the balance between transpiration rate (controlled by stomatal aperture) and whole plant
hydraulic conductance. Therefore, the drop in water potential may suggest that hydraulic
conductance is limiting water transport on the path from the soil through the plant to the
leaves [53,59], and it is not enough to offset the water losses by transpiration. Indeed, a
lower gs may also be the result of hydraulic signalling, e.g., changes in plant hydraulic
conductivity [60].

The higher anisohydric behavior (greater water stress) and greater water loss control
(i.e., tighter stomatal regulation of E and reduced plant transpiratory surface) experienced
by these low-vigor clones would indicate that they were the most sensitive clones to
drought conditions and put into play more water conservation mechanisms under water
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stress. It is also noticed that clone 276 presented the highest sensitivity to water stress
among all of the clones for several reasons: under water stress, it had a tighter stomatal
regulation of transpiration (Figure 10A) and a significantly lower leaf N and Mg content
(below optimum values, Table 4), which could have a higher effect on photosynthetic
activity (approximately 40% of A reduction at the early morning and midday, Figure 4A,D),
a greater yield reduction (48%, Figure 9A), and lower Ψs (more negative), juice, and water
percentages in the berries (2021) (Figure 3A and Table 10).

In contrast, high-vigor Monastrell clones (4, 94, 188) showed a nearly-isohydric behav-
ior and maintained a better vine water status (measured by Ψs and gs) during the growing
season, which suggests a greater root water uptake/water transport capacity and irrigation
efficiency in invigorating clones compared to low-vigor clones [26], despite being grafted
on the same drought-tolerant rootstock (110R). In addition, high-vigor vines maintained
a higher plant carbon assimilation (higher leaf gas exchange and total leaf area, Tables 3
and 5) during the growing season and had a higher water spending under irrigated and
non-irrigated conditions (Figure 4). These genotypes (especially clones 4 and 94) showed an
“elastic” behavior, as they maintained unchanged A and WUEleaf levels (A/gs) under both
well-watered and water-stressed conditions [56]. The lower disposition to a rapid stomatal
closure and the maintenance of a higher stomatal aperture in high-vigor clones (e.g., clone
4) did not translate into substantial reductions in Ψs, contrary to what was observed in
other varieties (cv. Syrah) [61]. Greater E, leaf ∆Ψ, and leaf area development (e.g., clones 4,
Tables 3 and 5) would also suggest an enhanced whole plant hydraulic conductance that
is able to offset the water losses by transpiration, maintaining a high Ψs (less negative).
Nevertheless, the an-(isohydric) classification has been called into question [62], as recent
analysis shows that a continuum exists in the range of stomatal sensitivities to water stress
in V. vinifera, rather than an isohydric–anisohydric dichotomy, that is further enriched by
the diversity of scion–rootstock combinations [63] or even depending on the intensity of
the water deficit [64].

It is also noticed that the same physiological patterns were repetitively encountered
when water was substantially restricted in these clones (year 2021). The same groups
of high-vigor clones maintained a better water status and a greater stomatal aperture
and leaf gas exchange and were systematically more productive and the most efficient
(WUEyield) despite watering with less water, while low-vigor clones (irrigated with more
water, Table 2) maintained a lower leaf gas exchange and leaf area and were less efficient
(Tables 3 and 5). This suggests that those differences are truly fixed at a genetic level,
regardless of ambient/irrigation conditions, as observed in clones from other varieties [11].
It is still unclear which of the two, iso/anisohydric, represents cultivars that are better
adapted to drought, but a major factor associated with water deficit tolerance in other Vitis
genotypes (e.g., cv. Ramsey, Cabernet Sauvignon/M4) was associated with the maintenance
of a better water status in the vine and a higher stomatal conductance and photosynthesis
during soil water deficit, as a consequence of a greater rooting depth and a higher uptake
of water from the soil [65,66]. Indeed, during the highest evaporative demand period,
high-vigor clones 94 and 188′s vines showed a different physiological behavior compared
to those of the high-vigor clone 4: (1) a more anisohydric behavior (more vine water stress
during the growing season), (2) more efficiency at the leaf level in the short term (higher
A/gs) and the long-term (higher δ13C), and (3) a stronger stomatal regulation of gas exchange
and water use (seasonal and daily). Thus, clones 94 and 188 behaved like more water saver
clones compared to clone 4, which was the highest water spender and the least efficient
at the leaf (A/gs) and plant (WUEyield, δ13Cberries) levels. Indeed, when irrigation water
was reduced in 2021 (Table 2), vines from clone 4 continued to systematically maintain a
greater leaf gas exchange and total leaf area, and a better vine water status than clones
94 and 188 (Table 3), which indicates a greater drought tolerance and suggests that this
clone can be more adequate for rainfed conditions or more severe DI strategies.
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4.3. Clones Differ in Their Photosynthetic Ability and Their Sensibility to Atmospheric VPD and
Soil Water Deficit

The significant and close relationships between gs and A (positive), and between gs and
A/gs (negative) indicate that differences in A among clones come mainly from differences in
stomatal control (Figure 8 A–D). In addition, the gradual linear reduction of Ci as water
stress developed and stomatal closure occurred (Figure 8E,F) would also indicate that the
decreased CO2 availability in the mesophyll was mainly due to stomatal limitation (by
stomatal closure) in this range of moderate water stress. In grapes, the photosynthetic
machinery appears to be very tolerant to mild, and even medium, levels of water deficit,
and it seems that non-stomatal limitations become dominant only when grapevine gs falls
below 0.05 mol m−2 s−1 [67], something that was rarely observed in this study (Table 3).
Our results support that there is a high degree of co-regulation in the plant to cope with
water deficits through their stomata, thus providing multiple layers of regulation to balance
water loss and CO2 assimilation in dry environments and under moderate water stress [54].

However, a more detailed analysis about the specific A/gs-gs and A-gs relationships
established for each genotype (Figure 8A–D) indicated that for the same gs value (mainly at
high gs range), A was systematically higher in clones 372, 276, or 188 (Figure 8B) (in this
order, with greater slopes, 63.20, 58.71, 41.84, respectively, data not shown) than in clone
4 (lower slope, 36.45), suggesting also that some variability exists in the photosynthetic
capacity among clones, regardless of the stomatal control. The absence of differences in
N, Ca, or P content of leaves among clones does not indicate differences in photosynthetic
machinery [27] (e.g., chlorophyll content), but could rather be related to differences in
leaf CO2 diffusion capacity (not gs, but mesophyll conductance), or in the biochemical
properties of the leaf (higher Rubisco content or more efficient Rubisco) [11,68]. However,
leaf content of Mg did increase with more severe water stress (clone 360). These results
confirm those obtained from other grape varieties [69]. At veraison, although N, P, K, Ca,
Cu, B, and Zn values were low in all of the clones and close to the lower limits of the
optimum ranges proposed for whole grape leaves in irrigated vineyards [70], there were
no leaf deficiencies of these elements in this low-input vineyard.

Clone 4 also maintained a higher and more constant Ci than low-vigor clones at early
morning and midday as stomatal closure occurred (276, 372, 360, higher slope), and, for the
same gs value, Ci was higher in clone 4 than in other clones (Figure 8E,F). Photosynthetic
intensity is related to Ci [27], so a greater Ci in clone 4 suggests that there is a greater
stomatal aperture and CO2 availability in the carboxylation sites and could explain the
greater A. Moreover, high-vigor clones (especially clone 4) were also more efficient in the
photosynthetic nitrogen use (NUEph) than low-vigor clones. However, it is also noticed that
for the same value of gs, (overall at high gs), maintaining a lower A and a higher Ci (clone
4), compared to higher A and lower Ci (e.g., clones 276, 372) (Figure 8), would indicate a
higher photosynthetic efficiency in low-vigor clones (276, 372) than in clone 4, which can
adapt their photosynthetic machinery to maintain high and fairly constant CO2 partial
pressure inside the leaf.

A decreased gs as a consequence of water stress increased A/gs differently depending
on the clone (Figure 8D). This gs vs. A/gs relationship may provide the sensibility of each
clone to water deficit according to the slope of the linear regression obtained from this
relationship; thus, a lower slope means a lower sensibility of the clone to water deficit [12].
Therefore, clone 4 had a lower slope (−200.87, data not shown) and was less sensitive to
water deficit than clones 276 (−437.63) or 372 (−383.08), which were the most sensitive
clones to water deficit (Figure 8D). This was also supported by a higher berry δ13C (less
negative) and transpiration use efficiency (A/E) (assimilation per unit water transpired)
in low-vigor clones (Table 3). Consequently, it appears that the low–moderate vigor
genotypes may improve transpiration use efficiency as well as the expected reduction in
total transpiration due to the lower canopy size [71].

Interestingly, Monastrell clones also differed in their response to atmospheric VPD
(Figure 7). Therefore, E became more responsive to VPD as the water stress intensified.
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This led to a progressive change in the response of E to VPD, from a greater increase of
E at a high VPD in control plants (higher VPD drove E when stomata were open) to a
lower increase in E at a high VPD in water stressed plants, mainly in clone 276, followed by
372 (the most drought-stress responsive clones) (Figure 7), as previously found in other
grapevine varieties [72,73].

4.4. Low-Vigor/Productive Clones Enhance Berry and Wine Quality and Aromatic/Nutraceutical
Potential Compared to High-Vigor/Productive Clones

It has been reported that, traditionally, high vine vigor and yields are associated with
grapes and wines of low quality [74]. In this way, high-vigor and productive clones 4 and 94
gave the highest berry weight, but a poorer final berry technological and phenolic quality
(lower QI scores), mineral content, and color intensity in the must and wine compared to
other clones, and this may, in part, have been due to a greater dilution phenomenon (lower
skin/pulp ratio and higher % juice and H2O in 2021). In addition, a higher acid malic
concentration in the berries from high-vigor clones (specially in clone 4, Table 6) could be
due to a higher leaf area development and lower cluster exposure to direct solar radiation
and, as a consequence, lower berry temperature, decreasing malic acid degradation [75].

In contrast, the most water stressed clone was the least productive and vigorous one
(clone 360) and showed the highest SM index, concentration of YAN, mineral content, and
tannins, in addition to higher QIs (berry quality indices) in the must (Tables 6–11) than the
rest of clones. This was probably due to a greater concentration effect as a consequence
of a significantly lower berry weight/size (higher skin/pulp ratio), lower must and H2O
percentages, and modifications in grape microclimate [20] (Tables 5, 6 and 10). Despite a
greater WS, clone 360 had a higher concentration of YAN, above 180 mg L−1, which may
be positive for aromatic precursor concentrations in must and in aromas in wines [69].
Nevertheless, a greater tannins concentration and SM index (that measures the contribution
of seeds to the total amount of polyphenols, mainly tannins from seeds), as also observed
in clone 360, would indicate a higher risk of a negative effect on the flavour of the wine
(e.g., a greater sensation of astringency or bitterness) [30]. Under water deficit, an increase in
proanthocyanidin (tannins) concentration has been observed in seeds and skins in different
varieties [76–79]. Moreover, clone 360 had a greater pH and malic acid in the berries, which
can also be harmful for wine quality [79].

Other clones that were more productive and presented a higher quality with a lower
pH, malic acid, and tannins content, and a higher tartaric/malic ratio and MI were clones
276 and 372, which were also the most sensitive to water deficit and those that showed
a greater control of water loss. Under water stress, these clones also enhanced mineral
content in the must and wine. A higher mineral concentration in the must and wine (360,
276, and 372, Table 9 and Table S5) can also indicate a greater osmotic potential regulation
as a consequence of a greater water stress [80]. The concentration of mineral elements in
wines (Mg, K, Fe) was similar to that found in other wines from different Monastrell clones
from this region [19]. Clones 276 and 372 also showed a higher glycerol content in wines
(>10 g L−1, Table 12). Glycerol may have a positive contribution to wine quality and has
been implicated in mouthfeel sensations by conferring sweetness and fullness to wine [30].

In addition, wines from a low/medium-vigor clone (372) and a high-vigor clone (188)
also showed a darker color and a higher polyphenolic content compared to wines from
other clones (Table 12). Similarly, [19] reported that Monastrell clone 188 provides wines
with good color characteristics (high color density and b*, and low L*) and a high content
of tartaric acid. Moreover, the concentrations of several individual derivatives of flavonols
in the wines were the highest in wines from clone 372 (quercetin 3-galactoside) and clone 4,
which showed the highest nutraceutical potential, being the lowest found in clone 94 (lower
nutraceutical potential) (Table 12). These compounds are involved in the long-term color
stability of red wines and in the improvement of organoleptic properties and associated
health benefits [81].
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There were also significant changes in volatile composition in wines from Monastrell
clones and, as a consequence, in organoleptic characteristics, as previously reported [18].
Therefore, wines from clones 94 and 4 had the worse aromatic profile, with a higher concen-
tration of alcohols (e.g., propanol, hexanol) compared to wines from other clones (Table 13).
This can bring a pungent and strong odor to wine (grass and green, herbaceous, harsh,
ripe fruit, woody nuances) [82–85]. Indeed, 372 wines had the highest concentrations
of total aromatic compounds (mainly alcohol and esters), whereas 188 wines were the
least aromatic wines. High-quality wines have volatile profiles without extreme concen-
trations [86]. In our study, wines from clone 372 had a higher 2-phenylethanol content
(aromatic alcohol with a rose aroma) which could have a positive impact on the “floral”
notes of grapes [79]. Moreover, wines from clone 188 showed some positive aromatic traits,
such as a lower concentration of alcohols and a higher concentration of some esters (ethyl
octanoate, ethyl dodecanoate), terpenes (linalool and citronellol), and β-damascenone
(Table 13) [85,87]. Volatile aromatic compounds (including terpenes) are secondary metabo-
lites and are believed to play critical roles in plant defence against abiotic and biotic
stress [88].

4.5. Clone Classification According to Drought Tolerance, Vine Performance, and
Oenological Potential

Drought tolerance is defined as the ability of plants to sustain a certain level of
physiological activity through the regulation and fine tuning of thousands of genes and
various metabolic pathways to minimize the resulting damage; it involves cell-to-cell to
whole-plant level hydraulic or metabolic readjustment and hormone signalling able to
control growth under water deficit [89]. However, when we look at crop plants, the features
that confer drought tolerance are far from clear. Compared to the situation of plants growing
in the wild, which can only rely on their repertoire of weapons and solutions to cope with
stresses, crops in agriculture can be protected through human intervention (irrigation,
fertilizer application, disease control, etc.). As a result, plants can take a competitive growth
strategy, rather than a stress tolerant or ruderal strategy [90]. The main reason for this
contrast is that the traits we associate with drought-tolerant species (xerophytes) typically
concern survival during drought, whereas with crops we are concerned with production;
insofar as the term “drought tolerance” has any useful meaning in an agricultural context,
it must be defined in terms of yield in relation to a limiting water supply [91]. Thus, from
the point of view of agriculture, drought tolerance must comprise not only the ability to
cope with a stress factor, but also the capacity to maintain productivity (the achievement
of a stable yield and good quality) within the current season and in the long-term, and
equally the ability to avoid negative carry-over effects, and perhaps drought-induced
mortality, across many seasons [54,55]. In addition, a more drought-tolerant plant would
be able to maintain its stability and homeostasis better and longer under soil water deficit,
and this will probably be acquired through different mechanisms [46]. As in winegrapes
the main concern is not to reach a high productivity and water saving, but rather to
achieve the highest quality of grapes for premium red wine production, maintaining an
optimum yield and ensuring economic returns to the grower [50], in this study, we have
classified Monastrell clones in accordance to three relevant aspects: (1) drought tolerance,
(2) productive water use efficiency, and (3) berry and wine-quality potential, looking for an
optimum balance among these three traits (Figure 10B).

In conclusion, taking into account the physiological and agronomical behavior of
the clones under irrigated and water stress conditions, this study has revealed the fol-
lowing: (a) The most drought tolerant clone (i.e., clone 4) was not necessarily the most
productive (8600 kg ha−1), the most water use efficient (average of 25 kg m−3), nor the
one that presented a better grape and wine quality (Table 8, Figure 10). This clone had a
different physiological behavior than the rest of the clones and did not show water con-
servation mechanisms under water stress conditions, being classified as a water spender
(with an optimistic behavior); (b) The most productive and efficient clone (i.e., clone 94)
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(11,566 kg ha−1, average WUEyield of 30 kg m−3) was also a drought-tolerant clone, but
presented the highest yield and berry weight and the worst berry and wine quality, with the
lowest polyphenolic concentration and aromatic/nutraceutical potential. Moreover, under
lower irrigation volume (2021), both clones (94 and 4) enhanced WUEyield by 41% and 97%,
respectively (compared to the average WUEyield for 2018–2020), but did not improve QIs.
Thus, they are not recommended for premium red wine production, but for producing a
high production of grapes and wine with very little irrigation water and with medium to
low berry/wine quality; (c) In contrast, the clone with the lowest vigor, 360, granted the
highest berry quality, but at the expense of a greatly reduced vigor and yield (4000 kg ha−1),
a lower WUEyield (average of 10 kg m−3), and certain negative berry quality attributes such
as a high pH and a high content of tannins and malic acid; thus, it is not recommended
in these semi-arid conditions; (d) Low/moderate vigor clones 372 and 276 were the most
sensitive to drought conditions and put into play more water conservation mechanisms,
such as a greater stomatal control of transpiration and a greater reduction of leaf area, in
order to reduce vine water loss in conditions of soil water deficit and high VPD (Figure 10A).
In addition, these clones reached an equilibrium between the three traits: they showed
moderate yields (7400–7700 kg ha−1), a high WUE (average between 17–19 kg m−3 applied
water), and a high-quality grape, with a greater oenological, nutraceutical, and aromatic
potential. Moreover, under WS, these clones substantially enhanced QIoverall berry, and are
therefore recommended for cultivation in these edaphoclimatic conditions; (e) High-vigor
clone 188 also displayed several mechanisms of drought tolerance (a tight stomatal control
of water loss), the maintenance of a higher yield (10,500 kg ha−1) and very high WUEyield

(29 kg m−3), enhanced berry quality (similar to clones 372 and 276), and improved oenolog-
ical/aromatic potential. In addition, under rainfed conditions (2021), yield was reduced
only by 17% (compared to its control), and, under more restricted water volume (43 mm
year−1, in 2021), WUEyield was increased by 35% in this clone (compared to the average
WUEyield for 2018–2020). It can also be recommended for the application of low water
volume RDI strategies under semi-arid conditions, looking for a balance between high
yield, efficiency, and optimum berry and wine quality.
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from early morning to midday for each clone, irrigation treatment and their interaction in 2020;
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as ppm; Table S4. Average annual values of mineral composition of must at harvest for each clone,

irrigation treatment, and the interaction (clones x irrigation treatment) during the year 2021. Data are
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midday (MD) for each clone and irrigation treatment (Control (C) vs. Stress (S)) during post-veraison
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