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Abstract: Cyprus has a long tradition in grape cultivation and wine making and grapevine is important
for the sustainability of the agricultural sector, like in other Mediterranean areas. Water scarcity,
which is projected to increase due to climate change, could negatively affect the sector. In this research,
the effects of irrigation and tillage treatments on various aspects of vine growth and product quality
(e.g., yield, physiology and quality attributes), were studied in Chardonnay and Xynisteri cultivars
grown in clay soils in Cyprus. Regarding soil properties and water content, N and K were more
abundant in the soil than P and through the growing period irrigation tended to increase electrical
conductivity (EC) in the soil. Soil water content (volumetric) was 22%–27.5% and 13%–16%, when
irrigation was applied or not, respectively. Vegetative soil cover occupied 50%–55% of the surface and
contained species typically present in Mediterranean farms (e.g., Poaceae, Fabaceae and Brassicaceae).
Tillage increased yield in Xynisteri (4–5 kg plant−1) but negatively affected other parameters such as
chlorophyll levels (in Xynisteri). In combination with irrigation, tillage increased antioxidant activity
in Chardonnay (assessed by FRAP and DPPH), at harvest. Total phenolics at harvest were higher in
the grape juice of Xynisteri, compared to Chardonnay (30–40 and 20–25 mg GA g−1 fresh weight,
respectively). Irrigation influenced phytohormone levels in the two cultivars. ABA increased in
non-irrigated Xynisteri, reflecting an increased capacity to react towards water stress. Water stress is
considered to increase polyphenols in grapes, but in the case of Xynisteri it seems that irrigation water
is required to obtain better quality grapes as without irrigation volumetric water content (VWC) is
close to the permanent wilting point. Titratable acidity and total tannins decreased in Chardonnay,
when tillage and irrigation were applied. In addition, tillage and irrigation tended to elevate the pH
of the grape juice. Tillage and irrigation on the other hand, had no effect on the levels of ascorbic acid
and total anthocyanin content. The results of this research may help to select management strategies
that support the adaptation of viticulture to climate change in Cyprus and other Mediterranean areas.

Keywords: tillage; irrigation; cultivation practices; grape quality; plant hormones

1. Introduction

Grapevine has been recognized as one of the most important fruit crops cultivated all over the
world, in most cases in arid or semi-arid climates. Water scarcity can negatively affect grapevine
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growth and yield, which is reflected in the decrease of the producer’s income and economic damage
in the grape industry [1]. Water scarcity, depending on the growth stage and intensity, can cause
drought stress in grapevines. Drought stress negatively affects gas exchange and the plant metabolism
(i.e., photosynthesis, transpiration and respiration), causing stomatal closure as an early response
that ameliorates the drop of xylem water potential [2,3], and alters leaf structure (e.g., increasing leaf
rolling, lowering the ratio of leaf area/volume and reducing epidermal cells size to name a few) [4,5].
Moreover, drought stress may cause oxidative damage with the production of reactive oxygen species
(ROS) provoking a series of antioxidant enzymatic and non-enzymatic responses in the vines [6–8].
However, water deficit may result in some positive effects that are commonly related to changes
in the berry growth pattern [9] with a decrease in the berry size and increase in the ratio of skin
to pulp [10]. In addition, water-stressed plants have decreased vegetative growth, leading to more
open canopies [11] and better partitioning of carbohydrates to the ripening berries due to controlled
vegetative growth [12].

Climate change is probably the most discussed issue currently. Climate change associated
observations include the uneven distribution of regional water, extreme meteorological phenomena
(heat waves, heavy rains, hail, frost and strong winds) and increased length of dry periods, and as a
result dryland expansion [13]. Cyprus, at the south-east of the Mediterranean basin, is characterized by
semi-arid climatic conditions with increased drought periods [8]. Consequently, grapevine cultivations
are commonly exposed to drought stress and heat stress with possible effects on plant physiology,
nutrition and metabolism [14]. These changing climatic conditions may challenge the suitability of
different regions in Cyprus for sustainable viticulture and increase the dependence of viticulture on
irrigation [15]. Different irrigation strategies (deficit irrigation, treated waste water use, partial root
drying, irrigation systems, etc.) [16,17], cultivation practices (tillage, semi-tillage, terraces, mulching,
cover crop, etc.) [18,19] and drought resistant cultivars [8,20] are explored in order to increase the
water-use efficiency for irrigation and to obtain high quality grapes for wine production [21].

Sustainable cultivation practices and management with different soil tillage methods in vineyards
in semi-arid regions are explored because of the need to reduce production costs and energy use, as
they may affect the soil water availability [18,22]. Minimized (semi-tillage or reduced applications)
and conservative soil tillage (no tillage) started to become widespread as an alternative to conventional
soil tillage [22]. No tillage practices in vineyards have received growing interest in recent decades
because of reduced soil erosion [23], lower dust production [24], control of soil greenhouse gas (GHG)
emissions [25] and biological control services [26]. Tillage is affecting the total soil pore distribution
and subsequently the water and air available for the roots and microorganisms, which are contributing
to the organic matter decomposition [27]. On the other hand, both tillage and irrigation are important
to the vines for taking up nutrients [28]. Early spring tillage at an increased depth (e.g., 25 cm) will
reduce the available water for the vine by exposing deeper and wet soil areas to the sun radiation,
which increases loss through evaporation. On the other hand, surface tillage (0–10 cm) may interfere
with the continuity of micropores in hot months, resulting in reduced movement of soil water to the
surface, due to the effect on capillary fringe [16].

Native cultivars, well-adapted to the region’s microclimate, have developed adaptive processes
against stress conditions, which are in most cases associated with hormonal changes including the
synthesis of abscisic acid (ABA). These processes act as a main signaling pathway in plants subjected to
drought stress and control stomatal closure [29,30]. Recent studies report that stomatal conductance is
mainly controlled by hydraulic signals, ABA and/or their interaction in response to drought stress [31,32].
Additionally, application of plant hormones like melatonin [33] and epi-brassinosteroid [34] protected
leaves and/or berries of grapevines from damage caused by drought stress. This protection triggers
induced resistance by regulating the physiological processes and gene expression, providing solid
foundation for their use in agronomic practice.

Cyprus is one of the oldest wine making counties in the Mediterranean basin, with more than
5500 years of wine production, and more than 10 native grape cultivars, well-adapted to the climate
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of the region as they require less inputs (e.g., water and fertilizers) in comparison to introduced
cultivars [35]. Native cultivars, such as Xynisteri, offer promising prospects for adaptation to climate
change, including drought conditions [8]. Tillage in Cypriot vineyards is the main cultivation practice,
applied 2–3 times per year to remove the ground weed cover, because of the perceived competition for
water between the growing weed vegetation/flora and vines. A more recent trend is that producers
leave the natural vegetation to grow naturally between rows. Under local conditions, the effects
of irrigation and soil management on plant growth and yield for Xynisteri and Chardonnay are
unexplored. Accordingly, the present study aimed to explore the effects of tillage versus no tillage and
irrigation versus no irrigation on vine growth, yield and grape quality attributes for Xynisteri and
Chardonnay cultivars.

2. Materials and Methods

2.1. Experimental Conditions and Cultivars

The experiment was conducted on the grapevine cultivars Chardonnay and Xynisteri at the
Malia winery commercial vineyards (34◦49′ N, 32◦47′ E, 645 m) in Limassol, Cyprus. Both cultivars
were self-rooted. Chardonnay is a globally used white grape cultivar and sensitive to drought
stress [36]. The Chardonnay vineyard occupied approximately 0.68 ha. Xynisteri is a white indigenous
grape cultivar, tolerant to drought stress [36], and the vineyard occupied approximately 1.97 ha.
Both vineyards (aged approximately 20–21 years old, typically tillaged and irrigated once during
summer period) were within 0.8 km distance, under the same microclimate (dry climate with less
than 30 mm of summer rainfall from June to August, with 30.0 ◦C average midday temperature and
42% relative humidity during the summer months of on-vine ripening). All plants were trained as
a traditional bilateral ‘royat’ system. Vine spacing was 1.5 m in north–south-orientated rows with
2.4 m between the rows at a plant density of 2600 plants ha−1. The main wire was 0.7 m above the soil
surface and the shoots were maintained on a vertical plane by three wires, the highest of which was
located 1.6 m above the soil surface. Common pest management practices were applied to minimize
insect or disease pathogen infection in both vineyards.

Each cultivar was subjected to four treatments—tillage or no tillage in combination with irrigation
or no irrigation—with four replicate plots for each treatment. Therefore, the resulting treatments
were (i) no irrigation and no tillage (IRR0/TIL0), (ii) with irrigation and no tillage (IRR1/TIL0), (iii) no
irrigation and tillage (IRR0/TIL1) and (iv) with irrigation and tillage (IRR1/TIL1). Each treatment
consisted of 4 plots located on two different rows (5 vines each; 20 vines per treatment) with one guard
row between treatments.

The no tillage treatment consisted of naturally growing vegetation; the tillage treatment was bare
soil as tillage took place twice (end of February and end of May) through the growing period. Vines
were irrigated using a drip irrigation system throughout the growing season, starting at the end of
May, after the first sampling point, to a volumetric water content (VWC) of 20%–30% as described
previously [19]. The targeted VWC was 25% and was optimized by preliminary trials of the same
soil in pots, irrigated up to the maximum water holding capacity. Soil volumetric water content was
measured by a field-scout TDR300 with 20 cm rods (Spectrum Technologies Inc., Aurora, IL, USA).
Irrigation water was supplied approximately every 15–20 days. Soil water content measurements took
place from May up to September at 15 day intervals, to capture the variability of soil moisture content
through the season (Figure S1).

Soil physicochemical properties (n = 3) were measured for the different vineyards at the three
developmental stages (flowering—May, veraison—July and harvesting—September) of the plants.
Soil type (percentage of sand, silt and clay) was determined once, at flowering stage while pH,
electrical conductivity (EC), organic matter content (OM), calcium carbonate (CaCO3), total nitrogen
(N), potassium (K), phosphorus (P) and sodium (Na), and mean values per cultivar and the three
developmental stages are presented in Tables S1 and S2. Meteorological parameters were continuously
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recorded by a meteorological station, which was located in the experimental vineyard to capture the
microclimate of the area. The meteorological data for the most recent five years are presented in
Figure S2.

2.2. Vegetative Soil Coverage

Natural vegetation was sampled in May. All vegetative soil cover biomass present within a
one-meter square quadrat was removed with four samples per treatment. Squares were selected
randomly. The percentage of area covered by natural vegetation per square meter, identification of
plant species involved, plant fresh and dry weight (in g), total nitrogen (g kg−1) and organic matter (%)
were determined.

2.3. Plant Growth, Production and Physiological Parameters

The physiological and photosynthetic parameters were measured at the three phenological stages
(flowering, veraison and harvesting) with four replicates/treatment. Leaf stomatal conductance was
measured on the 4th–5th leaf from the top of the plant (3 measurements per leaf). All leaves were
fully mature and sun-exposed in different individual plants per treatment. Stomatal conductance
measurements were carried out between 9:00 and 11:00 AM, using a ∆T-Porometer AP4 (Delta-T
Devices-Cambridge, UK) according to the manufacturer’s instructions.

Chlorophyll fluorescence was determined with maximum Fv/Fm photochemical quantum yield
of PSII, by using an OptiSci OS-30p Chlorophyll Fluorometer (Opti-Sciences) in similar leaves as the
stomatal conductance measurements. Leaves were adapted in the dark for 20 min prior to Fv/Fm

measurements. Moreover, leaf tissue (four replications/treatment; each replication consisted of a pool
sample of two plants; 0.1 g) was incubated in a heat bath at 65 ◦C for 30 min, in the dark, with 10 mL
dimethyl sulfoxide (DMSO) for chlorophyll extraction. Photosynthetic pigments, i.e., chlorophyll
a (Chl a), chlorophyll b (Chl b) and total chlorophyll (t-Chl) contents were calculated as described
previously [37].

During harvest (late August for Chardonnay, early September for Xynisteri), the number of
clusters per plant, the cluster fresh weight (g) and the yield (kg plant−1) were measured in four replicate
samples (each replicate had 3 plants) per treatment.

2.4. Total Phenols and Antioxidant Activity in Leaves

Total phenolics and antioxidant activity in leaves were determined at flowering, veraison and
harvesting. The total phenolic content was determined with the Folin–Ciocalteu method at 755 nm
according to Klados and Tzortzakis [38] and results were expressed as equivalents of gallic acid per g
of fresh weight (mg of GAE g−1 Fw). The antioxidant capacity using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and ferric reducing antioxidant power (FRAP) methods were performed as previously
described [39,40]. The results for antioxidant activities were expressed as equivalents of trolox per g of
fresh weight (mg trolox g−1 Fw).

2.5. Plant Nutrient Content

The nutrient content in leaves was determined at the flowering and at the veraison phenological
stage. Approximately 100 leaf stems (four replicates/treatment) were collected, dried at 65 ◦C for
four days, weighed, and ground in a Wiley mill to pass through 40 mesh screens, as described in
Marinou et al. [41]. Nitrogen (N) content was determined by the Kjeldahl method (BUCHI, Digest
automat K-439 and Distillation Kjelflex K-360, Switzerland). Potassium (K) and sodium (Na) were
determined photometrically (Flame photometer, Lasany Model 1832, Lasany International, India),
phosphorus (P) was determined spectrophotometrically (Multiskan GO, Thermo Fisher Scientific,
Vantaa, Finland) and magnesium (Mg) by an atomic absorption spectrophotometer (PG Instruments
AA500FG, Leicestershire, UK). Data were expressed in g kg−1 of dry weight.
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2.6. Phytohormones in Leaves

For tillage with/without irrigation, the leaf at the tenth position, counting from the apex, was
collected from 10 vines at veraison stage. The leaves were pooled into 5 biological replicates,
immediately frozen in liquid N2 and kept at −80 ◦C until analysis. The detailed procedure for plant
hormone measurement is described by Haeck et al. [42]. Briefly, a cold extraction (at −80 ◦C for 20–24 h)
was performed on 100 mg homogenized material using 5 mL modified Bieleski extraction solvent
(methanol/water/formic acid 75:20:5, v/v/v). Extracts were filtered (30 kDa Amicon® Ultra centrifugal
filter unit, Merck Millipore, Overijse, Belgium), evaporated (TurboVap® LV, Biotage, Uppsala, Sweden)
and reconstituted in 0.5 mL methanol/water/formic acid (20:80:0.1, v/v/v).

Chromatographic separation was performed on an ultra-high-performance liquid chromatography
system (U-HPLC, Thermo Fisher Scientific) equipped with a Nucleodur C18 column (50 mm × 2 mm;
1.8 µm particle diameter). Mass spectrometric analysis was achieved in targeted single ion monitoring
mode on a Q-Exactive™ quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific), equipped
with a heated electrospray ionization source, at a resolution of 70,000 full width at half maximum.
Salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA) and gibberellic acid (GA) were measured in
negative ionization mode, using an elution gradient (300 µL min−1) of (A) methanol and (B) water,
both with 0.01% formic acid. For measurement of indole-3-acetic acid (IAA) in positive ionization
mode, the formic acid concentration of solvent B was adjusted to 0.1%. The following linear gradient
was applied (solvent A): 0–1 min at 20%, 1–2.5 min from 20% to 45%; 2.5–9 min from 45% to 100%;
9–10 min at 100% and 10–14 min at 20%. External and deuterated internal (d4-SA at 200 µg L−1, d6-ABA
and d5-IAA at 1 µg L−1) standards were used for accurate quantification of the hormone content.

2.7. Berries Qualitative Attributes

Berries were harvested based on their ripening stage when sugar concentration reached ca. 24 oBrix.
Collected berries were placed in nylon bags (100 berries from each of the four plots/treatment), kept in
chilled temperature to prevent dehydration at field, and transferred within 40 min to the laboratory.
At the lab, berries from all treatments, were weighed and then either used for measurements or frozen
and conserved at −20 ◦C until analysis.

Total soluble solids (TSS), titratable acidity (TA) and pH were determined according to the
methods described by the International Organization of Vine and Wine [43]. TSS was determined with
a portable digital refractometer (Master Baume 2594, Atago, Japan). The pH values were measured
with a pH-meter (HI 2222, Hanna instruments, Inc., Woonsocket, RI, USA). TA was determined
potentiometrically (titration with 0.1 mol L−1 NaOH up to pH 8.1) as described in Chrysargyris et al. [44].
The content of ascorbic acid (AA) was determined by the 2,6-dichloroindophenol titration method
according to Deng et al. [45] and results were expressed as mg of ascorbic acid per 100 mL of grape
juice (mg of AA 100 mL−1 grape juice).

Polyphenols and anthocyanins were extracted by a modified method described by Du et al. [46].
Fresh grapes were homogenized with 80% acetone and extraction was assisted with an ice sonication
water bath for 10 min. Samples were centrifuged at 4000× g at 4 ◦C for 15 min and supernatants were
stored at −20 ◦C until use. Total phenolic content was measured as described above and results were
expressed as equivalents of gallic acid per g of fresh weight (mg of GAE g−1 Fw). The total anthocyanin
content of the grape extract was determined with the pH differential method at 520 and 700 nm
according to Du et al. [46] and results were expressed as equivalents of cyanidin 3-glucoside per 100 g
of fresh weight (mg of cyn-3-glu g−1 Fw). Condensed tannins were determined using the Bate-Smith
assay as described by Bate-Smith [47] at 550 nm and results were expressed as g of condensed tannins
per liter of grape juice (mg of condensed tannins per 100 mL grape juice).
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2.8. Statistical Analysis

Statistical analysis was performed using IBM SPSS version 22 to perform one and two way-ANOVA
and Duncan’s multiple range tests for comparisons of treatment means at p < 0.05. Measurements were
done in four biological replications/treatment (each replication consisted of a pool of three individual
measures/samples).

3. Results

Chardonnay and Xynisteri cultivar were subjected to tillage and irrigation practice and several
physiological parameters, yield, mineral content and grape quality were examined at three plant
phenological stages (flowering, veraison and harvesting). In Table 1, the effects of tillage, irrigation and
their interaction are presented for selected phenological plant stages following a two-way ANOVA.

3.1. Vineyards Soil Properties and Water Content

In the Chardonnay vineyard, soil analysis revealed that the examined grapevines were grown
in clay–clay loam soil type (48.6% clay; 17.8% silt and 33.6% sand). The pH decreased but the EC
increased through the growing period (from May to September) and by tillage application (Table S1).
Soil total CaCO3 content decreased from flowering to the veraison and harvesting stages. Minerals
(K and N) varied among treatments and examined period, but no differences were found for Na and P
levels in the soil. After June 15th, the VWC for IRR1/TIL0 and IRR1/TIL1 averaged 26.1% and 22.3%,
respectively while for IRR0/TIL0 and IRR0/TIL1 the VWC averaged 16.0%, and 15.2%, respectively
(Figure S1).

In the Xynisteri vineyard, soil analysis revealed that the examined grapevines were grown in the
clay soil type (48.1% clay; 23.6% silt and 28.3% sand). The EC increased through the growing period
(from May to September; Table S2). Total CaCO3 content had a decreasing trend through the growing
period, especially when comparing the May and September values for each of the treatments. Organic
matter content in soil was higher in no tillage when compared with the tillage applications. Minerals
(K and N) varied among treatment and examined period. After June 15th, the VWC for IRR1/TIL0

and IRR1/TIL1 averaged 27.5% and 24.5%, respectively while for IRR0/TIL0 and IRR0/TIL1 the VWC
averaged 13.0% and 15.8%, respectively (Figure S1).

3.2. Biomass Production from Cover Crop

In the Chardonnay vineyard, the vegetative soil coverage was 50% (±4.08%) and the main species
were Poaceae (Avena sp., Bromus sp. and Lolium sp.), Asteraceae (Carduus sp. and Sonchus sp.), Malvaceae
(Malva sp.), Papaveraceae (Papaver sp.), Fabaceae (Medicago sp.) and Brassicaceae (Hirschfeldia incana).
Total biomass yield was 797.6 g m−2 for the no tillage treatment with 40.1% dry matter content. Organic
matter content was 92.16% and the content of total nitrogen was 12.64 g kg−1.

In the Xynisteri vineyard, the vegetative soil coverage was 57.5% (±10.31%) and the main species
were Poaceae (Avena sp. and Bromus sp.), and Brassicaceae (Rapistrum rugosum). Total biomass yield
was 1358.5 g m−2 for the no tillage treatment with 36.1% dry matter content. Organic matter content
was 93.48% and the content of total nitrogen was 9.09 g kg−1.
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Table 1. Effects of tillage (T) and irrigation (I) and their interaction (T x I) on Chardonnay and Xynisteri cultivar, for selected plant phenological stages.

Chardonnay Xynisteri

Plant
Parts/Production

Penological
Stage Parameters Tillage (T) Irrigation (I) T × I Tillage (T) Irrigation (I) T × I

Leaves Veraison Leaf Fluorescence (Fv/Fm) ns ns ns ns ns ns
Veraison Stomatal conductance (mmol m−2 s−1) * ns * ns ** ns
Veraison Chl a (mg g−1 Fw) ns * *** ns ns ns
Veraison Chl b (mg g−1 Fw) ** ** *** ns ns ns
Veraison Total Chl (mg g−1 Fw) ns ** *** ns ns ns
Veraison Total Phenols (mg GA g−1 Fw) ns ns ns * ns ns
Veraison DPPH (mg Trolox g−1 Fw) ns ns ns ns ** ns
Veraison FRAP (mg Trolox g−1 Fw) ns ns ns ns ns ns
Veraison N (g kg−1 Dw) ns ** * ns ns ns
Veraison K (g kg−1 Dw) *** *** ns * * ns
Veraison P (g kg−1 Dw) *** *** *** *** ns ***
Veraison Mg (g kg−1 Dw) ns *** ns *** ** *
Veraison Na (g kg−1 Dw) *** *** *** ns ** ***

Production Harvesting No of clusters per plant ns ns ns ** ns *
Harvesting Yield (kg plant−1) ns ns ns ** ns ns
Harvesting Cluster fresh weight (g) ns ns ns *** ns *

Grapes Harvesting Total soluble solids (oBrix) * ns ns ns ns ns
Harvesting pH * * ns ns ns ns
Harvesting Titratable acidity (% tartaric acid) *** ** ns ns * ns
Harvesting Ascorbic acid (mg 100 mL−1 grape juice) ns ns ns ns ns ns
Harvesting Total phenols (mg GA 100 g−1 Fw) *** ** ns *** *** ***
Harvesting Anthocyanins (mg cyn-3-glu 100 g−1 Fw) ns ns ns ns ns ns
Harvesting Tannins (mg 100 mL−1 grape juice) ns ns ns ns ns ns

ns, *, **, and *** indicate non-significant or significant differences at p < 5%, 1% and 0.1%, respectively, following two-way ANOVA.
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3.3. Plant Growth and Physiology

Grapevine yield, number of clusters and cluster fresh weight are presented in Figure 1.
In Chardonnay, irrigation increased yield in tilled compared to non-tilled vines. Irrigation increased
the fresh weight of harvested clusters compared to the non-irrigated vines while no effects were found
between tillage and no tillage cultivation practices. In Xynisteri, tillage application increased yield in
both irrigated and non-irrigated vines when compared to no tillage. This increase was mainly due
to the increased cluster fresh weight despite the reduced number of clusters produced in the tillage
treatment (Figure 1).

In Chardonnay, the chlorophyll levels varied among treatments. Total chlorophylls decreased at
the flowering stage but increased at the veraison stage in non-tilled fully irrigated vines compared
to the relevant non-tilled non-irrigated vines. Leaf stomatal conductance decreased in irrigated
and tilled vines at the veraison stage compared to the other treatments. In Xynisteri, the level of
chlorophyll remained unchanged among the examined treatments throughout the flowering, veraison
and harvesting period. Leaf stomatal conductance decreased (up to 74%) in non-irrigated vines at the
veraison stage regardless of the application of tillage or not (Figure 2). No differences were found in
chlorophyll fluorescence (data not presented) for both cultivars and the examined treatments.Agronomy 2020, 10, x FOR PEER REVIEW 9 of 26 
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Figure 2. Impact of irrigation and tillage on Chlorophyll a (Chl a; mg g−1 Fw), Chlorophyll b (Chl b;
mg g−1 Fw), total chlorophylls (total Chl; mg g−1 Fw) and leaf stomatal conductance (mmol m−2 s−1).
Sampling dates were during flowering (1st sampling), veraison (2nd sampling) and harvesting (3rd
sampling). Significant differences (p < 0.05) among treatments are indicated by different letters according
to Duncan’s multiple range tests. Error bars show SE (n = 4). ns: not significant.
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3.4. Polyphenols and Antioxidant Activity

The impact of irrigation and/or examined cultivation practices (no tillage-tillage) on the content
of total phenols and antioxidant activity (FRAP and DPPH) in leaves is presented in Figure 3.
In Chardonnay, irrigation with no tillage revealed higher FRAP values compared with the irrigation
and tillage treatment at the flowering stage. However, at harvesting, irrigation with tillage significantly
increased DPPH values compared with the other treatments. At veraison, antioxidant activity did not
differ among the treatments. Total phenolics remained at the same levels for the flowering, veraison
and harvesting stages for all treatments.

In Xynisteri, total phenolics increased with tillage compared to no tillage treatment, regardless of
the application of irrigation at the flowering stage but no differences were found at the veraison and
harvesting stages (Figure 3). Comparing to IRR0/TIL0, the IRR0/TIL1 treatment increased antioxidant
activity at flowering as assayed by DPPH and at harvesting as assayed by FRAP. At veraison, DPPH
activity decreased with irrigation/no tillage compared to the IRR0/TIL0 treatment.
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Figure 3. Impact of irrigation and/or cultivation practices (no tillage–tillage) on the content of total
phenols and antioxidant activity (FRAP and DPPH) in leaves. Sampling dates were during flowering
(1st sampling), veraison (2nd sampling) and harvesting (3rd sampling). Significant differences (p < 0.05)
among treatments are indicated by different letters according to Duncan’s multiple range tests. Error
bars show SE (n = 4). ns: not significant.
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3.5. Mineral Content in Leaf Stems

Vines accumulated more N, P and K and less Mg during flowering compared to veraison (Figure 4).
In Chardonnay, at flowering, IRR1/TIL1 application increased the N and P content up to 18.2% and
16.0% respectively, in plants compared to IRR0/TIL0 (the same was found for IRR0/TIL1 treatment).
Both Mg and Na content decreased in tillage compared to the no tillage treatment, while K accumulation
was unaffected at the examined treatments. At veraison, tillage and irrigation accumulated K in plants,
compared to the IRR0/TIL0 treatment and the opposite was evidenced for the Na content. A higher level
of P was found in IRR1/TIL0 and a lower N content was found in IRR0/TIL1. Interestingly, irrigation
decreased the Mg levels compared to no irrigation regardless of the application of tillage.

In Xynisteri during the flowering stage, tillage decreased N and P but increased Mg content
compared with the no tillage application, independently of the irrigation practice. Sodium content
varied among the treatments. At veraison, tillage and irrigation practices accumulated P and Na but
decreased Mg content when compared to IRR0/TIL0 treatment. The lowest K accumulation was found
at IRR0/TIL1 while N content did not differ at the veraison stage.
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Figure 4. Impact of irrigation and tillage on the leaf content of macronutrients. Sampling dates were
during flowering (1st sampling), and veraison (2nd sampling). Significant differences (p < 0.05) among
treatments are indicated by different letters according to Duncan’s multiple range tests. Error bars
show SE (n = 4). ns: not significant.

3.6. Phytohormones in Leaves

The impact of irrigation on the plant hormones in the cultivars Chardonnay and Xynisteri under
tillage is presented in Figure 5. Without irrigation, no differences were found in phytohormone levels
between the cultivars, except for JA content, which was higher in Xynisteri. However, when irrigation
was added to the cultivation practice, the phytohormone levels varied between the cultivars. Compared
to non-irrigated plants, irrigated Chardonnay showed significantly higher SA and decreasing trend
for IAA levels. These levels remained unaltered by the irrigation regime in Xynisteri. In this cultivar,
slightly lower ABA levels were found in irrigated compared to non-irrigated plants, while ABA
remained unchanged in Chardonnay. Contrasting trends were observed for JA and GA levels, which
tended to increase with irrigation in Chardonnay but tended to decrease with irrigation in Xynisteri.
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Figure 5. Effects of irrigation on Chardonnay and Xynisteri cultivars under tillage on plant hormones.
Leaf hormones were abscisic acid (ABA; ng g−1 Fw), indole-3-acetic acid (IAA; ng g−1 Fw), jasmonic
acid (JA; ng g−1 Fw), salicylic acid (SA; ng g−1 Fw) and gibberellic acid (GA; ng g−1 Fw). Values are
means of five (n = 5) replicates. Star symbol shows significant differences at p < 0.05; ns: not significant.
All observations are shown as dots. The line inside the box and the lower and upper boundary of the
box represent the median, first and third quartile, respectively. The whiskers indicate the minimum
and maximum, excluding outliers (full dots), which are observations outside the 1.5 times interquartile
range of the first or third quartile.
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3.7. Grape Quality Attributes

Table 2 presents the effects of irrigation and tillage on grape quality in the Chardonnay cultivar.
Tillage increased TSS and total phenolic content compared to the no tillage practice in both irrigated
and non-irrigated plants. Indeed, water-stressed vines revealed higher grape total phenolics when
compared to the irrigated vines with no tillage. Titratable acidity and total tannins revealed the highest
levels at the IRR0/TIL0 treatment and decreased following tillage (up to 26.0% and 41.1%) and irrigation
(up to 16.5% and 24.1%) practice, respectively. The lowest pH value of the grape juice was measured at
the IRR0/TIL0 treatment. No differences were found in ascorbic acid and total anthocyanin content.

In Xynisteri, TA increased in IRR1/TIL1 when compared to the IRR0/TIL1 (Table 3). The highest
grape juice pH value was obtained at the IRR0/TIL0 treatment. Ascorbic acid increased but tannins
content decreased with the tillage application in the non-irrigated vineyard compared to the relevant
non-tilled/non-irrigated treatment. Total phenols increased in irrigated compared to no-irrigated vines
with no tillage. Total soluble solids and anthocyanins content did not differ among the treatments and
averaged in 17.95 oBrix and 0.45 mg cyn-3-glu 100 g−1 Fw.

Table 2. Effects of irrigation and tillage on the Chardonnay cultivar on grape total soluble solids
(TSS: Brix), titratable acidity (TA: % tartaric acid), pH, ascorbic acid (AA: mg 100 mL−1 grape juice),
total phenols (gallic acid equivalent: GAE 100 g−1 Fw), anthocyanins (mg cyn-3-glu 100 g−1 Fw) and
tannins (mg 100 mL−1 grape juice).

TSS TA pH AA Phenols Anthocyanins Tannins

No irrigation No tillage 19.50 ± 0.34b 0.97 ± 0.05a 2.86 ± 0.04b 0.58 ± 0.04a 3.69 ± 0.16b 0.25 ± 0.08a 54.12 ± 8.86a
Tillage 21.30 ± 0.54a 0.71 ± 0.02b 3.24 ± 0.08a 0.84 ± 0.05a 4.81 ± 0.18a 0.28 ± 0.07a 31.90 ± 4.89b

Irrigation No Tillage 19.77 ± 0.52b 0.81 ± 0.05b 3.25 ± 0.08a 0.81 ± 0.18a 2.66 ± 0.11c 0.19 ± 0.08a 41.07 ± 5.87b
Tillage 21.62 ± 0.28a 0.62 ± 0.02c 3.35 ± 0.00a 0.77 ± 0.05a 4.45 ± 0.12a 0.42 ± 0.14a 37.22 ± 7.96b

Y values (n = 4) in columns followed by the same letter are not significantly different. p < 0.05 according to Duncan’s
multiple range tests.

Table 3. Effects of irrigation and tillage on Xynisteri cultivar on grape total soluble solids (TSS: oBrix),
titratable acidity (TA: % tartaric acid), pH, ascorbic acid (AA: mg 100 mL−1 grape juice), total phenols
(gallic acid equivalent: GAE 100 g−1 Fw), anthocyanins (mg cyn-3-glu 100 g−1 Fw) and tannins
(mg 100 mL−1 grape juice).

TSS TA pH AA Phenols Anthocyanins Tannins

No irrigation No tillage 17.90 ± 0.46a 0.63 ± 0.02b 3.40 ± 0.01a 0.61 ± 0.04b 2.65 ± 0.10b 0.43 ± 0.16a 58.00 ± 8.01a
Tillage 19.82 ± 0.31a 0.59 ± 0.01b 3.35 ± 0.04ab 0.73 ± 0.03a 2.85 ± 0.09b 0.42 ± 0.14a 25.62 ± 6.74b

Irrigation No Tillage 16.55 ± 1.71a 0.66 ± 0.01ab 3.31 ± 0.01b 0.70 ± 0.03ab 5.11 ± 0.13a 0.40 ± 0.17a 46.40 ± 4.78ab
Tillage 17.42 ± 0.31a 0.70 ± 0.03a 3.31 ± 0.00b 0.72 ± 0.03ab 2.80 ± 0.06b 0.54 ± 0.12a 48.35 ± 9.56ab

Y values (n = 4) in columns followed by the same letter are not significantly different. p < 0.05 according to Duncan’s
multiple range tests.

3.8. Overall Effect

The two-way ANOVA revealed effects of tillage, irrigation and their interaction on selected
phenological plant stages for Chardonnay and Xynisteri cultivars (Table 1). In Chardonnay, tillage
affected leaf stomatal conductance, grape TSS, grape pH (p < 0.05), content of Chl b (p < 0.01),
accumulation of K, P and Na in leaves, grape TA and grape phenolics (p < 0.001). Irrigation affected
the content of Chl a and grape pH (p < 0.05), the content of Chl b, total Chls, N accumulation in
leaves, grape TA and grape phenolics (p < 0.01) and accumulation of K, P, Mg and Na (p < 0.001).
Considering the interaction of tillage × irrigation, in Chardonnay, tillage affected stomatal conductance
only when irrigated. Moreover, the interaction affected the accumulation of N (p < 0.05), the content of
chlorophylls (Chl a, Chl b, total Chl) and the accumulation of P and Na in leaves (p < 0.001).

In Xynisteri, tillage affected total phenolics, accumulation of K in leaves (p < 0.05), number of
clusters and yield (p < 0.01), cluster fresh weight, grape phenolics and accumulation of P and Mg
in leaves. Irrigation affected accumulation of K in leaves and grape TA (p < 0.05), leaf stomatal
conductance, DPPH antioxidant capacity, accumulation of Mg and Na in leaves (p < 0.01) and grape
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phenolics (p < 0.001). The interaction of tillage × irrigation affected the accumulation of Mg, number
of cluster and cluster weight (p < 0.05), accumulation of P and Na in leaves and grape phenolics
(p < 0.001).

4. Discussion

4.1. Vineyards Soil Properties and Soil Water Content

The soils in Chardonnay and Xynisteri are clay to clay loam, which means that they are able
to retain water, but when the VWC is closer to the PWP (permanent wilting point) the plants face
difficulty in utilizing it, in comparison to other soil types (e.g., sandy and sandy loam). In addition,
clay soils contain minerals that play a role in nutrient balance. Even though this also depends on
mineralogy and management practices, typically K and N are more abundant in such soils than P,
due to their higher mobility [48], which was confirmed in this study. Phosphorus is released from
immobile forms and organic matter by means of biological and chemical weathering that are not very
active in such soils and under water scarcity. In addition, the K and N amount in the soil available for
uptake, increases during the growing period while the levels of P usually remain stable [49], something
that was also observed for P in this study.

EC expresses the ability of the soil water to carry electrical current. Thus, EC can be used
as a measure of soil salinity. EC in the soil increased during the growing period, especially in
irrigated vineyards. This could be expected as evaporation during the summer months in arid and hot
environments, such as Cyprus, is rapid and therefore, the salts accumulate in the upper layers of the
soil [50]. EC also seemed to increase under tillage possibly due to the increased evapotranspiration.
This fact should be taken into consideration to avoid salinity problems in soils and a part of the
irrigation dose should be used for salt removal to deeper layers. On the other hand, EC also provides
an estimate of the plant-available water content. Irrigation water quality also plays a role, but it
was beyond the scope of this study to characterize it. Irrigation increased, as expected, the VWC in
Chardonnay and Xynisteri vineyards. In the non-irrigated Xynisteri, the VWC was closer to the value
considered to be the PWP for many crops (e.g., 10%). However, this cultivar is well adapted to the arid
conditions in the island of Cyprus.

4.2. Biomass Production from Cover Crop

Natural vegetation in no tillage-treated vineyards for both Chardonnay and Xynisteri, consisted
of species that are common in Cyprus and the Mediterranean area (Avena sp., Bromus sp., Lolium sp.,
Carduus sp., Sonchus sp., Malva sp., Papaver sp., Medicago sp., Hirschfeldia incana and Rapistrum
rugosum), with more species observed in Chardonnay than Xynisteri. These species are typically
found in vineyards and olive groves and form a multispecies cover crop [51]. Vegetative soil cover
biomass in Chardonnay in our study is similar to that measured in Mediterranean olive groves and
vineyards [19,52]. However, the vegetative cover of the Xynisteri soil, richer in organic matter, N and
K than the Chardonnay soils, was composed of a low number of species and had a higher biomass
but lower dry matter content than the one in Chardonnay. Vegetative soil coverage biomass adds
organic matter into the soil but it could be a competitor for water and nutrient uptake, especially for
the shallow soils of Cyprus, where a major part of nutrient and water uptake from the annual roots
takes place to a depth of approximately 0–40 cm.

4.3. Plant Growth and Physiology

Irrigation increased yield in Chardonnay under tillage, highlighting that the benefits from tillage
are only reached when irrigation is applied. However, in the drought tolerant Xynisteri, tillage
application increased yield compared to the non-tilled vines, independent of irrigation. Similar
findings to ours have been reported in another native Cypriot cultivar namely Maratheftiko [19].
In Xynisteri, the increased yield was related to a smaller number of clusters with a higher fresh weight
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produced in tilled vs. non-tilled vines. Tillage improves aeration by increasing pores size (in the upper
soil layers) in clay soils, which, in combination with irrigation, could contribute to increased water
uptake, nutrient availability in the soil water and benefits in microbiological aspects (e.g., mycorrhiza
colonization) [53]. The results of this study stress the fact that, besides water scarcity [1], tillage can
influence grapevine growth and yield, affecting the producer’s income. Considering the average yield
observed in the previous five years (2014–2018) in the same vineyards, as this was ranging from 1.97 to
2.51 kg plant−1 for Chardonnay and 2.28 to 3.39 kg plant−1 for Xynisteri (unpublished data), the yields
found in the present study are within those ranges.

Tillage had an effect on the chlorophyll levels in Chardonnay vines but this was not the case for
Xynisteri. The decrease in the chlorophyll levels was more obvious in the non-tilled and irrigated vines,
than in the other treatments (Figure 1). The observed decrease (74%) in leaf stomatal conductance
in non-irrigated Xynisteri in comparison to Chardonnay is indicative of the ability of the native
cultivar to withstand arid conditions. In such conditions, the best adapted genotypes should be able to
compromise between high water use efficiency and leaf cooling capacity [54].

4.4. Polyphenols and Antioxidant Activity

The consumption of foods rich in polyphenols, including wine, has been associated with the
benefits of their antioxidant properties on the prevention of cardiovascular diseases, certain types
of cancer, and other diseases related to aging [55,56]. Polyphenolic composition and antioxidant
activity in wine samples revealed differences among native and non-native grape cultivars, in Galicia,
Spain [55]. Given their value, extraction processes of natural antioxidants from grape marc are also
being applied [57].

In the case of Chardonnay, combined tillage and irrigation increased antioxidant activity in
the leaves when the vines were at the harvesting stage. The total phenolic content was the same
and not affected by any of the treatments during all the development stages of vine. In the case of
Xynisteri leaves, total phenolics were affected by the tillage during the flowering stage while tillage
(and no-irrigation) had no effect on them during the veraison and harvesting stages. Total phenols were
higher in the Xynisteri leaves than in Chardonnay in our study. In Xynisteri, water deficit had positive
effects regarding total phenolics, which could be related to changes in berry growth pattern [9] with
decrease of the berry size and increase in the ratio of skin to pulp [10]. Antioxidant activity in Xynisteri
showed differences among the treatments and the plant development stages. As previous research
indicates, drought stress can possibly cause oxidative damage with the production of ROS, provoking
a series of antioxidant enzymatic and non-enzymatic strategies followed by the vines [6–8]. However,
Xynisteri, as well as other Cypriot native cultivars, is understudied cultivar and further research is
required to obtain solid results on issues such as polyphenols and antioxidant activity. In general,
the results for Xynisteri are similar as those obtained for another native cultivar, Maratheftiko, under
similar soil-climatic conditions [19].

4.5. Mineral Content in Leaf Stems and Phytohormones in Leaves

Vines (both cultivars) accumulated more N, P and K in their leaves during flowering compared
to veraison. This has to do with the nutrient presence and availability in the soil (e.g., fertilizer type
and application date and rates), the soil properties but also to the remobilization of these nutrients
to newer leaves or to the fruits. Clay soil has minerals that have increased cation exchange capacity,
therefore they can adsorb and release cations, such as K, Mg, Na and NH4. Nitrates are more mobile,
due to their ionic status. However, contradictory effects were found regarding the accumulation of
nutrients between the two cultivars, and this is possible related to the water content in soil and/or
plant metabolism of the examined cultivars. For instance, Mg content decreased in Chardonnay but
increased in Xynisteri after tillage application at the flowering stage. As Mg is needed for chlorophyll
synthesis, this is an outcome that could be used for nutrient management in these two cultivars. If for
instance leaf health and photosynthesis are required at flowering or afterwards, tillage seems to be
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a practice that could be suggested in Xynisteri but not in Chardonnay vines. At veraison, K content
increased with tillage and/or irrigation for Chardonnay, but such a result was not found in the case
of Xynisteri. In addition, results showed that during the flowering stage, IRR1/TIL1 increased N and
P uptake (in comparison to IRR0/TIL1). This is probably due to the enhanced presence of the two
nutrients in the soil solution (especially P) and subsequent uptake, when both tillage and irrigation
are applied.

The complex interplay between phytohormones regulates responses to biotic and abiotic stresses
in plants. However, irrigation differentially impacted the phytohormone levels in the two cultivars
under tillage at veraison. Irrigated Chardonnay presented increased SA while irrigation decreased
ABA in Xynisteri. JA and GA tended to increase with irrigation in Chardonnay but to decrease in
Xynisteri. Therefore, irrigation seems to induce opposite phytohormone changes in Chardonnay and
Xynisteri. As a native cultivar, Xynisteri has adaptive changes to quickly cope with drought stress,
which might involve ABA, SA and JA, considered to be involved in drought stress responses and
the control of stomatal closure [58]. The introduced cultivar Chardonnay probably lacks these fast
adaptive changes, as indicated by its stomatal conductance, which is higher under no irrigation than in
Xynisteri. The stomatal conductance indicates that in non-tilled Xynisteri, irrigation relieves some of
the drought stress, resulting in increased stomatal conductance, which is not the case for Chardonnay.
Both cultivars seem unaffected by tillage when no irrigation was applied, but experienced an additional
stress when tillage was added to the irrigation. The drought tolerant Xynisteri still benefited from
the irrigation, being able to lower its drought stress defense responses, thus reducing ABA, SA and
JA levels and increasing stomatal conductance compared to no-irrigation. Chardonnay was forced to
enhance its defenses, supporting the elevated JA and SA levels and lowered stomatal conductance
found in irrigated, tilled Chardonnay. This result has also interest from a management point of view,
due to the important and diverse role of hormones in plant health and function.

4.6. Quality Attributes

The berry quality can be negatively affected by water deficit, not only because it causes decreased
vegetative canopy, and subsequently decreased the leaf area to support fruit ripening [11], but by the
direct exposure of berries to the sunlight [59]. Grape juice TSS is a common factor that indicates the
harvesting date of a vineyard and it is important for the production of high-quality wines. TSS in
Chardonnay grape juice increased with tillage application compared to no tillage, regardless of the
irrigation practice, being in contrast with findings of Bahar and Yaşain [22] and Chrysargyris et al. [19]
who reported decreased TSS for Cabernet Sauvignon and Maratheftiko, respectively, when tillage was
applied. In Xynisteri, TSS remained unaffected by irrigation and/or tillage practice. This contradicts
with the findings of Tregoat et al. [60] and Ojeda et al. [61], who observed higher TSS in berries of
Merlot and Shiraz plants, respectively, under moderate water restriction, and these differences may
be attributed to the different cultivar, soil, cultivation practices and environmental condition applied.
Cluster fresh weight was unaffected by the tillage and no tillage application in Chardonnay, being in
accordance with findings from Barroso et al. [62], who reported no changes on tillage and cover-crop
practices on Portuguese native grapevine Trincadeira cultivar. In contrast, Xynisteri cluster fresh
weight increased in tilled compared to non-tilled vines. Generally, cluster fresh weight was increased
following irrigation.

Polyphenols in grapes can increase under water stress [19,63]. This was also found in the present
study when comparing total phenols in irrigated and non-irrigated Chardonnay vines. Interestingly,
the content of polyphenols in Xynisteri grapes decreased in the water deficient treatment compared
to the irrigated vines. This is not necessarily negative, as the induction of polyphenols might take
place earlier for Xynisteri, as a response to drought stress, however, a time sampling would provide
more light for final observation. Tillage is also affecting the content of polyphenols in Chardonnay.
In general, contrasting results on berry phenolic composition can be documented following water
deficit, as this depends on the different period of the water application [64], the irrigation techniques
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employed [65] and of course by the severity of the water shortage [10,66]. Noticeably, an increased
phenolic level of consumed products is highly appreciated by the consumers.

Increased levels of tannins and anthocyanins impart important sensory attributes and potential
health benefits in wine, despite the low levels that can be found in white compared to red wines [64].
Titratable acidity and total tannins were decreased in the case of Chardonnay, when tillage and irrigation
were applied. In addition, by applying these practices, the pH of grape juice was elevated. Tillage
and irrigation on the other hand, had no effect on the levels of ascorbic acid and total anthocyanin
content. In Xynisteri, TA increased with tillage and irrigation but higher pH juice was obtained when
no irrigation/no tillage was applied. As in the case of Chardonnay, tannin content in the grape juice was
decreased when soil cultivation was applied, impacting negatively the grape juice quality. The results
of the work of Chrysargyris et al. [19] for Maratheftiko showed that TA was not affected by tillage
or irrigation treatments (same as those applied in this study). No tillage however, also significantly
increased tannin content in the grape juice from Maratheftiko. Anthocyanin concentration on the other
hand, increased in the case of Maratheftiko, when no irrigation/no tillage was applied. As observed for
Xynisteri and Chardonnay, the pH of the grape juice was also elevated when irrigation and tillage
were applied in Maratheftiko grapes [19].

5. Conclusions

In the Mediterranean region, water scarcity, which is projected to increase due to climate change,
could negatively affect grape cultivation. Therefore, studying irrigation and tillage regimes is important,
for native and introduced cultivars, in order to propose adaptation solutions. In this research, the effects
of irrigation and tillage treatments on various aspects of vine growth (e.g., yield, physiology and
quality attributes) were studied in Chardonnay and the indigenous Xynisteri cultivar, cultivated in
clay and clay-loam soils in Cyprus.

Regarding soil quality, irrigation tended to increase EC in the soil, through the growing period
and this should be considered to avoid salinity issues that could impact vines. Additional water should
be foreseen (when available) to be used to remove the salts from the top soil. The cover crop can
contribute as a source of N and organic matter, supporting vine nutrition and mitigating the impact of
climate change, by C sequestration and N2O emissions mitigation due to the reduced use of mineral
fertilizers. On the other hand, cover crop competes for water with the vines, especially in the upper
soil layers, where most of the annual vine roots are active. Additionally, this research showed that
Xynisteri cultivar performs well under no irrigation and reduced tillage and could be a good option for
viticulture in Cyprus, under climate change. In contrast, water and tillage are required to obtain high
yield and adequate quality for Chardonnay grapes. Irrigation also increases the yield for Xynisteri
grapes as well as quality attributes but when irrigation water is not available, the native variety should
be the first option for the vine growers. Water stress (in irrigated land) and reduced tillage could
improve total tannins content and titratable acidity for Chardonnay, offering higher quality grapes.
Some other quality parameters, such as ascorbic acid and anthocyanin content were not affected by
tillage and irrigation in either cultivar.

Further research is required to assess the effect of irrigation and tillage on other cultivars in
Cyprus, especially native cultivars that could be used for the adaptation of the Cypriot viticulture to
climate change. In addition, these experiments need to be conducted in other soil types to have a full
assessment of the effects of irrigation and tillage on grape physiology and yield quality aspects.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/5/670/s1,
Figure S1: Soil volumetric water content in the four treatments. Figure S2: Meteorological data during the last
5 years at Malia area, Limassol. Table S1: Soil physicochemical analysis on Chardonnay vineyards. Table S2: Soil
physicochemical analysis on Xynisteri vineyards.
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