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Abstract: Hailstorms are typically localized events, and very little is known about their effect on
crops. The objective of this study was to examine the physiological and vine performance responses to
natural hail, registered four weeks after full bloom, of field-grown Thompson seedless (Vitis vinifera L.)
grapevines, one of the most important table grape varieties cultivated in Greece and especially in the
Corinthian region in northeastern Peloponnese. Leaf gas exchange, vegetative growth, vine balance
indices, cane wood reserves, yield components, and fruit chemical composition were recorded from
hail-damaged vines and compared with control vines. Visibly, the extent of the hailstorm damage
was great enough to injure or remove leaves as well as cause partial stem bruising and partial injury
or total cracking of berries. Our results indicated that natural hail did not affect leaf photosynthesis,
berry weight, total acidity, and cane wood reserves but significantly reduced the total leaf area, yield,
and the total phenolics of berries at harvest. At the same time, hail-damaged vines increased the
leaf area of lateral canes and presented a higher total soluble solid (TSS) accumulation, while no
effect on the next year’s fertility was registered. The present work is the first attempt to enhance our
understanding of the vegetative yield, berry quality, and physiological responses of grapevines to
natural hail, which is an extreme and complex natural phenomenon that is likely to increase due to
climate change.
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1. Introduction

The Thompson seedless table grape cultivar (Vitis vinifera L.), introduced in Greece in 1838 [1], is
by far one of the most important crops in the region of Corinthia, in northeastern Peloponnese (Greece).
Owing to the optimal characteristics of the soil and environmental conditions from the climate of the
Gulf of Corinth, this cultivar rapidly reached high-level quality standards. From there, Thompson
seedless cultivation expanded to several other regions of Greece. Thus, it is now the most cultivated
seedless cultivar for fresh consumption and second only to Black Corinth for raisin production in
Greece [2].
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High-impact weather events in Greece, including hail, are well documented [3,4] and result in
significant subsequent socioeconomic impacts [4,5]. Nevertheless, very little is known about the effects
of hailstorms on crops. Indeed, numerous studies have been conducted on the effects of simulated hail
damage on different crops [6–9], but the effects of natural hail have scarcely been investigated [10,11].

There are significant variations in terms of crop damage due to different factors concerning both
hail and crops. Therefore, the amount of damage can vary in terms of hailstone size and intensity, the
kinetic energy of the hailstones [12], and the presence of wind accompanying hailfall. In addition,
some crop conditions can influence the extent of the damage (i.e., the growth stage and the elasticity of
the vegetation).

The cultural practices required to obtain the optimum yield and quality of the Thompson seedless
cultivar have already been achieved by several studies on training system, defoliation [13], cluster
thinning, girdling, the application of gibberellins, or a combination of all of these [14–16]. However,
modern table grape growers are faced with front vineyard management problems that are amplified
by climate change effects, such as heat waves [17], drought [18], frost [19], flooding [20], wind [21],
and hailstorms. In particular, hailstorms can be very detrimental to crops and lead to the complete
loss of the harvest. In Greece, during the period 1999–2011, damage costs from hail accounted for
26.2% of total insured crop losses [5]. In order to reduce these losses, anti-hail nets have been used as a
protective measure for crops, but their ability to modify the tree microclimate might also alter tree
growth and quality [22].

Even though several studies have been conducted on the effect of extreme weather events on
grapevine growth [23,24] and physiology [24–26], as well as grape and wine quality [27–29], it is not
clear yet what effects hailstorms have, directly or indirectly, on grapevine physiology and performance.

In light of this uncertainty, we studied the effects of natural hail on some important Thompson
seedless grapevine leaf physiological parameters and determined its impact on vegetative growth and
vine performance (yield and fruit composition).

2. Materials and Methods

2.1. Plant Material and Experimental Layout

The trial was undertaken at a commercial table grape vineyard located in Laliotis, a municipal unit
of Kiato (northeastern Peloponnese, Greece, Figure 1), over the 2015 and 2016 growing seasons. The
vineyard (38◦01′10.9′′ N, 22◦40′41.4′′ E, elevation 405 m a.s.l., silty clay loam soil) was a 15-year-old
planting of V. vinifera L. cv. Thompson seedless grafted onto 110R rootstock. Plant distances were
1.20 m within the row and 2.80 m between rows (2976 vines/ha), trained to a Y-trellis system with three
to four canes/vine and three to four spurs/vine. A 20-min hailstorm took place on 18 June 2015 (the
169th day of the year, DOY), four weeks after full bloom (known as development stage EL-33 [30]);
it was preceded by heavy rain (36 mm/h) and accompanied by wind velocities up to 78 km/h and
hailstone diameters of 25–30 mm. The hailstorm hit only one part of the vineyard, so this situation was
very favorable for analyzing hailstorm effects on grapevine plants. So, two treatments were compared:
control vines (ND, hail-damaged) and hail-damaged (HD) vines, the canopy of which was visibly
damaged by the hailstorm. The vines were drip–irrigated at 3500–4000 m3/ha, while fertilization, pest
control, and cultural practices (berry thinning, leaf removal, shoot thinning, and shoot trimming)
were conducted according to local practices. Furthermore, the following climatic data were recorded
by a weather station (Wireless Vantage Pro2TM, with a 24-h Fan Aspirated Radiation Shield, Davis
Instruments, Canada USA) situated close to the trial site: monthly mean air temperature in 2015 and
during 2005–2014, monthly rainfall in 2015, and average monthly rainfall during a recent decade
(2005–2014).
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arrowheads indicate the approximate direction of the hailstorm on 18 June 2015. 

The experiment was a randomized block design with  two  treatments—control  (ND) and HD 

vines—in five replications. Each plot consisted of three grapevines (experimental unit), so there were 

15 grapevines in each treatment. 

Immediately  after  the  hailstorm,  visual  effects  of  falling  hailstones  were  observed.  These 

included: 

(a) leaves still attached to grapevines with holes punched through them, creating hail injury; 

(b) partial defoliation to primary and lateral shoots; 

(c) partial injury or total cracking of berries; 

(d) partial stem and bark bruising; 

(e) primary and lateral shoots with partial hail injury on the epidermis. 

All of these hail injuries were observed only on sides facing the direction of the hailstorm (i.e., 

to  the  south and east). No  shoot was  removed and any shoot  topping was observed because  the 

grapevines had already been trimmed by the time of the hailstorm. 

No infection of pathogens to retained leaves, shoots, or bunches was observed due to the special 

nutrition and plant protection schedule applied before the hailstorm, immediately afterwards, and 

until leaf fall. 
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northeastern
Peloponnese, Greece). (B) The red and yellow dotted lines indicate the approximate areas of the
vineyard that were affected or unaffected by the hailstorm, respectively. Black arrowheads indicate the
approximate direction of the hailstorm on 18 June 2015.

The experiment was a randomized block design with two treatments—control (ND) and HD
vines—in five replications. Each plot consisted of three grapevines (experimental unit), so there were
15 grapevines in each treatment.

Immediately after the hailstorm, visual effects of falling hailstones were observed. These included:

(a) leaves still attached to grapevines with holes punched through them, creating hail injury;
(b) partial defoliation to primary and lateral shoots;
(c) partial injury or total cracking of berries;
(d) partial stem and bark bruising;
(e) primary and lateral shoots with partial hail injury on the epidermis.

All of these hail injuries were observed only on sides facing the direction of the hailstorm (i.e.,
to the south and east). No shoot was removed and any shoot topping was observed because the
grapevines had already been trimmed by the time of the hailstorm.

No infection of pathogens to retained leaves, shoots, or bunches was observed due to the special
nutrition and plant protection schedule applied before the hailstorm, immediately afterwards, and
until leaf fall.
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2.2. Leaf Gas-Exchange Measurements

Two days after the natural hailstorm (DOY 171), the single leaf assimilation rate (Pn), stomatal
conductance (gs), and leaf transpiration rate (E) of intact and hail-damaged leaves were measured
simultaneously. The readings were repeated at DOY 186, 231, 247 (harvest), and 320 (two weeks before
leaf fall) with a LC Pro+ portable photosynthesis system (ADC Bioscientific Ltd., Hoddesdon, UK).
One shoot per vine (five shoots per treatment) was chosen and the readings were taken at the 3rd
(basal) and 10th (medial) well-exposed leaves from the base of the main shoot and at the 3rd young
leaf of the lateral shoot in the morning between 10 a.m. and 12 p.m. on sunny days under saturating
photosynthetic active radiation (PAR > 1500 µmol photons m−2s−1). The readings of hail-damaged
leaves were taken in leaf areas immediately adjacent to the hail injury. Concurrently, on the same
leaves, intrinsic water use efficiency (WUEi) was derived as the Pn-to-gs ratio.

2.3. Vegetative Data, Productive Traits, and Fruit Composition

Two days after the hailstorm, the total leaf area from the primary and lateral canes and the
corresponding total leaf area (m2) from each were estimated by removing 10 canes from 10 randomly
chosen vines per treatment and measuring the real leaf area (LA) with a portable leaf area meter LI-3000
(Li-Cor Biosciences, Lincoln, NE, USA); the same procedure was used at harvest in order to determine
vegetative growth. Concurrently, the total number of nodes per vine, the diameter of the primary canes
at the 3rd and 10th internode, and the diameter of the lateral canes at the 3rd internode were registered.

At the end of December 2015, the one-year-old pruning weight was recorded for all vines and the
yield-to-pruning-weight ratio was calculated. Vine balance was also assessed by calculating the total
leaf-area-to-yield ratio (vine basis) in both treatments.

At harvest, performed on 5 September 2015 (DOY 248), when the sugar accumulation on ND
vines reached 20 degrees Brix (◦Bx), all experimental vines were individually hand-picked and yield
per vine was measured at the same time as the total number of bunches. Thereafter, the bunches
were immediately weighed, and the total number of damaged and undamaged berries per bunch
was counted. The bunch length and width were also recorded. The bunch compactness index was
estimated as the bunch-weight-to-(bunch length)2 ratio, according to Tello and Ibáñez [31].

Concurrently, five samples of 200 berries per treatment were randomly collected. From each
sample, 175 berries were used in order to determine the following berry characteristics: berry weight,
berry length and diameter (using an electronic digital caliper), and force pedicel detachment (using a
digital dynamometer (PCE Italia s.r.l., Capannori, Italy)—expressed in Newton (N).

After these measurements, the same berry samples were crushed and the must was obtained
in order to determine the following berry quality characteristics. Total soluble solids (TSS) were
measured using a digital hand-held “pocket” refractometer PAL (Atago Co., Ltd., Tokyo, Japan) and
expressed in ◦Bx at 20 ◦C. A digital HI-2002 Edge pH meter (Hanna Instruments, Rhode Island,
USA) was used to measure must pH, and values were expressed in pH units. Titratable acidity
(TA) was determined by titration of grape juice with a 0.1 N sodium hydroxide (NaOH) solution in
the presence of a bromothymol blue indicator and expressed as tartaric acid percent (%). Also, the
maturity index was calculated as the ratio TSS/TA. The remaining berries (25 berries per treatment)
were frozen at −20 ◦C, and after a few days, total skin phenolic contents were determined as described
by Slinkard and Singleton [32], and their concentration was expressed as milligrams per kilo of fresh
berry weight (mg/Kg).

2.4. Carbohydrate and Nitrogen Storage in Above-Ground Permanent Vine Organs

At the end of December 2015, the soluble sugars and starch concentrations in primary canes
(3rd and 10th internode) and lateral canes (3rd internode) were determined on seven replicates per
treatment according to Morris (1948) [33] and Loewus (1952) [34] and expressed in mg g−1 of dry
weight (DW).
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2.5. Shoot Fertility and Blind Buds

In spring 2016, during the phenological phase of visible inflorescences, seven uniform vines per
treatment were selected and the bud fertility index (number of bunches/shoot) was evaluated. At the
same time, the number of blind buds per vine was determined in the same vines.

2.6. Statistical Analysis

All data were processed by a two-way analysis of variance using the SigmaStat software package
(Systat Software, Inc. San Jose, California, USA). Treatment comparison was performed by t-test at
p < 0.05 and p < 0.01. All traits are shown as mean ± standard error.

3. Results and Discussion

3.1. Meteorological Data

The average daily temperature during vegetative and reproductive growth until harvest was
always higher compared with the same period in the recent decade (2005–2014), whereas the rainfall
from February to October 2015 exceeded the average monthly rainfall as compared with the period
2005–2014 (Figure 2). The amount of rainfall in June 2015 was registered in concomitance with the
hailstorm and represented only 5% of the total rainfall (692 mm) of that year (Figure 2).
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recorded in 2015, and average monthly temperature and rainfall in 2005–2014 close to the trial site. The
arrow indicates the time of the hailstorm.

3.2. Effect of Natural Hail on Vegetative Growth

Hail impact differed strongly among the plant species and was related to their vegetative
characteristics: plant height, growth form, leaf traits, and stem type [35]. For our experiment, total
leaf area just after the hailstorm is shown in Table 1. The data indicate that this natural phenomenon
removed 1.40 and 0.41 m2 of leaf area/vine on primary and lateral shoots of HD vines, respectively,
causing a total leaf area of HD vine reduction of 1.81 m2/vine compared with ND vines (Table 1). This
led to a 16.4% loss of the whole leaf area of HD vines, as demonstrated by the defoliated and scarred
leaves caused by the hailstones (Figure 3). Such damage has been reported in other crops [36], and hail
damage can be related to the architectural features of a plant species [35].

At harvest, the shoot number was very similar for both ND and HD vines, and despite the hail
injury on the phloem (Figure 4) of the primary and lateral shoots of HD vines, there was no statistically
significant difference in cane diameter between the two treatments (Table 1). Nevertheless, the lateral
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shoot number for HD vines was higher (31%) compared with ND vines and led to 8.6% more leaf
area compared with the same vines just after hail (Table 1). This indicates the response of grapevines
to natural hail (i.e., to stimulate the buds of primary shoots to outbreak and to develop new lateral
shoots). Moreover, since no reports have been found in the scientific literature in which the effects of
natural hail on grapevines were studied, it is not wrong to compare the effects of natural hail with those
obtained by defoliation. In fact, the ability of vines to increase their lateral leaf area with defoliation
(status derived from natural hail, in our case) is already known [37,38]. The total leaf area of HD vines
was about 8.5% less compared with ND ones (Table 1) at harvest due to a lower leaf area of primary
canes caused by hail damage (Table 1). These results are in accordance with other reports on crops
such as maize [9].

Table 1. Vegetative growth (mean ± SE, n = 10) just after hail and at harvest in non-hail-damaged (ND)
and hail-damaged (HD) field-grown Thompson seedless vines.

Parameters ND HD Signif. a

Just after hail (DOY 169)
Total leaf area from primary canes (m2/vine) 8.90 ± 0.33 7.50 ± 0.18 *
Total leaf area from lateral canes (m2/vine) 2.11 ± 0.12 1.70 ± 0.10 *

Total leaf area (m2/vine) 11.01 ± 0.28 9.20 ± 0.17 *

At harvest (DOY 248)
Shoots/vine 12.7 ± 0.05 13.0 ± 0.08 ns

Lateral shoots/vine 9.43 ± 0.04 12.34 ± 0.06 *
Cane diameter at 3rd internode (mm) 10.37 ± 0.29 10.73 ± 0.13 ns
Cane diameter at 10th internode (mm) 7.02 ± 0.39 7.15 ± 0.40 ns

Lateral cane diameter at 3rd internode (mm) 5.70 ± 0.22 5.65 ± 0.13 ns
Total leaf area from primary canes (m2/vine) 10.97 ± 0.21 10.02 ± 0.28 *
Total leaf area from lateral shoots (m2/vine) 3.13 ± 0.09 3.40 ± 0.07 *

Total leaf area (m2/vine) 14.38 ± 0.28 13.16 ± 0.37 *
a Significant differences (Signif.) are indicated: *, p < 0.05; ns, (not significant) according to t-tests.
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Figure 3. Undamaged leaves (left) and scarred basal leaves (right) of field-grown Thompson seedless
vines. Picture was taken at harvest during the leaf gas exchange measurements; red ovals indicate the
exact point where hailstones hit the leaf during the natural hail event that occurred four weeks after
full bloom.

3.3. Effect of Natural Hail on Leaf Gas Exchange

Two days after natural hail (DOY 171), the leaf assimilation rate was not affected by natural hail in
the basal or medial leaves (Figure 5A–C). Readings taken on lateral leaves essentially showed similar
photosynthetic activity between treatments, although the lateral leaves from HD vines were developed
after the hailstorm (Figure 5C).
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Figure 5. Seasonal changes in leaf assimilation rate (Pn) recorded in 2015 at different node positions
along the main shoots: (A) in basal leaves, at the 3rd node; (B) medial leaves, at the 10th node; and
the lateral shoots (C) (medial leaves, 3rd node) of non-hail-damaged (ND) and hail-damaged (HD)
field-grown Thompson seedless vines. The hailstorm corresponded to day of the year (DOY) 169 in
2015, whereas harvest corresponded to DOY 248. Arrowheads indicate the time of hailstorm and
harvest. Data are means (n = 5) ± standard errors represented by bars.
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Even though no significant differences were recorded for E between ND and HD basal leaves
(Figure 6A), the medial and lateral leaves from HD vines significantly increased E, with a maximum of
67% and 37%, respectively, during the first 20–25 days after the hailstorm (Figure 6B,C). Sixty days after
the hailstorm, these HD leaves showed E values similar to ND leaves up to values of approximately
3.0 mmol H2O m−2 s−1 (Figure 6B,C). The initial increase in transpiration of hail-injured leaves has
also been documented in the literature for hail simulations [6], but in our case, it was more persistent.
Perhaps due to a limited capacity of vine leaves to rapidly injure (e.g., by lignification at the edges
of wounded leaf tissue) or to further abiotic stress (e.g., high-temperature stress), this abiotic stress
situation was able to delay the recovery of evapotranspiration [26]. On the other hand, no significant
differences of instantaneous WUEi were registered between treatments (Figure 7A–C).
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Figure 6. Seasonal changes in leaf transpiration rate (E) recorded in 2015 at different node positions
along the main shoots: (A) in basal leaves, at the 3rd node; (B) medial leaves, at the 10th node; and
the lateral shoots (C) (medial leaves, 3rd node) of non-hail-damaged (ND) and hail-damaged (HD)
field-grown Thompson seedless vines. The hailstorm corresponded to day of the year (DOY) 169 in
2015, whereas harvest corresponded to DOY 248. Arrowheads indicate the time of the hailstorm and
harvest. Data are means (n = 5) ± standard errors represented by bars. Asterisks indicate significant
differences according to t-test, p < 0.05.
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Figure 7. Seasonal changes in intrinsic water use efficiency (WUEi) recorded in 2015 at different node
positions along the main shoots: (A) in basal leaves, at the 3rd node; (B) medial leaves, at the 10th node;
and the lateral shoots (C) (medial leaves, 3rd node) of non-hail-damaged (ND) and hail-damaged (HD)
field-grown Thompson seedless vines. The hailstorm corresponded to day of the year (DOY) 169 in
2015, whereas harvest corresponded to DOY 248. Arrowheads indicate the time of the hailstorm and
harvest. Data are means (n = 5) ± standard errors represented by bars.

These results are in accordance with previous works on the effects of mechanical stress caused
by, for example, hailstorms [6,39,40] or an invasion of insect herbivory [41] on leaf gas exchange. As
reported by Tartachnyk and Blanke [4] for mechanically hail-injured four-year-old apple trees (Malus
domestica Borkh. cv. “Golden Delicious”) and Aldea et al. [40] for soybean plants (Glycine max L.,
cv. Pioneer 93B15) damaged by Japanese beetles (Popillia japonica) and corn earworm caterpillars
(Helicoverpa zea Bodie), the stress induced by hailstorms and insect herbivory, respectively, increased the
transpiration but did not have a significant effect on the rate of net photosynthesis of damaged leaves.
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3.4. Effect of Natural Hail on Productive Traits

Starting from a uniform bunch number per vine, the yield, bunch weight, and berry weight were
affected by natural hail (Table 2). At harvest, in HD vines, the yield per vine and bunch weight were
significantly reduced by about 39% and 29%, respectively, as compared with ND treatment. These
reductions were attributable to a significantly lower number of undamaged berries per bunch (up to
44% less than ND), and consequently, bunch width and compactness were reduced in HD vines
(Table 2).

Table 2. Yield components and bunch and berry characteristics (mean ± SE, n = 20) at harvest in
non-hail-damaged (ND) and hail-damaged (HD) field-grown Thompson seedless vines.

Parameters ND HD Signif. a

Bunches (number/vine) 15.0 ± 1.33 13.2 ± 2.65 ns
Yield (kg/vine) 13.10 ± 0.33 8.20 ± 0.65 *

Bunch weight (g) 874.10 ± 107.61 620.20 ± 117.79 *
Bunch length (cm) 21.8 ± 1.6 20.9 ± 1.2 ns
Bunch width (cm) 17.2 ± 0.7 14.6 ± 0.8 *

Bunch compactness index (g/(cm)2) 1.89 ± 0.13 1.40 ± 0.19 *
Undamaged berries per bunch (n) 167.0 ± 3.2 a 93.0 ± 3.1 **

Undamaged berry weight (g) 5.07 ± 0.51 5.19 ± 0.61 ns
Hail-damaged berries per bunch (n) - † 45.0 ± 1.8 -
Hail-damaged berry fresh weight (g) - 3.3 ± 0.02 -

Undamaged berry length (mm) 27.11 ± 0.44 26.2 ± 0.66 ns
Undamaged berry diameter (mm) 17.88 ± 0.31 17.57 ± 0.42 ns

Force pedicel detachment (N) 1.6 ± 0.22 1.1 ± 0.12 ns
a Significant differences (Signif.) are indicated: *, p < 0.05; **, p < 0.01; ns, (not significant) according to t-tests. †

Not detected.

Nevertheless, berry weight, width, diameter, and force pedicel detachment of undamaged berries
from HD vines were unaffected by natural hail (Table 2), although the lack of response in terms
of berry size on HD vines could simply be attributed to physiological berry growth compensation
(fewer undamaged berries per bunch and a higher sink demand of undamaged berries compared with
hail-damaged ones, on the same bunch, can lead to greater growth). It has to be noted that four weeks
after full bloom (in concomitance with natural hail), this natural phenomenon was not effective enough
to cause a severe source limitation, for example, on leaf gas exchange (Figure 5) during this stage of cell
division, which in turn, could lead to a considerable reduction in final berry size. Indeed, Vasconcelos
and Castagnoli [42] demonstrated that leaf removal, four weeks after bloom, had no impact on yield
components, even though leaf removal can affect more or less the yield components in relation to
the cultivar, severity, and time of treatment [43]. In our experimental conditions, natural hailstones
were able to injure the epidermal cell of the berry and cause scarring (Figure 8), which probably led
to suberification of the tissue, which in turn might have increased the weight loss of hail-damaged
berries (Table 2). These hail-damaged berries should obviously be removed at harvest with appropriate
clipping scissors in order to obtain marketable grapes—a process that increases the production cost of
the crop.

3.5. Effect of Natural Hail on Fruit Composition

Natural hail occurring four weeks after full bloom increased TSS (+1.0 ◦Bx) at harvest (Table 3).
The accumulation of sugar in the berries seemed to depend not only on the amount of yield (Table 2) but
also the available active leaf area during the period between veraison and harvest. Indeed, during this
period, HD vines presented a canopy composed of almost-young leaves, capable of fixing a sufficient
amount of carbon, against ND vines composed only of old leaves for sugar accumulation in berries.
This positive effect of lateral shoots on grape quality has already been demonstrated [44]. Several
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studies have shown that sugar accumulation is not affected [44,45] or even slightly increased [46–48]
after reducing leaf area, similar to what happened in our study on HD vines (Table 1).
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Figure 8. Cluster morphology of field-grown Thompson seedless HD (left) and ND (right) vines at
harvest. Generally, the berries from HD vines presented unidirectional dorsal scars generated by
natural hail that occurred four weeks after full bloom.

Table 3. Berry quality composition (mean ± SE, n = 5) at harvest in non-hail-damaged (ND) and
hail-damaged (HD) field-grown Thompson seedless vines.

Parameters ND HD Signif. a

Total soluble solids (TSS, ◦Bx) 20.0 ± 1.13 21.0 ± 0.85 *
Total acidity (TA, %) 0.39 ± 0.01 0.37 ± 0.02 ns

Must pH 4.27 ± 0.08 4.37 ± 0.10 ns
Maturity index (TSS/TA) 51.1 ± 0.05 57.0 ± 0.19 ns
Total phenolics (mg/kg) 1900.7 ± 39.2 975.5 ± 15.4 *

a Significant differences (Signif.) are indicated: *, p < 0.05; ns, (not significant), p > 0.05 according to t-tests.

Moreover, there were no significant differences in TA, juice pH, and maturity index among
treatments (Table 3). These quality parameters at harvest were optimal and able to ensure a high-quality
end-product, according to consumer preference [49]. The lack effect of natural hail on these qualitative
parameters might be due to the minimal microclimate modifications around the cluster zone in our
experimental conditions, since it is generally accepted that increasing cluster exposure to sunlight
(perhaps indirectly caused by natural hail in our case, i.e., leaf gaps generated by hailstones) decreases
juice acid content [46,50].

However, natural hail affected the total phenolic levels at harvest with a fold change of ~2
between HD and ND berries (Table 3). Abiotic constraints are known to exert a negative effect on
secondary metabolites, such as phenolic compounds [51]. Also, in our study, a competitive relationship
between primary and secondary metabolites in berries was registered (Table 3), confirming other results
reported previously [52,53]. In HD berries, the impact of natural hail might have inhibited phenolic
biosynthesis and/or promoted phenolic degradation. Indeed, the biosynthesis and degradation of
phenolic compounds seem to be under the control of enzymes that strongly reduce their activity under
source limitations [45,48].
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3.6. Effect of Natural Hail on Pruning Data, Vine Balance Indices, and Carbohydrate and Nitrogen Storage in
Permanent Vine Organs and Shoot Fertility

The pruning weight did not differ between treatments (Table 4). Conversely, the yield-to-pruning-
weight ratio was affected by natural hail and decreased more than 37% on HD vines, while the
leaf-to-fruit ratio increased by about 0.50 m2 kg−1 in HD vines as compared with ND ones (Table 4).

Table 4. Vine balance indices, cane wood reserves, and bud fertility (mean ± SE, n = 7) in
non-hail-damaged (ND) and hail-damaged (HD) Thompson seedless grapevines.

Parameters ND HD Signif. a

Pruning weight (kg/vine) 2.99 ± 1.64 3.03 ± 0.13 ns
Yield-to-pruning-weight ratio (kg/kg) 4.38 ± 0.04 2.71 ± 0.13 **

Leaf-to-fruit ratio (m2/kg) 1.10 ± 0.15 1.60 ± 0.09 *
Soluble solids of primary canes at 3rd internode (mg/g DW) 167.88 ± 16.98 155.79 ± 9.04 ns

Starch of primary canes at 3rd internode (mg/g DW) 40.62 ± 14.09 50.82 ± 11.58 ns
Soluble solids of primary canes at 10th internode (mg/g DW) 147.06 ± 3.63 151.66 ± 7.12 ns

Starch of primary canes at 10th internode (mg/g DW) 35.96 ± 2.49 35.58 ± 7.61 ns
Soluble solids of lateral canes at 3rd internode (mg/g DW) 119.19 ± 7.66 146.36 ± 17.95 ns
Starch of canes of lateral canes at 3rd internode (mg/g DW) 22.48 ± 10.25 39.67 ± 5.47 ns

‡ Bud fertility index 1.55 ± 0.20 2.08 ± 0.40 ns
‡ Blind buds/vine 4.00 ± 1.73 5.67 ± 2.40 ns

a Significant differences are indicated: *, p < 0.05; **, p < 0.01; ns, (not significant). ‡ Evaluated in spring 2016 and
expressed as number of clusters per shoot per node position on the cane.

Analyses of the amount of total carbohydrates (total soluble sugars, reducing sugars, and sucrose)
and insoluble (starch) carbohydrates at pruning (Figure 7) stored in the canes (primary and laterals)
showed no differences between the two treatments, and consequently, no incidence to bud fertility or
blind buds on HD vines was registered one year after the natural hail (Table 4). These results underline
that the extent of this natural phenomenon was not large enough to cause mechanical damage to the
shoots carrying the buds or latent bud differentiation interference, something that can be registered
after a hailstorm [54] or during the year following defoliation, when lower vigor has been noted [55] as
well as flower abscission [56] or lower bud fruitfulness. Moreover, lateral shoots were net exporters of
carbohydrates, providing assimilates to support their own growth and sending the surplus to the main
shoot, which contributed to berry ripening (Table 3).

4. Conclusions

The present study is the first attempt at quantifying natural hail effects on field-grown table
grapes. Based on the results, the natural hailstorm caused an alteration in the source–sink relationship
in Thompson seedless (V. vinifera L.) grapevines due to diminished leaf area induced by the hailstorm,
which in turn led to lighter, less compact bunches and reduced the total phenolics of the berries.
Moreover, this phenomenon implicates physiological and vegetative responses that can bring the
vines to an acceptable maturity index without interfering with wood reserves or bud fertility in the
following season.

Further investigation of these effects and in the presence of greater hail-damage impacts could be
useful for better understanding the responses of grapevines under extreme abiotic conditions.
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