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Abstract

The thermal increase, due to the changed climatic context, is leading to marked variations in the yield and quality of the
grapes and causing an increase in the use of water resources in several viticultural areas. Nevertheless, in some environments,
rainfalls are scarce and there is no water availability. In this study, we compared the impact of low water irrigation volumes
(DI, replacement of 70% of crop evapotranspiration) with respect to non-irrigated vines (NI), on the physiological, yield
and qualitative performances of near-isohydric variety ‘Montepulciano’, trained to overhead trellis system, which requires
a high-water supply. The stomatal conductance and photosynthesis values, in basal and median leaves, were higher in DI
vines. All NI leaves suffered water stress, showing in the youngest leaves (position 20 and 25 along the main shoot) higher
carbon isotope discrimination (8'3C) (= 25.38%0 and 25-25.77%o, respectively). At harvest, DI vines showed yield higher
of 30% and 33% than NI vines in 2005 and 2006, respectively, and 18% in 2007. In environments with prolonged water
shortage and low water resource, near-isohydric ‘Montepulciano’ vines, trained to overhead trellis system and irrigated
with limited volumes, determined a significant improvement of ‘vineyard efficiency’ with a yield of 19.2 t/ha with respect
to 13.4 t/ha of NI vines, ensuring also more sugar content (+31%), anthocyanin concentration (+ 13%) and polyphenolic
substances (+8%) than NI vines.
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Introduction

Water stress is the most important factor limiting grape-
vine growth in the Mediterranean area. Timing, intensity
Communicated by L. Bavaresco. and duration of water stress coupled with excessive irradi-
ance and temperature determine the impact of drought on
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increasing global temperatures and reducing rainfall events,
leading to a dramatic decrease in water availability for agri-
culture and exposing viticulture to greater risks due to the
possible change of terroir elements as well as yields and
grape quality (IPCC 2014). Thermal increase would, there-
fore, promote the expansion of wine-growing areas and the
quality of wines in northern Europe, endangering, on the
contrary the Mediterranean areas where new strategies to
adapt to climate change need to be implemented (Palliotti
et al. 2017; Silvestroni et al. 2016, 2018).

A recent study on the analysis of the thermal increase and
its impact in some viticultural areas of the Abruzzo region,
through the relationship with bioclimatic indices, showed
that the temperatures during the months March to June, cor-
responding to vegetative growth, influence the harvest date
in Montepulciano vines (Di Lena et al. 2019). The summer
temperatures, from July to September, corresponding to the
ripening period, affect, instead, the grape sugar concentra-
tion (Lanari et al. 2014).

In grapevines cultivated on hillsides south exposed, long
periods of summer drought and excessive radiation occur
during the growing season, also associated with water scar-
city, leading to a strong vapor pressure deficit between leaf
and atmosphere. These phenomena may be increased by the
overhead trellis, such as ‘“Tendone’, like the ‘Pergola’ train-
ing system, widespread in southern Italy and used for table
grapes also in Chile, Australia, Argentina and other coun-
tries (Freeman et al. 1992). The ‘Tendone’, in its classical
form, is a horizontal canopy with four canes orthogonally
tied on a single wire system lie on a poles system at about
1.8 m above the ground level. Shoots are freely standing on
the same wire system forming a complete overhead canopy,
allowing the passage of mechanical equipment’s under the
canopies, shading the soil during the growing season. In
this training system, grapevine canopies are able to intercept
high solar radiation levels coupled with high leaf area index
(Nuzzo et al. 2005; Giorio and Nuzzo 2012). Therefore,
the ‘Tendone’ trellis system is also characterized by higher
water demand, when compared to vertical shoot positioning
systems (Nuzzo et al. 2005).

It is well known that under soil water deficit one of the
primary physiological responses of cv. Montepulciano is a
partial or total stomata closure, allowing leaf to maintain a
favourable leaf turgor but limiting gas exchange, prevent-
ing chronic photo-inhibition and avoiding chlorotic and
necrotic areas on sun-exposed leaves (Palliotti et al. 2008,
2009, 2014). For these behaviours the cv. Montepulciano
was classified as isohydric (Palliotti et al. 2008, 2014) or
near-isohydric (Tombesi et al. 2014) and less adapted to face
the multiple summer stress conditions than other grapevine
varieties (Pallioti et al. 2014). Our working hypothesis is
that the near-isohydric behaviours of ‘Montepulciano’, make
this variety particularly useful for evaluating the effects of
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limited volumes of irrigation water and its response to the
climatic variations in progress in this area (Di Lena et al.
2019).

Moreover, in grapevine, C3 species plant, the stomatal
conductance (gs) is related to carbon isotope discrimination
(A'3C) via its effect on the Ci/Ca ratio (the ratio between
intercellular and atmospheric concentration of CO,). Car-
bon isotope discrimination is a measure of the '3C/'*C ratio
in plant tissues compared to the air ratio, as described by
the equation A =a+ (b — a) X (Ci/Ca) (Farquhar et al. 1989).
Here ‘a’ assumes the theoretical value of 4.4 %o and is the
discrimination during the diffusion of carbon dioxide from
the atmosphere to the chloroplasts through the stomatic
pores, and hence, it is against the slower moving CO, con-
taining carbon-13 (**C). And ‘b’ assumes the value of 27 %o
and represents the discrimination by the Rubisco enzyme
when CO, reacts with RuBP. Furthermore, the analysis of
the '3C discrimination is a valid method of estimating intrin-
sic water-use efficiency (WUEi, the ratio between Pn and
gs), that can be used to study the plant—environment inter-
actions and identify genotypes tolerant or resistant to water
shortage (Farquhar et al. 1989).

For example, Gaudillere et al. (2002) used carbon isotope
composition of berry sugar as a proxy of vine water status in
field conditions. More recently, Bchir et al. (2016) used the
carbon isotope discrimination as an indicator of vine water
status and WUE.

Stomatal and non-stomatal factors interact to limit down-
regulation of photosynthesis during the hottest hours of the
day and to avoid deterioration of fruit chemical composition
(Medrano et al. 2002). However, when water stress is limited
to short periods could exerts positive effects on grape quality
with increases in anthocyanins (Chaves et al. 2007) and tan-
nins concentration (Herrera et al. 2015). Contrarily, longer
periods of stress induce drastic reductions in shoots and ber-
ries growth with negative impact on yield and grape quality
at harvest, leaf photoinhibition and consequent permanent
photo-damages (Palliotti et al. 2008, 2009). A severe water
deficit after veraison can lead to high basal leaf senescence
(Silvestroni et al. 2005; Palliotti et al. 2008), opening fruit-
ing zone and increasing light penetration at the level of the
cluster and inducing changes in berry composition (Santos
et al. 2005).

There are numerous studies carried out in areas where
natural water availability is limited but is present as the irri-
gation resource as in Argentina and California. There are
also many environments where rain events and irrigation
water are scarce, as in central-northern Italy, where the irri-
gation technique is not widespread, is an additional cost and
the water resource is limited. Therefore, the aim of our study
was to evaluate the benefits that can be obtained from vines
using moderate irrigation volumes and the combination with
the overhead ‘Tendone’ training system, which combines
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diffused light conditions on the clusters and high thermal
and luminous resources, which, however, require a high-
water supply. The study aimed to achieve a dual objective
based on water savings, even in areas where dry summers
are increasingly occurring, and on the preservation of the
yields and quality of the grapes in overhead trellis ‘Mon-
tepulciano’ grapevines, near-isohydric variety, investigating
on the effects of canopy development and physiology, yield
and grape quality.

Materials and methods

Plant material, experimental conditions
and experimental design.

The trial was carried out over three years (2005, 2006 and
2007) in a hillside non-irrigated vineyard within the D.O.C.
‘Montepulciano d’Abruzzo’ area located in Orsogna (Abru-
zzi region, Central Italy lat. 42°13'N, long. 14°16'E). The cv
‘Montepulciano’ is one of the main Italian grapevine varie-
ties, cultivated on about 27.000 ha (ISTAT 2010), mainly
distributed in the central and southern Italy.

The vineyard was planted on a clay-loamy soil, in a slight
slope (4%) and south exposed. Mature grapevines (10 years
old) of Vitis vinifera L. cv ‘Montepulciano’ (clone R7)
grafted on 1103 Paulsen rootstock were trained to overhead
‘Tendone’ trellis system, the most important viticultural
combination (cultivar and training system) in south-central
Italy. Trellis system consisted of a 1.80 m about high stake
for each vine. Two orthogonal cane wires were cantilevered
at the top of the stake and a grid of shoot support wires
spaced 0.50 m apart. Vines had a 1.2-1.4 m high trunk,
with four arms and a cane per arm orthogonally displayed
on the cane wires. Canes were about 8 buds pruned dur-
ing the winter period. The standard summer pruning opera-
tions, consisting in the removal of unproductive shoots and
basal lateral shoots, was made before flowering. At pea-size,
when necessary, leaves near the clusters were removed and
clusters were arranged up-down below the canopy. Recom-
mended crop protection practices were carried out according
to local practices determined by field scouting, experience
and weather conditions. Weeds growth was mechanically
controlled by repeated shallow tillage, carried out orthogo-
nally in both directions of the rows. As ordinary, soil was
kept bare with three to four tillage interventions were made
from berry set until the harvest.

Vines were planted in square distribution at 2.50 m
(1.600 vines/ha). In this experiment, rainfed vines (NI) were
compared with irrigated vines using limited water irriga-
tion volumes (DI). The experimental design consisted of two
main blocks of 2000 m? (0.2 ha), each with about 320 vines.
Each block was divided into two plots of about 160 vines.

In each block one plot was equipped with irrigation systems
consisting of pressure compensating emitters with an 8 L/h
discharge rate. In July, during the first stage of fruit growth
until veraison, water was applied to DI vines according with
the following equation:

Applied Water (AW) = (0.7 X (Kc X ETo) — Rainfall).

ETo was estimated by the Penman—Monteith equation
(Allen et al. 1998); meteorological variables used in the
equation and rainfall were measured by a standard automatic
weather station, located near the vineyard, of the Regional
meteorological Centre (ARSSA, Regional Agency for Agri-
cultural Development Services). A single mid-season Kc
value of 0.7 was used to calculate ETc from the daily value
of ETo (Doorenbos and Pruitt 1977). The ETc was further
reduced by a coefficient of 0.7 in order to apply the deficit
irrigated (DI) treatment. This threshold was chosen taking
into account the paper of Messaoudi and El-Fellah (2004),
and Grimes and Williams (1990) has showed that yield was
maintained until a relative ETc reduction of 0.6-0.8.

The soil of the site was a typical loamy-clay soil, with
about 3% of gravel, highly calcareous (>30% of total
CaCO;) and of low fertility (0.48% organic matter). The soil
had a depth of about 1.5 m, a bulk density 1.43 g/lcm~, with
field capacity of 31.8%, permanent wilting point of 18.6%
and available water of 189 mm/m™". The net depth irrigation
dose was calculated considering a maximum permissible
depletion fraction of 0.6 along the first 0.6 m of soil profile
and irrigation application efficiency of 0.9 (Phocaides 2007).
Water balance calculation started from the second half of
June and finished at veraison.

During 2005 and 2007, irrigation effects on yield and
grape quality were evaluated, while in 2006, data collec-
tion was expanded to include the measure of physiological
and morphological vine parameters to better characterize
the impact of irrigation strategies on near-isohydric ‘Mon-
tepulciano’ vines.

Vine water status, gas exchange and chlorophyll
fluorescence

On 3rd August 2006, after the four DI interventions, physi-
ological data were taken on five vines per plot monitoring
median midday leaf water potential (‘Y1) using a pressure
chamber (PMS Instrument Co., Corvallis, OR, USA, model
600), in order to evaluate the vines water status. The leaf
petioles were cut within 1-2 s and placed in the pressure
chamber within 10-15 s. Measurements were taken from
1200 to 1330 h on 5 mature and well-exposed leaves, sam-
pled from the central part of the primary shoot of vines cho-
sen per treatment in each plot (for a total of 10 leaves per
treatment, 5 in each plot and 20 per block).

@ Springer
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In the same day, 5 median and basal leaves per plot (for
a total of 40 leaves) from the main shoots were chosen to
measure gas exchange and chlorophyll fluorescence.

Leaves were measured under saturating light [photo-
synthetically active radiation (PAR)> 1200 pmol photons/
(m? )], in the morning (0930-1130), using a portable, open-
system LCA3 infrared gas analyser (ADC BioScientific,
Hoddesdon, England). The system had a broad leaf chamber
with a 6.25 cm® window, and the measurement of net photo-
synthesis (Pn) and stomatal conductance (gs) was made at
ambient relative humidity with airflow adjusted to 350 mL/
min. Using the same system, but covering leaves with a dark
cloth, was measured the leaf dark respiration (Rd).

In each treatment and in each plot, 5 leaves (for a total
of 20 leaves, 10 per treatment) were chosen to measure the
chlorophyll fluorescence parameters (maximum quantum
yield of photosystem II), using a portable pulse modula-
tion FMS1 fluorometer (Hansatech Instruments Ltd., King’s
Lynn, Norfolk, England). The FMS1 was equipped with a
halogen white lamp source to generate a supersaturating
light pulse of 17.000 pmol m~2 s~! applied for 0.7 s for fluo-
rescence induction and delivered to the leaf sample through
an optical fibre probe inserted at 45° inclination into a closed
black dome fitted over the leaf-clip. After 30 min of dark
adaptation, for each leaf was calculated automatically the
maximum quantum yield of photosystem II (PSII) deter-
mined as Fv/Fm ratio, which indicates impairment of PSII
activity. Fv is the variable fluorescence obtained by the dif-
ference between Fm and Fo. Fm is the maximal fluorescence
yield in the dark and Fo is the basal fluorescence produce in
dark-adapted leaves. The FMS1 also provides the measure
of the parameter ‘Area’ (Am), which is proportional to the
size of the pool of electron acceptor in the PSII (plastoqui-
nones). Then as swift as is the time, which Fm is reached,
minor is Am, and the electron acceptor amount involved in
the process is lower.

Vegetative growth

At harvest in the 2006 season (14 October 2006), length of
shoots and number of leaves were measured on 5 vines per
treatment. Just after, 3 shoots per vine were sampled, stored
in suitable protective bags, and quickly brought to the labo-
ratory to measure main and lateral stem lengths, and one-
sided surface area of all leaves on each stem by means of a
Li-3100 photometric area-integrating meter (LiCor, Lincoln,
NE, USA). Fresh weight of the stems was also measured.
The internodes length was calculated as a ratio between
shoots length and leaves number.

Moreover, from the same 3 shoots, leaves growth on
nodes 5, 10, 15, 20 and 25, and lateral leaves developed from
node 15 + 1, were separately sampled and leaf area and fresh
weight measured. After, leaves were placed in a ventilated
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oven at 70 °C to constant weight, the specific leaf weight
was calculated as the ratio between dry weight and leaf area.

Carbon isotope discrimination measurements

In the 2006 season, the same leaves (from the 5th to 25th
node position, each 5 nodes of the main shoots and leaves
from the 15th node position of the lateral shoots) used to
determine the leaf area and specific weight were used for the
measurement of the carbon isotope discrimination 810).
24 h before sampling, all leaves in the 15th node position
of the main and lateral shoots were artificially shaded using
an aluminium foil, to depress leaf photosynthesis, i.e., non-
structural carbohydrates formation (to reduce sugar and
starch formation), thus leaving only constitutional carbohy-
drates. Leaves at the 15th node on the primary shoot were
sampled also after direct exposition to solar radiation.

Once the specific weight was determined, the dried leaves
were ground with grinder into a fine homogeneous powder
and 0.20-0.30 mg subsamples were used for the 8'*C analy-
sis using the Finnigan MAT Delta,,, mass spectrometer.
Carbon isotope composition was expressed as the isotopic
abundance of stable isotopes of carbon, as 13C/'2C ratio, of
the sample compared to that of international standard Pee
Dee Belemnite (Farghuar et al. 1989).

Vine yield and grape composition

The vineyard was inside the ‘Montepulciano d’Abruzzo’
DOP area, which require a minimum alcohol content of
wines of 11.5-12%. Then, clusters were harvested when
the average soluble solids of the vineyards were higher of
20°Brix.

From 30 vines per treatment, randomly chosen in each
plot, grapes were individually picked and the total number of
clusters per vine was counted and weighed. Mean individual
cluster weight was calculated as the ratio of total cluster
weight per vine (yield) to the total number of clusters per
vine.

About 3 kg of berries per treatment from harvested clus-
ters was sampled and split into three sub-samples of about
one kg each. From each sub-sample, 100 berries were sam-
pled, weighted to determine average berry fresh weight.
Then, the berries were crushed to obtain juice to measure
total soluble solids (TSS), pH and titratable acidity (TA).
Total soluble solids were measured with a temperature-
compensating Maselli LR-01 digital refractometer (Maselli
Misure, Parma, Italy); pH with a Crison pH meter (Crison
Instruments, Barcelona, Spain) by a glass electrode and TA
with a Crison Titrator (Crison Instruments) using 0.25 N
NaOH to a pH 7.00 endpoint, expressed as g/L of tartaric
acid equivalent.
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Each year, the concentration of anthocyanin and poly-
phenol was determined according to Mattivi (2004) using
the same berry analysed for must composition. Berries were
further pressed to obtain a dried sample (skins and seeds
only), which were placed in a jar containing an extractive
buffer solution of hydrochloric acid (15 mL in 1 L of water),
homogenized with an Ultra-Turrax T25 (Janke and Kunkel,
IKA-Werke, Staufen, Germany) for 1 min at 10,000 rpm, and
a subsample of homogenate was, subsequently, transferred to
a centrifuge tube and centrifuged (model ALC 4218, Inter-
national, Cologno Monzese, Milano, Italy) for 10 min at
3257 g. Liquid phases were collected in dark glass bottles
(25 mL) and used for anthocyanin determination. Initially,
the liquid phase was diluted with ethanol hydrochloric acid
and analysed in a 10 mm cuvette on a spectrophotometer
(UV-1601, Shimadzu Corporation, Kyoto, Japan) at 520 nm.
Anthocyanin concentration was calculated as malvidin
3-glucoside chloride equivalents (mg/kg of grape).

To determine the concentration of phenolic substances,
the liquid phase was diluted with water. Then, 1 mL por-
tion was transferred into a 20 mL calibrated flask, and 2 mL
of methanol, 5 mL of water and 1 mL of Folin—Ciocalteu
reagent were added. After 3 min, 4 mL of sodium carbon-
ate (10%) was added and the solution was left to stand for
90 min. Absorbance was then registered at 700 nm on the
spectrophotometer using a 10 mm cuvette. The concentra-
tion was determined using a calibration curve and expressed
as (+)-catechin, mg/kg of grape.

Statistical analysis

The results were tested with Statistica version 4.3 (StatSoft,
Tulsa, OK, USA) for homogeneity of variance and subjected
to ANOVA. The graphical representation was made using
Sigma Plot version 10 (SPSS, Chicago, IL, USA). In each
year, data of physiological parameters, grape composition at
harvest and yield components were tested using means sepa-
ration calculated by applying the Student—Newman—Keuls
test at P <0.05. In the figures, leaf area, specific leaf weight
and 8'3C are shown as mean values + SE.

Results
Environmental conditions and irrigation treatments

Over the three seasons, from budburst (day of the year
(DOY) 98, 103 and 87 in 2005, 2006 and 2007, respectively)
to harvest (DOY 290, 287 and 277 in 2005, 2006 and 2007,
respectively), the heat accumulation, expressed as growing
degree days (GDD, base 10 °C) ranged from a minimum of
1891 in 2005 to a maximum of 2002 in 2007 (Table 1). Total
rainfall from budburst to veraison resulted different from a

Table 1 Growing degree days (GDD, base 10 °C), rainfall, crop evap-
otranspiration (ETc), water supplied to ‘Montepulciano’ plots accord-
ing to irrigation treatments and total water amount in each season

Parameters 2005 2006 2007
GDD from budburst to harvest 1891 1969 2002
Rainfall from budburst to veraison (mm) 237 165 320
Rainfall from veraison to harvest (mm) 172 185 38
Rainfall from budburst to harvest (mm) 409 350 358

Estimated ETc from budburst to veraison (mm) 323 346 340
Estimated ETc from veraison to harvest (mm) 191 198 215
Estimated ETc from budburst to harvest (mm) 514 544 555
Irrigation supplied to DI (mm) 40.0 64 56

Total water amount DI from budburst to har- 432 363 377
vest (rain +irrigation) (mm)

Budburst, veraison and harvest occurred, respectively, on 10 April, 31
July and 17 October in 2005; on 13 April, 3 August and 14 October
in 2006; and on 26 March, 28 July and 3 October in 2007

minimum of 165 mm to a maximum of 320 mm, in 2006
and 2007, respectively, while the precipitations from verai-
son to harvest were very low in 2007 equal to 38 mm than
the 2005 and 2006 seasons ranging from 172 to 185 mm
(Table 1). Total rainfall from budburst to harvest revealed
variable precipitation distribution over the three growing
seasons, showing differences from April (around DOY 10s0)
to the beginning of July (about DOY 182) ranging from a
minimum of 102 mm in 2006 to a maximum of 256 mm in
2007 (Fig. 1, Supplemental Fig. 1). However, at the end of
May 2007, there was a rainfall event of 79.8 mm in a single
day (DOY 147), representing approximately 20% of the rain
falling from March to harvest (Fig. 1, Supplemental Fig. 1).
Rainfalls of this magnitude in sloping soil cause substantial
losses to runoff and reduce greatly the useful rain for recov-
ering soil water reserves. In the summer period, the 2007
season was characterized by maximum air temperature (Sup-
plemental Fig. 1), associated with high evaporative demand.

Cumulative values of the crop evapotranspiration (ETc)
in 2007, from budburst to veraison varied between 323 mm
in 2005 and 346 in 2006, instead from veraison to harvest
were between 191 and 215, respectively, in 2005 and 2007
(Table 1). The ETc from budburst to harvest amounted to
the highest value of 555 mm (Table 1), with great daily
ETc values maintained over 4 mm for an extended period
in July, from DOY 196 to DOY 211, even reaching peaks of
about 5 mm near veraison (DOY 209) (Fig. 1, Supplemental
Fig. 1). The seasons 2005 and 2006 showed weekly ETc
summation values similar, between budburst and harvest,
respectively, of 514 mm and 544 mm. However, in 2005,
regular precipitation distribution was detected, between the
end of June and the beginning of July (from 172 to 185
DQY), no rainfalls occurred for 24 days and the maximum
air temperature reached a maximum value not excessively

@ Springer
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Fig.1 Cumulative seasonal evolution of crop evapotranspiration
(ETc) of ‘Montepulciano’ vines and water supply (rain+irrigation)
in 2005, 2006 and 2007 seasons. The arrows indicate the irrigation
season

high (33 °C), daily ETc values topped 4 mm, with a peak
of 5 mm/day (DOY 179). In this condition, an irrigation of
12 mm was carried out on DOY 190, but after two days,
a rainfall event of 39 mm occurred (Fig. 1, Supplemental
Fig. 1). Another two irrigations were scheduled of 19 mm
each on DOY 207 and 213, in which the air temperatures
averaged maximum values of 35 °C and did not occur rain-
fall (Fig. 1, Supplemental Fig. 1).

Before the veraison phase in the 2006 and 2007 seasons,
by the middle of June and all July (from 174 to 212 DOY),
the daily ET rates were maintained above 3—4 mm/day with
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maximum air temperatures of 35 °C in 2006 and even 40 °C
in 2007. In July, rainfall events were very limited with an
insignificant rain of 5.4 mm in a single day in 2006 and
7.7 mm in two rains in 2007 (Fig. 1, Supplemental Fig. 1).
For this reason, four irrigations of about 16 mm each were
considered necessary on DOY 185, 193, 199 and 214 in
2006 and on DOY 188, 196 and 203 of about 16 mm each
in 2007. The seasonal irrigation volumes were distrib-
uted in three interventions in 2005 and 2007 for a total of
40.0 mm and 56 mm, respectively, and four in 2006 totaling
64 mm. The irrigations were rather low and increased water
availability from bud break to harvest of just 9%, 18% and
about 15% of natural rainfall for the three respective years
(Table 1).

Effects on leaf water potential, gas exchange
and chlorophyll fluorescence

On August 2006, in the central hours of the day, the leaf
water potential (‘Pl) on the median leaves was very low
in both treatments (Table 2). NI vines showed values of
— 1.88 MPa, significantly lower of 45% than DI ones, evi-
dencing a marked water stress. Consequently, the gs values
were rather modest in both treatments, but as expected, sig-
nificantly higher in DI vines (+43% in basal leaf and +36%
in median ones) compared to NI vines. These last showed
a significant reduction in Pn of 30% in basal and 47% in
median leaves but accompanied by a higher dark respira-
tion (Rd) until to — 2.2 pmol CO, m~2 s~!, than DI vines
(Table 2). Despite the effects of the drought were particu-
larly pronounced in leaves from NI vines, fluorescence
parameters, including the Fv/Fm ratio (i.e. the maximum
quantum yield of assimilation), showed no significant differ-
ences. However, the Am parameter was lower in NI median
leaves than DI vines (Table 3).

Effects on vine morphological characteristics
and on carbon isotope composition

The shoot apex of DI vines developed longer (+26%) and
heavier (+38%) shoots, with more leaves (+20%), well
spaced (internode length +9%), which resulted in a signifi-
cantly greater area per shoots (+34%) compared to NI vines
(Table 3). Additionally, vine size, indexed as one-year-old
cane pruning weight, resulted higher in DI vines (Table 3).
In both treatments the leaf area decreased from the basal leaf
(the oldest) in fifth position (5th node) to the youngest apical
leaf in twenty-fifth position (25th node).

Leaves developed in the position 5, in both treatments,
were characterized by a similar leaf area (199 cm? in NI
vines and 197 cm? in DI vines). The single leaf area deter-
mined from leaf position 10 to 25 in DI vines ranged from
190 cm? to 67 cm?, while in NI vines the leaf area decreased
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Table 2 Leaf water potential
(Y1), photosynthesis (Pn),

stomatal conductance (gs), dark NI DI Sign NI DI Sign
respiration (Rd) and chlorophyll

Median Basal

fluorescence parameters Y1 (MPa) — 1.88b —1.30a o

measured in the 2006 season, gs (mmol H,O m~2s7!) 39 68a ok 35b 55a ok

in median and basal leaves of Pn (pmol CO, m™2s™") 2.25b 42a = 1.67b 2.38 o

near-isohydric ‘Montepulciano’ o 1 o -

vines, trained in overhead trellis Rd (pmol CO, m™ s™) —2.2b —17a —21b —l4a

system, limited irrigated (DI) Fo 626a 606a n.s 602a 623a n.s

and rain-fed vines (NI) Fm 2358a 2603a n.s 2437a 2852a n.s
Fv 1732a 1997a n.s 1835a 2228a n.s
Fv/Fm 0.726a 0.763a n.s 0.752a 0.779a n.s
Area 38,560b 54,280a ok 35,360a 35,920a n.s

Measurements done on August 3, 2006 (n=10 leaves per treatment)

**A significant difference between treatments at P <0.05 according to within-row mean separation per-
formed with Student—-Newman—Keuls test and shown by letters

from 167 cm? until 44 cm? (Fig. 2a). DI irrigated vines
reported a SLW (specific leaf weight, as the ratio of leaf
dry weight and leaf area), significantly lower than NI ones
(Fig. 2b). The ‘Montepulciano’ leaves in both DI (50% of
ETo) and NI vines showed a similar pattern of 8'3C along
the shoot. The 8'°C values of leaves decreased from 5 to 10th
node, then increased almost linearly from median to apical
leaves at the shoot apex (Fig. 2¢). The 8'3C values, analysed
on primary leaves of DI vines, clearly showed the effects of
the irrigation treatments, independently of the node position;
leaves of DI vines were characterized by lowest 8'°C values,
ranging from — 26.65%o to — 25.77%o, from basal (5th node)
to apical leaf (25th node). In NI treatment, considering the
same leaf position, 8'3C values oscillated from — 26.26%¢ to
— 24.53%p, indicating a substantial enrichment of 13C. The
8!3C analysis showed a more pronounced water stress on
NI apical leaves, which reached — 25.38%0 and — 25.77 %o,
respectively, in the positions 20 and 25.

In both treatments, leaves exposed to direct sunlight and
shaded leaves were characterized by the highest SLW values,
ranging from 7.7 and 8.6 mg/cm?, then shaded lateral leaves,
resulting about 20% heavier (Fig. 3a). Regardless the treat-
ment, leaves taken from 15th node position and exposed to
direct sunlight showed a lower 8'°C, than those artificially
shaded, but the highest 8'>C was occurred in shaded lateral
leaves (Fig. 3b).

Effects on yield and grape composition and vineyard
efficiency

Vines were harvested on 17, 14 and 3 October in 2005, 2006
and 2007, respectively.

The DI treatment, over the three years, led to signifi-
cant improvement in grapevine yield, 30% higher in 2005
(+3.6 kg) and 2006 (+2.6 kg), while in 2007 the increase
was just of 18% (+ 1.3 kg). In NI vines a significant

reduction in the cluster weight of 13% in 2005, 36% in 2006
and 16% in 2007 was found, associated with a decrease in
the berry size (— 26% in 2006 and — 15% in 2007). The
number of clusters per vine was higher in 2007 season when
compared to the first 2 years, and different between treat-
ments only in the first year of the trial (47 cluster in DI
vines), despite the cluster weight resulted in a rise of yield,
while berry number remained unaffected by the treatment
over the three seasons (Table 4).

Moreover, DI treatments did not influence berry composi-
tion at harvest and no statistical differences were found in
TSS, pH and TA (Table 5). In 2005, the low TSS coupled
with the high content of TA (6.9-7.6 g/L), suggested a delay
of the berry ripening process (Supplemental Table 1). In
2006 and 2007, NI vines resulted in higher anthocyanins and
total polyphenol concentrations than DI vines, respectively,
of 22% and 26% in the 2006 season and 23% and only 6%
in the 2007 (Table 5).

Considering the vineyard efficiency of the combination
‘Montepulciano-Tendone’, in the three years of the trial,
limited water volumes have ensured a substantial increase
in yield and in the sugar concentration with a maximum dif-
ference of 1304 kg/ha in 2005. In 2006 and 2007, DI vines
showed higher phenolic potential, an important component
that defines the macrostructure of the resulting wines, with
maximum differences in anthocyanins of about 3.2 kg/ha in
the 2006 season and total polyphenols of about 5.5 kg/ha in
2007 (Supplemental Table 1).

Discussion

In rain-fed condition, the water limitation, from fruit set to
veraison, when the shoot elongation is rapid, reduces grape-
vine growth, reducing vine leaf area and inducing adaptive
responses to optimize the use of assimilates (Palliotti et al.
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Fig.2 a Leaf area, b specific leaf weight (SLW) and (c) carbon iso-
tope composition (8'3C) in the 2006 season of ‘Montepulciano’ vines,
trained in overhead trellis system, subjected to limited irrigated (DI)
and rain-fed vines (NI). Leaf position was counted from the apex
(position 5) of the shoot (mean SE, n= 10 leaves per treatment)

2014). Leaf expansion rate and the internode length are the
most sensitive processes to water deficit, observed both in
field (Schultz and Matthews 1993; Gomez del Campo et al.
2003) and in pot (Lanari et al. 2015, 2018).

The DI vine biometry closely related to water availabil-
ity suggests that irrigated vines have used a greater amount
of dry matter for the growth of leaf blades and internodes,
and the lower SLW indicates that the low volumes of irriga-
tion water may have a positive effect on shoot growth, as a
result of higher assimilation rate. Instead, the similar SLW
of shaded lateral leaves in both treatments shows that the DI
treatment did not create internal canopy shading conditions
where lateral leaves are characterized by low specific weight.
The limitations to vine growth imposed by water limitation
were mainly due to low capability of leaves to maintain posi-
tive daily balance between carbon assimilation and respira-
tion (Chaves and Olivera 2004; Escalona et al. 2012).

In NI vines, Rd (dark respiration) resulted higher than
that in DI vines and, as expected, Pn was reduced. The role
played by the gs on leaf ability to coordinate CO, exchanges
under stress, with values lower than 50 mmol/m? s~!, which
suggests dominant non-stomatal limitations (severe water
stress) (Cifre et al. 2005). On the contrary, gs values of DI
vines highlighted stomatal limitations, because of a moder-
ate water stress. Despite statistical differences in chlorophyll
fluorescence parameters were not found between treatments,
in the median leaves of NI vines the Am parameter was
lower than DI vines, suggesting a net decrease in the pool
of plastoquinones on the reductant site of photosystem II and
then a stress index (Palliotti et al. 2015).

In our trial the primary leaves of DI vines clearly showed
the effects of the irrigation treatment, since they were char-
acterized by the lowest 8'C (Farquhar et al. 1982) and the
greatest discriminatory capacity against atmospheric '*CO,
(A'3C). On the contrary, all leaves of NI ‘Montepulciano’
grapevines suffered water stress and showed higher 8'°C val-
ues indicating lower A'3C, as reported in other similar stud-
ies in field (Chaves et al. 2007; Lanari et al. 2014) and in pot
(Lanari et al. 2015, 2018). Based on the inverse relationship
between A'3C and water-use efficiency (WUE), the ABC
analysis is a valid method of estimating WUE. In our study
A3C suggests low WUE in DI, highlighting a higher gas
exchange rate. In both treatments, the high quantity of '>C on

Table 3 Vegetative and pruning

Shoot length (m) Leaves (n/ Leaf area/Shoot Internodes’ Cane weight (g)
parameters rccordeq at harYest shoot) (cm¥shoot) length (cm)
2006 of ‘Montepulciano’ vines,
trained in overhead trellis NI 1.07b 20b 3623b 5.3b 44b
system, limited irrigated (DI)
and rain-fed vines (NI) DI 1.45a 25a 5487a 5.8a 71a
Slgn kk kk sksk ki kk

Measurements done at harvest 2006 (n= 15 shoots per treatment)

**A significant difference between treatments at P <0.05 according to within-column mean separation per-
formed with Student-Newman—Keuls test and shown by letters
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Fig.3 a Specific leaf weight (SLW) and (b) carbon isotope compo-
sition (8'°C) measured in the 2006 season on shaded and exposed
primary leaves and shaded lateral leaves of ‘Montepulciano’ vines,
trained in overhead trellis system, subjected to limited irrigated (DI)
and rain-fed vines (NI). Leaves were sampled in position 15 of the
main shoot (mean SE, n=10 leaves per treatment)

youngest leaves in apical position (20th and 25th node) sug-
gests a reduction in gs, and consequently a reduction in Ci,
generating a physiological condition for low discrimination
against atmospheric '3CO, (Farquhar et al. 1982).

Between budburst and bloom, stored carbohydrates from
the previous growing season support shoot growth and nutri-
ents (Yang and Hori 1979); therefore, the development of
basal leaves was sustained by the remobilization of stored
carbohydrates in the reserve organs. The highest A'*C on

basal leaves can, thus, be related to environmental stresses
during the previous year, being 8'3C signal in these leaves
mainly referred to their constitutional '*C coming from the
reserve organs of the plant (Brugnoli and Farquhar 2000;
Souza et al. 2005), but also related partly to assimilated '*C
during the current year.

The 8'3C measured in apical tissue leaves represents part
of the carbon likely assimilated by older leaves and sub-
sequently moved to younger leaves. Shaded lateral leaves
tissue reported the lowest '*C concentration, mainly in DI
vines, suggesting the highest Pn and gs that contributed
to the highest discrimination in lateral leaves (Souza et al.
2005). Lateral leaves were developed after primary leaves
and, being artificially shaded, were poor in recently formed
sugar and starch; therefore, the A'3C referred to constitu-
tional carbon reflected long-term fluctuations in the water
availability and light interception. In leaves exposed to
direct sunlight, the A'3C referred to the accumulation of
constitutional carbon in carbohydrates produced, stored and
subsequently moved, and of assimilated carbon in the pho-
tosynthetic process to more rapid turn-over (soluble sugars
and starch) that reflected the environmental conditions of
the moment.

The values of carbon isotope discrimination obtained on
‘Montepulciano’ leaves showed a different trend along the
main shoot, with respect to those observed in similar study
on ‘Sangiovese’ vines (Lanari et al. 2014), confirming the
different physiological behaviours of the two genotypes
(Palliotti et al. 2008; Tombesi et al. 2014). ‘Montepulciano’
vines show the high capacity of leaves to adapt to water limi-
tation through quick stomata closure (isohydric behaviour),
leading a low discrimination of atmospheric '*CO, and an
increase of the WUE.

The yield obtained from NI vines resulted lower than DI
ones over the three years, due to the decrease of cluster and
berry weight. In 2006 and 2007 the level of irrigation applied
did not modify cluster number per vine and berry number per
cluster, as reported in literature (Lanari et al. 2014). Probably,
during the three experimental years characterized by drought
summer periods, the water supplied in July, when the bud dif-
ferentiation (which determine the cluster number per shoot)

Table 4 Yield parameters at

. . 2005 2006 2007

harvest in ‘Montepulciano’

vines, trained in overhead trellis NI DI Sign NI DI Sign NI DI Sign

system, limited irrigated (DI)

and rain-fed vines (NI) Yield (kg/vine) 8.4b 12.0a *E 5.2b 7.8a *x 6.1b 7.4a *E
Cluster weight (g) 311b 356a wE 138b 218a *x 138b 164a *E
Berry weight (g) 2.77a 2.84a n.s 1.62b 2.20a ok 1.41b 1.65a ok
Cluster (N/vine) 27b 34a w 38a 36a n.s 45a 46a n.s
Berry (N/cluster) 112a 125a n.s 85a 99a n.s 98a 99a n.s

**A significant difference between treatments at P <0.05 according to within-row within-season mean sep-
aration performed with Student-Newman—Keuls test and shown by letters
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Table 5 Must composition at

. X 2005 2006 2007

harvest in ‘Montepulciano’

vines, trained in overhead trellis NI DI Sign NI DI Sign NI DI Sign

system, limited irrigated (DI)

and rain-fed vines (NI) Soluble Solids (°Brix) ~ 21.3a  21.7a  ns 23.0a 22.6a ns 22.1a  22.0a ns
pH 3.08a 3.19a ns 3.38a 342a ns 338a 3.24a ns
Titratable acidity (g/L) 7.6a 6.9a n.s 6.2a 5.9a n.s 6.2a 6.8a n.s
Anthocyanins (mg/kg)  2013a 1612b  ** 2152a  1689b  ** 2112a  1625b  **
Poliphenols (mg/kg) 3585a  2734b  ** 3876a 2847b 3888a  3669b  **

**A significant difference between treatments at P <0.05 according to within-row within-season mean sep-
aration performed with Student-Newman—Keuls test and shown by letter

and fruit set (which defines the berry number per cluster)
occurred, not impacted on those processes. Previous studies
(Roby et al. 2004; Matthews and Nuzzo 2007) reported that the
berry size is most influenced by water stress between fruit set
and veraison, which coincides with the phase of pericarp cell
division, than other yield components (such as berry number
per cluster and the cluster number per vine) due to double
effect exerted on their constitution (relative skin, pulp and
seeds weight) and their chemical composition.

The grape composition did not show statistical differences
in the sugar concentration, pH and titratable acidity, probably;
regardless the irrigation treatment, the vines reached a good
balance between total leaf area and yield that allowed a regular
cluster ripening.

The higher concentration of anthocyanin and total polyphe-
nols in NI vines (rain-fed vines) can be explained by higher
temperature on clusters that were exposed to direct sunlight, as
a result of vine growth inhibition by water stress that caused a
reduction of leaf area and then a more open canopy, suggest-
ing a positive metabolic response of vines to both light and
temperature (Santos et al. 2007). Moreover, the lower con-
centration of anthocyanin and polyphenols in DI vines may
be related to a significantly higher berry size that may reduce
the skin to pulp ratio of the berry (Roby and Matthews 2004;
Roby et al. 2004).

The impact of the cont rolled deficit irrigation on ‘Montep-
ulciano’ trained to ‘“Tendone’ trellis system, in a viticultural
area characterized by prolonged water scarcity, determined a
significant improvement in vineyard efficiency (as capacity of
the vineyard to ensure the highest quantity of components that
define the macrostructure of obtainable wines), guaranteeing
in every years higher phenolic potential (including the antho-
cyanin matrix) and sugar concentration than the non-irrigated
vines.

@ Springer

Conclusions

In rain-fed vineyards located in the hillside in central
southern Italy, ‘Montepulciano’ vines trained to ‘“Tendone’
system showed a good yield and grape quality only when
the rains are well distributed during the spring and summer
period, which has happened in 2005 (Fig. 1, Supplemental
Table 1, Fig. 1). But, when rainfall is erratic or scarce,
yield of cv. ‘Montepulciano’ drops to a quite low amount.
These traits may be related to the near-isohydric behav-
iour of cv ‘Montepulciano’, that responds to drought stress
conditions with a suddenly stomata closure, which deter-
mine lasting and intense declines of net photosynthesis,
followed by drastic reductions in the vineyard efficiency.

Our data revealed that low volumes of irrigation water
in the most dry and hot period of the year improve gas
exchange rate, which increases yield without significant
effects on sugar accumulation and acidity degradation,
even if anthocyanins and polyphenols concentrations are
lower than rain-fed vines.
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