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Abstract: We propose an index for proximal detection of water requirements to optimize the use of
water resources in arid and semi-arid wine growing regions. To test the accuracy and representative-
ness of the proposed irrigation need index (IIN), plant water status and physiological performances
were monitored during seasons 2019 and 2020 in two grapevine varieties with different anisohydric
degree (Vermentino and Cannonau) grown in 3 sites in Sardinia (Italy). Daily leaf gas exchange
curves and stem water potential were recorded. Canopy temperature was monitored, using both
thermistor sensors (Tc) and infrared thermometry (IR). Meteorological data, including dry and wet
bulb temperatures were collected to compute and parametrize IIN, based on energy balance equation.
Vineyard water balance, thermal time and irrigation water productivity were characterized. Linear
regression analysis allowed to validate IIN for both varieties and to establish target thresholds for
mild, moderate and severe water deficit to optimize irrigation for high yield and quality objectives.
IIN well represents plant water status, using either Tc or IR, and allows rapid and easy detection of
water and heat stress condition, even when a stricter stomatal control determines slighter variation
and lower response of stem water potential, as in plants with low anisohydric degree.

Keywords: deficit irrigation; thermal index; non-invasive; stress thresholds; anisohydric degree;
physiological performances

1. Introduction

A common challenge for viticultural systems is the need of implementing global
warming adaptive and mitigation strategies, striving towards a more sustainable manage-
ment, highly efficient on the use of natural resources, and able to guarantee elevated yield
and top-quality standards [1]. The need to adapt cultivation practices to the climate change
c and to implement methods and technologies to support growers, at farm-scale level, is
particularly crucial in regions that are experiencing more frequently severe environmen-
tal stresses, such as heat waves, frost and prolonged drought [2]. In fact, recent studies
highlighted an increased vulnerability of the wine sector to climate change due to both
reductions in yield and quality standards of many different terroirs [3].

In the last decades, remote and proximal sensing technologies [4] supported the
development of precision agriculture tools that allow to improving water use efficiency and
carbon balance in the vineyard [5–7]. Among these tools, thermography has been widely
used to detect water stress and to develop crop water stress indexes that help implementing
water saving irrigation strategies [8–11] to cope with water scarcity [12], especially in large
enterprises [13].
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The crop water stress index (CWSI) is one of the most widely used stress indexes for
irrigation management in vineyards. This index uses normalized leaf to air temperature
differences to represent the changes in meteorological conditions over time [14]. For accu-
rate determinations of the normalized temperatures, leaves may be sprayed with water for
Twet (corresponding to maximum transpiration rate) and covered with vaseline to induce
stomata closure for Tdry (non-transpiring leaves). Wet and dry paper or cotton may also be
used for thermal image data collection that simultaneously include actual, and reference
temperatures [15,16]. The CWSI is inversely well correlated to leaf water potential and
thus it is accurate for vineyard irrigation management. The use of both non-water stressed
plants and plants kept under drought for reference temperatures is particularly useful on
remote sensing imaging for managing deficit irrigation in vineyards [17]. Similarly based
on the energy balance equation [14], the thermal index of relative stomatal conductance (Ig)
uses the same references of CWSI but is directly proportional to leaf water potential and
linearly correlated with stomatal conductance under a wide range of plant water status
and atmospheric conditions [8].

However, an important effort is needed to develop automatable and user-friendly
decision supporting systems for a sustainable management of vineyards in Mediterranean
environments [18,19]. For instance, a real time detection of plant water status, directly man-
aged by the winegrower, in an automated (remote or proximal) way would allow accurate
and opportune adjustments of irrigation to the site-specific characteristics, according to
yield and quality objectives [20]. Yet, main solutions for optimized irrigation management
systems require an important economic investment on plant proximal sensing platforms
or non-invasive methods [9,11,15], not suitable for small and medium-sized farms which
represent an important part of the wine making sector in many wine growing regions like
those of the Mediterranean basin [19].

Besides, a great deal of variability concerning physiological performances and metabolic
behaviors can be found across European wine grape cultivars: this leads to different
growth responses, yield and quality results under diverse climate conditions and abiotic
stresses [21–24]. Genetic variability proved to be a powerful means for adapting viticulture
to changes in climate [25,26] and helps understanding the resilience of the crop and the
plasticity of several varieties to variegated pedo-climatic conditions in arid and semi-arid
areas [27]. Several differences in functional and metabolic characteristics of grapevine
varieties have been observed under drought [28,29]. Varieties may show different stom-
atal control over transpiration under drought and high temperatures [21,30,31]. Varieties
with high anisohydric degree tend to keep higher stomata aperture and to decrease more
rapidly plant water potential. The leaves of the anisohydric varieties have a greater stom-
atal conductance and therefore may have a greater CO2 assimilation, but also a lower
photosynthetic and photorespiratory efficiency [32]. However, in conditions of severe
and/or prolonged water deficit, varieties with lower anisohydric degree have higher stress
tolerance, increased intrinsic water use efficiency [33], a greater stomatal sensitivity to
vapor pressure deficit [34] and a lower vulnerability to cavitation due to lower hydraulic
conductance [21,35,36]. The stomatal behavior of a variety may vary according to the
progression of stress conditions and to the level of water stress sensed [24,37]. Grapevines
may also exhibit different adaptive responses to heat and long-term water stresses [38,39]
depending upon the cultivar x rootstock combination, the pedoclimatic environment and
the agronomic practices [40–42]. For instance, the rootstock-scion combination and seasonal
root growth, play an important role on drought perception and tolerance along the seasons,
as well as on plant hydraulic and stomata conductances [43].

For these reasons, the accurate use of an easy method to support farmer irrigation
decisions should include a validation procedure that guaranties high effectiveness on
reproducing on-time plant water requirements and high accuracy on representing the crop
physiological performances at specific atmospheric evaporative demand [44–46]. To better
suit the on-farm management, the method must be simple, repeatable and intuitive, and at
the same time should allow for automation at a low cost.
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The aim of this work was to search for a simple, repeatable, and automatable method
for a non-invasive, rapid and easy evaluation of irrigation needs to support and optimize, at
the farm scale, the irrigation decisions in vineyard and to accurately fine tune the irrigation
schedules at a low cost. We tested and validated an index, the irrigation need index
(IIN) that enables opportune, economic and use-friendly proximal detection of vineyard
water requirements for irrigation scheduling to meet high quality production objectives
under different terroirs. Two wine grape varieties grown in Sardinia (Italy) were chosen:
Vermentino, which exhibits anisohydric behavior under water stress; and Cannonau, which
tends to present low anisohydric degree.

2. Materials and Methods
2.1. Experimental Design and Sites

The study was conducted on Vermentino and Cannonau vineyards grown in 3 different
areas of Sardinia: Romangia (40◦50′11′ ′ N, 8◦37′37′ ′ E, 120 m.a.s.l.) in the north-west;
Gallura (41◦03′22′ ′ N, 9◦20′28′ ′ E, 120 m.a.s.l.), in the north-east; and Parteolla (39◦21′53′ ′ N,
9◦06′01′ ′ E, 140 m.a.s.l.), in the south of the island. In each area, the trials were carried out
on 2 contiguous vineyards of Vermentino and Cannonau, both grafted on 1103 Paulsen
rootstock, trained to a single curtain vertical trellis system. In all of the vineyards, plants
are drip irrigated with a single dripline attached to the trellis lower wire. The Vermentino
vines are pruned to a single Guyot and the Cannonau vines are spur pruned, to a single
cordon in Romangia and Gallura sites and to a goblet in Parteolla site. The Vermentino
and Cannonau vineyards are northeast–southwest orientated in Parteolla, northwest–
southeast oriented in Romangia and north–south in Gallura. These varieties were planted,
respectively: in 2006 and 2015 in Romangia site, with a planting distance between and
within row of 2.3 m × 1.15 m; in 2006 and 2003 in Gallura site with a planting distance
of 2.50 m × 1.00 m; and in 2008 and 2011 in Parteolla site, spaced 2.30 m × 1.00 m in
Vermentino and 2.30 m × 0.80 m in Cannonau. Besides the climate, main differences
among sites concern soil characteristics: in Romangia the soil is clay loam, calcareous
with low organic matter content but high water holding capacity; in Gallura the soil is
sandy loam with neutral pH and medium organic matter content and low water retention
capacity; and in Parteolla, the soil is clay loam and alkaline with medium level of calcareous
and low organic matter. Soil samples were collected at the first a 0.5 m of depth, during
the growing season 2019, in order to determine the differences among sites concerning soil
physical and chemical fertility as well as the water retention curves. The soil characteristics
are presented in Table A1.

Similar deficit irrigation strategies, imposing mild and moderate water stress were
followed during berry growth and development stages until ripening (BBCH 71 to 83). In
Table 1 the specific midday stem water potential (mΨs) thresholds for each phenological
stage are reported. Irrigation was supplied when mΨs fell below these limits. In order
to achieve regulated deficit irrigation and to meet high quality productions, from fruit
set until veraison re-watering was supplied when mΨs fell below moderate water stress
threshold [47,48]. Thereafter, the threshold was decreased to a value closer to severe water
stress condition [20,49]. The experimental trial followed a randomized block design and,
in each vineyard, 2 adjacent rows per treatment were considered. In each row, plots of
10 plants, distributed in a length of 80 plant, were monitored. In order to increase the range
of vine water status and the dataset for the validation of the irrigation index in both varieties,
during season 2019, at the Romangia site, an un-watered (UW) treatment was imposed on
2 adjacent vine rows, keeping the plants unirrigated from cluster closer (BBCH 79) onward.
In this case, the first row was considered as border row, while the measurements were
taken on 4 plots distributed along the second row, as indicated above. This treatment was
compared to the re-watered one (WW), managed as described previously.
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Table 1. Midday stem water potential (MPa) thresholds for the irrigation season.

Fruit Growth Fruit Ripening

Flowering/
Fruit Set

Fruit Set/
Cluster Closure

Beginning
of Veraison Veraison Mid-Ripening/

Harvest

Vermentino
(MPa) −0.7 −0.9 −0.9 −1.2 −1.4

Cannonau
(MPa) −0.7 −0.9 −1.2 −1.2 −1.4

BBCH stage 65/70 71/79 80 83 85/89

2.2. Thermal Time for Phenological Succession

The contribution of season thermal conditions for the phenological succession was
accounted for computing the accumulated normal heat hours [50]. The accumulated
thermal time for each phenological stage expressed by the normal heat hours model
represent air temperature efficiency for the succession of grapevine phenology, taking
into account an active temperature response curve that ranges from a minimum critical
temperature of 10 ◦C to a maximum of 35 ◦C and reaches the highest activity at about
25 ◦C [51].

2.3. Vine Water Relations and Physiological Performances

Speaking plant approaches to monitor vineyard physiological status are required to
evaluate the efficiency of the non-invasive method for optimized irrigation scheduling
according to specific yield and quality objectives [20,47,48,52]. Plant water potential is
currently the most representative, widely used, physiological indicator to optimize irri-
gation in vineyards [53]. Therefore, from fruit set to harvest, mΨs was measured weekly
on adult leaves from the middle height of the canopy, using a portable pressure chamber
(Pump up, PMS Instruments, Albany, OR, USA), in order to monitor vineyard water stress
and to comparatively evaluate the response of IIN with the actual plant water status. In
2019, 2 leaves per plant and 4 plots (n = 8) were monitored and in 2020, each replicate was
performed on different plants, distributed in 5 plots for each row (n = 10), to extent the
sample randomization. The leaves were enclosed on aluminum foil-coated plastic bags
1 h before the measurement, to balance leaf water status with that of the shoot, thus ap-
proximating the water potential estimation to the actual plant water status. The stem water
potential was chosen because it gives a good indication of the whole plant water uptake
and transpiration status [47]. It represents the hydraulic conductivity in the plant and not
short time environmental fluctuations that may occur in the surrounding atmospheric (due
for instance to irregular cloud cover) [53]. When measured at midday it also typifies the
daily maximum atmospheric demand and water stress condition. For these reasons, it is
considered a robust indicator of early water deficit and rewatering needs.

Leaf gas exchanges were monitored using a portable infrared gas analyzer (CIRAS-3,
PP systems, Amesbury, MA, USA) assembled to a Parkinson leaf chamber for measure-
ments on single leaf (n = 8). Net assimilation rate (Pn, µmol CO2 m−2 s−1), stomatal
conductance (gs, mmol H2O m−2 s−1), transpiration rate (E, mmol H2O m−2 s−1), in-
trinsic water use efficiency (µmol/mmol) and leaf temperature were measured on fully
expanded, well-exposed leaves, keeping the reference air with a CO2 reference concentra-
tion of 390 µmol mol−1 and 50% relative humidity. A standard photosynthetic photon flux
density of 1000 µmol m−2 s−1 was imposed coupling a LED light unit to the leaf chamber.

During the irrigation season 2019, daily curves of leaf gas exchange and mΨs were
measured at the Romangia site and the daily assimilated carbon (C) and instantaneous
water use efficiency were estimated by calculating the daily integrals of photosynthesis
and transpiration.

Furthermore, mid-morning and midday photosynthetic activity, air evaporative de-
mand and Ψs were monitored in Gallura and in Parteolla sites, on consecutive days in each
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site, at 3 key phenological stages: berries pea sized, veraison and ripening, respectively at
BBCH stage 75, 83 and 89.

During the irrigation season 2020, leaf gas exchange and mΨs were monitored at
BBCH stages 75, 83 and 89 only in the Gallura site. Also, weekly measurements of mΨs
were carried out by the farmer, following the previously indicated procedure.

2.4. Vineyard Water Balance, Atmospheric Evaporative Demand

Meteorological data were collected for the whole duration of grape growing season. In
Gallura and Parteolla, data were gathered from the weather stations of the Meteoclimatic
Department of ARPA Sardinia (Agenzia regionale per la protezione dell’ambiente della
Sardegna). At the Romangia site a new weather station (ATMOS 41, Meter Group, Inc.,
Pullman, WA, USA), was installed. Evaporative demand (ETo) at each site was determined
based on Penman-Monteith method. Then, cultural evapotranspiration (ETc) was estimated
applying different cultural coefficients according to the crop growth stage: 0.5 for the initial
stages, 0.7 for the mid-season, 0.6 from mid-ripening until harvest and 0.4 from harvest until
leaf fall [54]. Soil water availability variation and actual evaporation rate were calculated
taking into consideration precipitation and re-watering supplies. The yield data from each
site, reported in Table 2, concern the production harvested in the whole vineyard.

Table 2. Accumulated thermal time at specific phenological stages (from BBCH 10 until BBCH 95), vineyard water balance
variables, yield, irrigation volume and irrigation water productivity for the two growing seasons.

BBCH
Stages

NHHc
(Hours) P (mm) ETo (mm) ETc

(mm Day−1)
SWAV (mm

Day−1 CV
Irrigation

(mm)
ETa (mm)

(Ks)
Yield

(t ha−1) IWP (g L−1)

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2

Romangia

10–65 629 878 121 109 263 224 3.2 2.8 7.5 8.0
VMT 24 9

354
(6.4)

233
(3.7) 9.3 14.0 38.9 155.670–80 1433 1624 4 12 276 177 4.8 3.1 0.0 0.1

81–83 2244 2367 20 0 263 170 4.7 3.0 0.0 0.0
CNN 21.6 9

356
(5.7)

233
(3.7) 8.5 9.0 39.3 10085–89 3054 3100 13 101 186 117 2.9 1.8 0.0 8.0

90–95 3542 3447 80 64 95 53 1.5 0.9 17.0 51.8

Gallura

10–65 635 843 122 185 263 294 3.2 3.6 5.7 40.0
VMT 60 70

318
(15.9)

328
(17.6) 4.0 8.1 6.7 11.670–80 1310 1574 0 14 276 285 4.8 5.0 0.0 0.0

81–83 2010 2232 24 0 263 283 4.7 5.1 0.1 0.0
CNN 30 31

348
(7.9)

367
(7.8) 5.2 7.1 17.3 22.985–89 2775 2941 122 122 186 199 2.9 3.1 5.2 8.3

90–95 3263 3304 53 5 95 91 1.5 1.5 6.9 13.4

Parteolla

10–65 652 859 87 191 261 274 3.2 3.4 2.8 31.2
VMT 60 60

292
(17.2)

279
(17.7) 6.4 14.8 10.6 24.770–80 1407 1568 0 18 255 239 4.5 4.2 0.0 0.1

81–83 2080 2259 0 4 242 246 4.3 4.4 0.0 0.0
CNN 60 60

292
(17.2)

279
(17.7) 5.1 10.6 8.5 17.785–89 2819 2957 150 101 162 168 2.5 2.6 14.2 8.0

90–95 3317 3317 53 20 79 73 1.3 1.2 38.4 5.9

HHc—accumulated normal heat hours, P—precipitation, ETo—potential evapotranspiration, ETc—daily average cultural evapotranspira-
tion, SWAV—daily average soil water availability variation, ETa—actual evapotranspiration, Ks—stress coefficient, IWP—irrigation water
productivity; S1—season 1, S2—season 2, CV—cultivar, VMT—Vermentino; CNN—Cannonau.

2.5. Canopy Thermal Regime

Canopy thermal regime was monitored during the whole irrigation season 2019 at
Romangia and at Gallura sites during 2020, using two different methodologies: (1) installing
thermistor sensors (GMR strumenti, IT) coupled with datalogger (zeta tech.) for continuous
recording of canopy temperature; (2) using an infrared thermometer (VT04 visual IR
thermometer, Fluke corporation, Everett, WA, USA) for proximal canopy temperature
punctual measurements. In each irrigation treatment, twelve thermistors were placed at the
abaxial leaf blade, fixed with politetrafluoroetilene tape (PTFE with 0.075 mm thickness).
These sensors were located both in west and east sides of the canopy wall, in leaves of
the upper and the lower canopy height. The IR thermometer was used for far canopy
temperature data collection during mΨs measurements (from 13.00 to 14.00), keeping
the thermometer at 1 m of horizontal distance from the vine row and replicating the
measurement along vine rows, in both east and west canopy sides (n = 10).
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During season 2020, canopy temperature data were collected only in the Gallura
site, at the same time of the leaf gas exchange and mΨs measurements using both the
thermistors and the IR thermometer. The IR temperature of the canopy was recorded
using different data collection modes: far, placing the IR thermometer at 1 m of horizontal
distance from the vine row; and near, for single leaf temperature data from the upper and
basal parts of the canopy, keeping 5 cm from the upper leaf blade. The replicates were
performed in 5 plots, and records were made both in west sun exposed and east shaded
canopy sides (n = 10 in far mode and n = 20 in near mode).

2.6. Index for Optimized Irrigation Management

Rapid determination of leaf or canopy temperature with the non-invasive devices was
used to detect crop stress conditions, and to develop a stress index, able to represent crop
physiological status and therefore manage irrigation to optimize crop performances, the
irrigation need index (IIN). The IIN was computed based on the assumption that canopy to
air temperature differences represents the potential plant water loss in watered plants and
it is linearly related to the air vapor pressure deficit during most part of the daytime [55].

Since the thermal index Ig directly represents gs under different environmental condi-
tions [56], we applied this approach to depict leaf to air temperature differences, using both
canopy temperature (Tcanopy) and air temperature data, to represent both plant water re-
quirements and atmospheric demand. To compute IIN, we normalized the difference using
dry (Tdry air) and wet bulb air temperature (Twet air) as references. This allows to account
for the environmental variability caused by factors that determine atmosphere evaporative
demand (wind speed, net radiation, and vapor pressure deficit) in each field conditions
in each site and phenological stage. Tdry air is the average air temperature collected from
the local weather station. Twet air was calculated based the psychrometric equation, as a
function of Tdry air and relative humidity, as proposed by Stull [57]. To reach high accuracy,
we used the average values of Tdry air and Twet air and average Tcanopy (at both east and
west sides) recorded along the duration of the mΨs measurements (1 h). Furthermore, to
represent the variation in water transport along the shoot, due to the increasing degree of
main shoot lignification across the phenological stages, we added a constant of 0.5 to the
index Equation (1), during the stages of maximum main shoot development and until fruit
growth as started (BBCH 70), and subtracted 0.5 to the IIN equation from mid-ripening
(BBCH 85) onward.

IIN =
Tdry air − Tcanopy

Tcanopy − Twet air
(1)

IIN was tested for both Vermentino and Cannonau vineyards of Romangia and Gallura
wine grape growing areas, where deficit irrigation was applied by the farmer according
to the mΨs thresholds indicated in Table 1, in order to keep mild and moderate water
stress during fruit set and veraison. Prior to the validation of IIN, the accuracy and the
representativeness of mΨs thresholds for managing irrigation on the both varieties were
evaluated in the 3 grape growing areas, according to the leaf gas exchange performances
and the re-watering supplies of the season 2019.

2.7. Statistical Analysis

One-way ANOVA and least significant difference (LSD) test were carried out to
compare means of leaf gas exchange, mΨs and IIN data, at a p-value of 0.05, for each
site and cultivar using SPSS 25.0 (SPSS Inc., Chicago, IL, USA). Linear regression was
performed in order to validate IIN models in the two varieties and to examine the accuracy
of each model in representing plant water status for the range of pedoclimatic conditions
analyzed over the two growing seasons. To evaluate model goodness-of-fit and predictive
capacity the mean absolute error (MAE); mean absolute percentage error (MA%E), root
mean square error (RMSE); and the Nash Sutcliffe model efficiency coefficient (ENS) were
calculated. The residual errors of the regression models were test for normality, t-test
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coefficients were used to determine single variables explanatory power and the proportion
of observed variance in plant water potential that could be explained by IIN.

3. Results and Discussion
3.1. Vineyard Thermal Regime, Water Balance and Productivity

The season 2019 was characterized by a cold spring, with low air temperatures com-
pared to the last 30-year series all over the region [58]. The low air temperatures during
first growing stages caused frost damages in young shoots and inflorescences and lead
to reductions in yield of 20–30% and over 50% in some areas of the north, as Romangia
and Gallura. During the summer, minimum and maximum air temperatures were about
1.5 times higher than the average, especially at the beginning of July, when maximum
values of 43 ◦C were recorded in Parteolla. Precipitation was higher than the average in
the whole island, and cumulated values in May nearly doubled the average in Romangia
and Gallura areas [58]. Conversely, the month of June was extremely dry compared to the
average values of the historical series. The rain events of mid-July in the northern parts of
Sardinia were higher than the historical average for this period reaching about 20 mm in
the Romangia site and 24 mm in the Gallura site (Table 2), Meanwhile, in the southern area
precipitation was very low and no precipitation events were recorded in the Parteolla site
from BBCH 70 to 83 (Table 2). In season 2020, the minimum air temperatures remained
stable according to the average values of the last climatic series, while maximum air tem-
peratures of April and July were slightly higher. August was hooter than the average, with
about 1.5 ◦C to 2 ◦C higher maximum values in the 3 sites. July and August were dry
all-over the island and only an important rain event occurred by 29–31 August (about 21 to
25 mm in the three study areas) [59]. During the summer 2019, evapotranspiration was
higher than the average of the 30 years, in all sites (Table 2), while in 2020 the ETo varied
close to the 30-year average in the whole territory.

In the northern areas of Romangia and Gallura, the thermal regime, represented in
Table 2 by the accumulated normal heat hours, was less effective for the early phenological
stages, due to a higher frequency of temperatures below 10 ◦C. The low temperatures dur-
ing the first growing stages caused frost damages in young shoots and inflorescences and
lead to reductions in yield of 20–30% and over 50% in some areas of the north, as Romangia
and Gallura. Conversely, during the summer, the air temperatures recorded in the North
part of the island had a greater effect on the rate of phenological development than in the
southern area. In fact, the active temperatures accumulated for the achievement of the
various phenological stages were higher in Romangia and Gallura and this was evident
for veraison and ripening. At these stages, the greater permanence of high temperatures
(above 35 ◦C) in the Parteolla resulted in a phenological slowdown in both years, compared
to the north of Sardinia.

Due to the higher summer evaporative demand and the lower water holding capacity
of the soils in Gallura, irrigation requirement and frequency were higher, particularly in
2019. In season 2020, the precipitation events recorded in Romangia, together with the
reduced evapotranspiration during veraison and ripening, led to a significant irrigation
water saving (up to 60% of the volume of water replenished in 2019), and the winegrower
only carried out two fertigation operations from BBCH stages 70 to 83, both in Vermentino
and in Cannonau. In the vineyards of Parteolla, ETo was very similar in the two seasons of
study and therefore the irrigation supplies were unchanged. The different meteorological
patterns of the two seasons led to a much lower irrigation requirement in 2020, particularly
at the Romangia site.

The lower soil fertility in Gallura resulted in a lower yield level compared to the
other areas, and together with the high crop evapotranspiration, it also strongly affected
irrigation water productivity. Conversely, the greater fertility of the soil in Parteolla site,
resulted in a higher yield of Cannonau even though the high evapotranspiration did not
allow for irrigation savings as high as those achieved in Romangia. In fact, in this last area,
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the fertility of the soil and the milder climatic conditions contributed to high water saving
and high irrigation water productivity, both on Vermentino and Cannonau.

In Romangia, irrigation was applied 3 times in Vermentino, in 2019: at veraison and
at the beginning of ripening, for a total amount of 24 mm, while in Cannonau, the farmer
applied a 21.6 mm, distributed in 4 irrigation supplies, from cluster closure until ripening
(Table 2). In 2020, only fertigation supplies were needed in Romangia site, for a total
amount 9 mm in both varieties. In 2020, at the Gallura site, the Vermentino vineyard
was irrigated 7 times from pea sized berries until the beginning of ripening, while the
Cannonau vines were irrigated only 4 times and with nearly half of the total volume applied
to Vermentino (respectively, 31 mm and 70 mm). In this site, the irrigation volume applied
in Vermentino in 2019 and 2020 was, respectively, 2.5 and 7.7 times higher compared to
that of Romangia but similar to the volume supplied in Parteolla for the same variety,
while for Cannonau the water supplied by irrigation in Gallura was 1.4 and 3.4 times
higher than that of Romangia in 2019 and 2020, but was half of the water volume needed in
Parteolla site (Table 2). These differences among varieties and sites concerning the irrigation
water requirements, highlight the different degree of anisohydric behavior among the two
varieties, and that the crop water use efficiency may vary deeply. The magnitude of the
varietal differences may be strongly influenced by the evaporative demand and the soil
water holding capacity [6,39]. In fact, irrigation water productivity, ranged from only
6.7 g L−1 in Vermentino of Gallura in 2019 to 155.6 g L−1 in Vermentino of Romangia in
2020. Also, Cannonau reached high values of irrigation water productivity in Romangia
site in season 2020 (about 100 g L−1) but the range of variation was lower than that of
Vermentino, the lowest values being recorded in Parteolla season 2019 (ca. 8.5 g L−1).

3.2. Accuracy and Representativeness of Midday Stem Water Potential for Vine Water Status and
Irrigation Opportunity Evaluation

For both the invasive mΨs and non-invasive IIN indicators for an optimized irrigation
management, the methodology of assessment must be: (1) accurate in determining the
water status of vineyard; (2) representative for the variety, pedoclimatic and farming
conditions; and (3) precise in identifying the opportunity for irrigation in given wine-
growing contexts.

The accuracy of stem water potential thresholds for irrigation opportunity evaluation
was assessed by comparing the pattern of mΨs, water supplies and leaf gas exchanges
performances in each variety. Figure 1 shows the mΨs decreasing patterns and the water
supplies over season 2019 in the two treatments, re-watered (WW) and un-watered (UW)
at the Romangia site and along the season 2020 in the irrigated Vermentino and Cannonau
vineyards of Gallura. The mΨs well reflected the water supplies and highlighted the
change of plant water status during the seasons, proving to be precise and accurate for
the evaluation of water requirements in both varieties. The suitability of mΨs as reference
physiological indicator to test the accuracy of thermographic indexes for the estimation of
plant water status and to discriminate irrigation treatments was also confirmed by other
works in Moscato and Merlot vineyards of Veneto region [60].

The slight differences in mΨs among varieties at Gallura site (Table 2), despite the
much lower water volume restituted to the plants, well reflect the higher stomatal control
over transpiration and thus the lower needs for irrigation in Cannonau (Figure 1).
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Figure 1. Weekly pattern of midday stem water potential (mean values ± standard error and daily water supplies from
precipitation and irrigation, from BBCH stage 75 until 89, in the re-watered (WW) and un-watered (UW) Vermentino and
Cannonau vineyards of the Romangia site, during 2019 (A); and in the re-watered vineyards (WW) of the Gallura site in
2020 (B). The histograms represent water supplies and the lines represent mΨs.

3.3. Representativeness of the Midday Stem Water Potential for Vermentino and Cannonau
Varieties and Validation of Variety-Specific Thresholds

The comparison of photosynthetic intensity, stomatal conductance and intrinsic water
use efficiency data, collected in the three areas of study, highlighted that leaf gas exchanges
and water use in the photosynthetic process follow a similar pattern in both varieties.
The main difference being the fact that Vermentino leaves achieve low levels of water
use efficiency with a larger stomatal opening (Figure 2). Under hydric comfort condi-
tions, i.e., with full soil water availability, grapevines can exhibit high photo-assimilative
performances, with maximum values of gs, Pn and E. When soil moisture decreases, the
strong stomatal control in Cannonau leaves tends to balance more the plant water content
with respect to that availability in the soil. The tighter stomatal closure in these plants
tends to determine greater efficiency of water use compared to plants with much a higher
degree of anisohydric behavior, such as Vermentino. For the latter cultivar, the higher
stomatal aperture allows greater loss of water by transpiration and the water potential
decreases [23,31].
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Figure 2. Correlations between observed midday net assimilation rate and stomatal conductance in Vermentino (green
dashed line) and Cannonau (red solid line) leaves (A); and between leaf stomatal conductance and intrinsic water use
efficiency (B), in the 3 sites.

Though maintaining a less conservative water balance, highly anisohydric varieties
may recover quickly following a drought event, due to greater resistance to cavitation
under severe stress conditions [61]. This behavior may therefore determine a higher
photosynthetic activity in conditions of mild to moderate water stress. However, when
moderate to severe stress is protracted, gs and E are markedly reduced, a multiple–water
and heat–stress condition is established, with increased leaf temperature. If the duration
of the stress is prolonged and/or the stress arises rapidly, photo-inhibition phenomena
and irreversible photo-oxidation damage on the leaf wall may occur [23,52]. This may lead
to quite intense sunburn and early defoliation events, depending upon the duration of
the stress and the anisohydric degree of the variety [32]. Strongly anisohydric varieties,
as Vermentino, are more sensitive to such damage to the photosynthetic apparatus, while
those with lower anisohydric character are less affected. In fact, when thermal and water
stress increase, near-isohydric varieties present a higher water-splitting efficiency, a faster
recovery of the photosystem reaction centers and a more efficient primary photochemistry
and photorespiration [62]. It is therefore licit to define the mΨs thresholds according to
the physiological performance of the varieties and for specific pedoclimatic contexts, in
order to ensure optimal irrigation management and maximum water savings. Moreover,
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several studies have suggested that grapevines can change behavior depending on soil
water potential, thus, for a correct characterization of the genotype effect, the influence of
the environment should be considered [24,37,43].

In Figure 3, the red, green and blue lines represent the gs values to which mild,
moderate and severe water stress thresholds are achieved. By comparing the stomata
aperture values with those of mΨs, we observed that for the same gs, Vermentino presents
lower mΨs. For our thresholds of interest for irrigation in pre- and post-veraison, it is
shown that by maintaining a slightly lower potential in Vermentino no marked decrease in
photosynthetic productivity occurs. Furthermore, for a higher vineyard water use efficiency
during the stages of greater vegetative development, mΨs values higher than −0.7 MPa
should be prevented in order to avoid water luxury consumption. At this stages, high
soil water availability tends to produce larger increase in gs than in net assimilation and
therefore an excessive consumption of water due to transpiration, more evidently when
soil fertility and water holding capacity are high. Our results also showed that to the
gs threshold 200 mmol m−2 s−1 (Figure 3), does not correspond a marked decrease in
photosynthetic activity among varieties.
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Figure 3. Correlations between (A) average stem water potential and stomatal conductance and
between (B) average photosynthetic assimilation and stomatal conductance at midday in Vermentino
(dashed line) and in Cannonau (solid line), in the 3 sites and related ranges for mild (blue lines),
moderate (green lines) and severe (red lines) water stress conditions. For Vermentino and Cannonau
the mΨs thresholds for target Pn and gs performances are respectively: maximum 11.0, 670,−0.8/11.5,
670, −0.7; medium 7.5, 200, −1.1/7.5, 200, −1.0; minimum 4, 50, −1.25/4, 50, −1.3; luxury water
consumption above: −0.7, 12 and 700.

On the other hand, under soil water comfort conditions (above gs threshold
700 mmol m−2 s−1), a luxury consumption of water may occur, without involving a
marked increase in photosynthetic activity, but rather high transpiration, mainly in Ver-
mentino. Moreover, our results are in accordance to those observed by [11], who reported
different increments in Pn, gs, mΨs and CWSI among varieties, with Vermentino presenting
significantly higher increments of Pn, gs and CWSI compared to Cagnulari, as the vineyard
water status changed from a moderate to a severe water stress status.

3.4. Evaluation of Photosynthetic and Transpiration Performances of Vermentino and Cannonau
Grapevines in Three Different Viticultural Contexts

The maximum and the minimum photosynthetic performances were estimated, re-
spectively, as a function of the average maximum Pn, measured at mid-morning and the
average minimum Pn, recorded at midday in the 3 grape growing areas and in 3 differ-
ent phenological stages (Figure 4). In the Gallura area were recorded the highest values
of maximum Pn of Vermentino (16.4 µmol m−2 s−1), during berry growth (BBCH 71)
but they not significantly lower compared to the Romangia and Parteolla sites (15.1 and
15.6 µmol m−2 s−1). However, during cluster closure (BBCH 80) higher maximum and
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minimum values of Pn were observed in the vineyards located in Parteolla and Romangia
areas (respectively, 13.1 and 11.8 compared to 5.1 µmol m−2 s−1 in Gallura). At these
sites the air temperature reached lower values compared to Gallura (respectively, 30 ◦C
and 28 ◦C compared to 32 ◦C), and the soil water holding capacity is much higher (Table
A1). The seasonal trends in photosynthetic activity percentage were similar in Cannonau,
which showed a high assimilation performance in the Romangia and Parteolla areas
during the BBCH stages 71 (respectively, 12.8 and 12.1 µmol m−2 s−1) and 80 (11.3 and
10.7 µmol m−2 s−1) compared to Gallura (10.4 µmol m−2 s−1 at BBCH 71 and 2.9 µmol
m−2 s−1 at BBCH 80). This variety showed a greater sensitivity to high temperatures (over
35 ◦C) with a marked stomatal closure at midday during veraison, although the mΨs values
were indicative of moderate but not severe water stress. These performances highlight the
importance of evaluating the seasonal thermal trend for a more careful management of
irrigation needs in both varieties. When the average air temperature exceeded 35 ◦C, there
was a strong reduction in photosynthetic activity at midday not only in Vermentino but
also in Cannonau.
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Figure 4. Daily maximum and minimum assimilation rates (histograms) and air temperature (red
rhombus) at mid-morning and midday respectively, in Vermentino (A) and Cannonau (B), during
pea sized berries (BBCH 71), cluster closure (BBCH 80) and mid-ripening (BBCH 85) stages 2019, in
each site under clear sky condition. Values are the mean ± standard error.

The estimates of daily carbon assimilation and of water volume transpired per plant
were carried out by calculating daily integrated variations of net assimilation [61], consid-
ering the daily leaf gas exchange measurements at the Romangia site (Figure 5).
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Figure 5. Daily net carbon assimilation per plant and net assimilation rate over a sunny day at BBCH
stages 71 (A), 80 (B) 83 (C), and 85 (D) in Vermentino (left) and Cannonau (right), at the Romangia
site, during season 2019. Values are the mean ± standard error.

For this estimate, an exposed leaf area of 2.5 m2 per plant was considered for both
varieties. As expected, the highest volumes of assimilated C and transpired water during
a sunny day were observed at BBCH stage 71, when soil moisture availability was not
limited, and maximum canopy development was achieved. At this stage, only slight
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differences between varieties regarding the assimilated C were observed (approximately
28.1 g plant−1 day−1 in Vermentino and 28.9 g plant−1 day−1 in Cannonau). At full
veraison (BBCH 83) daily carbon gain decreased nearly 32% in Vermention and 3% in
Cannonau (to about 19.1 g and 17.9 g plant−1 day−1, respectively). After, during mid-
ripening, Vermentino plants were able to reach higher daily carbon assimilation again, only
7% lower than the average values recorded at the BBCH stage 71 (26.8 g plant−1 day−1).
Meanwhile, Cannonau still presented a 20% lower net C assimilation compared to that
measured at pea size stage (about 22.8 g plant−1 day−1). These differences among varieties
confirm the high anysohidric behavior of Vermentino compared to other varieties, like for
instance Cabernet Sauvingon and Cannonau [11,62]. Throughout the seasons, the greater
differences between varieties were recorded during both the periods of maximum and of
minimum soil water availability and evaporative demand, which matched cluster closer
and mid-ripening stages.

During the stages of berry growth, veraison and mid-ripening, the Vermentino
canopies lost, on sunny days, about 6.6, 3.3 and 4.6 L H2O plant−1 by transpiration,
while the Cannonau plants transpired smaller volumes of water (respectively, 5.8, 2.8 and
3.3 L plant−1 day−1) but kept higher water use efficiency during photosynthesis compared
to Vermentino (about 0.7 g C/L H2O plant−1 day−1 at the beginning of the irrigation
season and reaching +1.3 g C/L H2O, during the stages monitored (Figure 1A). As water
deficit increases along the season, the reductions of gs tend to reduce water losses. Yet,
transpiration responds also to the increases in leaf-to-air vapor pressure deficit due to
reduced stomata aperture, which tends to counterbalance the effects of lower the gs on
water loss [63]. For this reason, the lower difference among varieties concerning plant
instantaneous water use are mainly explained by differences in carbon assimilation. The
results also reflect the marked difference in gs and transpiration between varieties with
high and low anisohydric degree [6,62]. Nevertheless, it is important to bear in mind that
the higher water use efficiency estimated based on leaf gas exchange measurements may
not correspond to whole plant scale water use efficiency, has demonstrated by Medrano
et al. [64]. In effect, several factors contribute to the whole plant water use and great
discrepancies may be found among the values determined at leaf and whole canopy scales.
For instance, the effects of sunlight exposure of the different leaf layers and the rates
of transpiration and respiratory losses during the night should not be neglected when
analyzing the genetical variability in daily carbon balance and water use efficiency of a
woody plant.

3.5. Validation and Accuracy of the Index for Irrigation Automation in Vermentino and
Cannonau Vineyards

In both seasons, the patterns of IIN, calculated based on air and canopy temperature,
using the thermistor sensors or the IR thermometer, showed an accurate response of the
index to the variation of current plant water status estimated with mΨs (Figure 6). As
expected, the results indicate that a high representativeness of IIN determined with the IR
thermometer requires the analysis of a larger size sample as compared to the measurements
with thermistors (Figure 6A,B), as leaf temperature varies across the canopy. In our trials,
IR temperature varied about 3.0 ◦C in near and 2.6 ◦C in far mode in Vermentino and about
2.4 ◦C in near and 2.0 ◦C in far mode in Cannonau. Since, an important component of plant
heat exchange is convective heat transfer between the canopy surface and the surrounding
atmosphere, as the distance from target leaf or canopy increases, the correspondence among
temperature measurements and the actual leaf temperature decreases, due to varying leaf
boundary layer conductance, which is affected by changes in vapor pressure deficit, wind
speed and atmosphere composition and also by the stomata sensibility to these changes [65].
This should be taken into consideration when determining water and/or heat stress in
near-isohydric varieties (Figure 6B–F). For varieties with high anisohydric degree both IIN
Tc and IIN IR showed slightly higher sensitivity to different stress conditions as compared
to mΨs (Figure 6).
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Figure 6. Weekly pattern of mΨ and of IIN, in re-watered (WW) and un-watered (UW) treatments, in Vermentino and
Cannonau vineyards from Romangia in 2019 (A,B); and Gallura in 2020 (C). IIN calculated on the basis of leaf temperatures
estimated by thermistors, IIN Tc (A); and on the basis of canopy temperature measured with IR thermometer, IIN IR (B);
Values are mean ± standard error.

However, the IIN IR proved to be an accurate measurement when keeping a short
distance between the instrument and the canopy. Similarly, the determination of canopy
temperature using thermistors at close contact with the leaf abaxial side allowed for
reducing the variability of the recorded temperatures and showed higher sensitivity in
determining different stress status between irrigated and non-irrigated plants in both
varieties. This higher accuracy becomes particularly relevant when, other than a moderate
water stress, a thermal stress condition takes place, causes by a stricter or longer stomatal
closure, as in non-irrigated or scarcely irrigated plants (Figure 6B,D). Compared to the
measurement on the adaxial side of the leaf, when the temperature of the canopy is detected
at the abaxial leaf side, convective heat losses and thermal variations due to radiation
are much smaller, due to a lower heat transfer between the leaf and the surrounding
atmosphere. This way, a greater correspondence can be achieved between the thermal
condition of the plant as a whole and its water status (Figure 6C).
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The IIN also allowed to distinguish the irrigation treatments, even though the differ-
ences in irrigation input were very small. This result indicates a high accuracy of this index
for the definition of irrigation strategies and that it is useful and applicable to different
viticultural regions. A recent work [11] concerning the usefulness of thermal imaging for
remote and proximal sensing of vineyard to optimize and manage precision irrigation
schedules, conducted in Cabernet Suavignon, Cagnulari and Vermentino, also demon-
strated a good accuracy of the thermal indexes CWSI and Ig to represent plant water status
and photosynthetic performances.

Furthermore, since the IIN takes into account both the temperature of the canopy and
the atmospheric evaporative demand, it can be a valuable tool for proximal sensing under
different pedo-climatic situations. The IIN can be used to detect and manage multiple
abiotic constrains, namely water and thermal stresses, which may require immediate
irrigation, overhead instead of drip irrigation. In fact, water stress detection by thermal
imaging is highly influenced by site environmental conditions and atmospheric demand
during the measurements and an heat stress effect may result in an increased index value as
compared to the effect of vineyard water regime as observed by [11] working in Vermentino
di Gallura regions. The IIN showed high accuracy in determining the irrigation requirement,
even when plants self-regulating mechanisms tend to reduce the variations of mΨs hence,
to distinguish different moderate and severe stress conditions, when soil water deficit and
air evaporative demand start and continue to increase. This aspect is particularly evident
in varieties with low anisohydric degree, like Cannonau, which stomatal control often
tends to quickly reduce transpiration and increase leaf temperature.

The validity of the index for irrigation automation in vineyard was tested and cali-
brated in relation to mΨs, according to the water potential thresholds previously tested for
an optimal irrigation management in Vermentino and Cannonau vineyards [11,20,42]. In
Table 3 are reported the main results of the linear regression analysis, including the regres-
sion estimates and performances of the two models tested for Vermentino and Cannonau,
respectively. The linearity of the relation between IIN and mΨs is evidenced in Figure 6
and was previously demonstrated for water stress indices that are based on normalized
leaf to air temperature differences [11,17,66].

Table 3. Validation of the linear regression model (mΨs = α + ß × IIN) between midday stem water potential (mΨs) and the
irrigation need index (IIN) in vineyard.

Descriptive Statistics

df1 df2
Regression

Significance R R2 Adj. R2

Vermentino 1 29 0 0.881 0.777 0.769
Cannonau 1 29 0 0.726 0.527 0.511

Model Performances

Predictors
Unstandardized Coefficients

Variables
Sig.

Durbin
Watson

MAE MA%E RMSE ENS
α ß Std.

Error

Vermentino
Intercept −0.757 0.038 0.000

2.003 0.1 −9.65 0.14 0.78IIN 0.725 0.000 0.000

Cannonau
Intercept −0.831 0.042 0.000

1.893 0.13 −13.68 0.17 0.53IIN 0.457 0.08 0.000

df—degrees of freedom; MAE—mean absolute error; MA%E—mean absolute percentage error; RMSE—Root Mean Square Error; ENS—
Nash Sutcliffe model efficiency coefficient.

Both models were highly significant (regression significance < 0.001) and showed a
very good fitting, though the Cannonau model presented lower correlation and determi-
nation coefficients (respectively, 0.761 and 0.527) compared to the model for Vermentino
(respectively, 0.881 and 0.771). A lower correspondence between the tomographic indexes
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and plant water potential estimated by mΨs in varieties with low anisohydric degree
was also observed by Belfiore et al. [58]. Yet, the regression analysis performed in this
work, indicates that the IIN highly significantly represented plant water status in the two
varieties (variable p-value < 0.001) and the values of Durbin Watson statistics, for both
Vermentino and Cannonau models (2 and close to 2, respectively), indicate that no au-
tocorrelation issues were detected in the samples. Also, the mean absolute percentage
error was lower than 10% in IIN model for Vermentino but somewhat higher in Cannonau
model. The Nash-Sutcliffe efficiency coefficients indicate good agreement of the observed
versus predicted values and MAE, MA%E and RMSE show a good fit of the residuals of
the regression analysis to the 1:1 line. It is important to highlight that a weaker relation
among mΨs and IIN variations during the last ripening stages and after harvest depend
mostly upon the decreasing water conductance of the stems, that progressively increase
the lignification process that lead vines to gradually become cold hardy and acclimated
to the upcoming cold weather. At this stages, mΨs measurement in leaves become less
responsive to actual vineyard water requirements, since mature internodes have reduced
hydraulic conductance as compared to green shoots [52,67]. In mature stems, extensive
reductions in hydraulic conductance lead to decoupling of water transport capacity from
and to the leaves, leading to cavitation and low water conductance [68]. The important
role of hydraulic conductance on stomata regulation and water use efficiency, especially in
the Grenache family of varieties, in which Cannonau is included, has been demonstrated
previously [69]. Besides this, the lower Ens and R2 values of the Cannonau model are most
probably related to a stricter control of plant water content, typical of this variety under
reduced soil water availability and high evaporative demand, hence to a lower sensibility
of plant water potential to variations in air vapor pressure deficit, rather than to a lower
accuracy of IIN. Indeed, as shown previously, IIN demonstrated very high sensibility to both
water and heat stresses, particularly when the Cannonau plants were exposed to longer
soil water deficit. In such condition, mΨs tended to a higher stability, as the evaporative
demand increased. Yet, for semiarid and arid environments both abiotic factors may affect
net assimilation and respiration simultaneously, and for a quite long period, during berry
growth and developmental stages, limiting leaf and fruit metabolism [70]. Therefore, when
the aim of irrigation is to contrast the impact of such multiple stress conditions affecting
crop performances, the use of a temperature-based indicator such as IIN thresholds would
provide higher guarantee of good physiological performances, yield and berry quality lev-
els for a specific terroir-variety combination. This can be particularly useful for maintaining
or improving yield and berry composition of cultivars with elevated sensibility to water
and heat stress, as Cannonau [71,72]. The wide range of conditions in which midday mΨs
and IIN were tested allowed to validate both methodologies for quality irrigation proposes
in varieties with low and high degree of anisohydric behavior, respectively Cannonau and
Vermentino, and to define specific thresholds for mild, moderate and severe stresses for
the two indicators (Figure 7). The scatter plot of the two variables in Figure 7, highlights
the similarity of the relationship among them for both cultivars. Consistently with the
relationships previously described when analyzing gs, Pn and mΨs, specific thresholds
were established for Vermentino and Cannonau IIN values, ranging from: 0–0.25; 0.30–0.45;
and 0.6–0.75, respectively, for physiological performances characterizing a mild, moderate
and severe stress conditions, as indicated by the blue, green and red lines (Figure 7). As
demonstrated previously by Grant et al. [17] for similar thermal indexes, the IIN can be a
useful tool to distinguish different stress conditions and to evaluate stress levels according
to the deficit irrigation strategies.
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Figure 7. Linear correlation between the mΨs and IIN values in Vermentino (dashed lines) and Cannonau (solid lines) under
different water status (A); pattern of the correlation model between midday stem water potential and IIN and related ranges
for mild (blue lines), moderate (green lines) and severe (red lines) water stress conditions (B).

4. Conclusions

In this study we tested and validated the mΨs thresholds and the accuracy of an irriga-
tion need index (IIN) for proximal detection of water requirements to optimized irrigation
management in vineyards, for a wide set of pedo-climatic conditions, in two varieties
with different degrees of anisohydric behavior. Maximum and minimum photosynthetic
performances monitoring allowed to determine the plant water status ranges among which
optimal, critical or maximized canopy photosynthetic performances and irrigation water
saving can be reached, in order to manage the use of irrigation to meet high yield and
quality in different wine grape productions. For the pedo-climatic conditions of the studied
wine regions, severe water stress thresholds were−1.3 MPa for Vermentino and−1.25 MPa
for Cannonau. To these critical water deficit thresholds correspond an average stomatal
conductance of 50 mmol m−2 s−1 and an average photosynthetic assimilation of only
4 µmol m−2 s−1, in both varieties. Under moderate water deficit, mΨs can vary close to
−1.0 MPa in Vermentino and to −1.1 MPa in Cannonau, in order to reach optimal leaf
gas exchange performances (about 7.5 µmol m−2 s−1 of Pn and 200 mmol m−2 s−1 of gs).
When keeping mild water deficit conditions, mΨs should be −0.7 MPa in Cannonau and
should not be higher than −0.8 MPa in Vermentino, to allow maximum photosynthetic
performances (respectively, Pn of about 11.5 and 11.0 µmol m−2 s−1), while avoiding
excessive water losses by transpiration (when gs > 200 mmol m−2 s−1), particularly in
the variety with high anisohydric degree. Based on air temperature, air humidity and
canopy temperature data, easily available at relatively low cost, a simple and automatable
agrometeorological index for the irrigation management of the vineyard was established.
The methodology used in this study evidenced the high performance and sensitivity of
the index in properly determining the need for irrigation, as well as in identifying and
representing varietal differences in irrigation requirements, under variable meteorological
and environmental contexts throughout the irrigation seasons. In fact, the seasonal trends
of IIN correctly reflect the pattern of plant water status, particularly, when conditions of
moderate to severe water stress are imposed.

The correlation analysis between the observed mΨs data and the calculated IIN data
highlighted great temporal and spatial accuracy of this index in representing vineyard
water status under mild, moderate and severe water deficit. The significance of the IIN
model on estimating plant water status was very high for both varieties. The linearity
of the correlation pattern between mΨs and IIN indicates the adequacy of the index in
determining multiple abiotic stress conditions (water and heat) under a wide range of soil
water availability.
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The methodology followed for canopy temperature data collection, using thermistors,
ensured high accuracy to the calculation of IIN and to account for the meteorological
conditions at each site. Finally, it is also possible to use IR thermometers to monitor the
thermal conditions of the canopy, and therefore calculate the IIN. The accuracy of canopy
temperature measurement with IR thermography can be increased by means of proximal
detection, in order to reduce the influence of the factors (i.e., wind, humidity, sunlight
and shade) that affect the temperature of the canopy boundary layer. To perform a high
quality and water saving irrigation management, the IIN thresholds characterizing critical,
optimal and maximum mΨs levels and related photosynthetic efficiency in Vermentino
and Cannonau are, respectively: 0.75 and 0.6; 0.45 and 0.3; 0.25 and 0.
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Appendix A

Table A1. Soil physical and chemical analysis and hydraulic constants.

Site CV Texture ρ
(g cm−3) pH O.M.

(%)
CaCO3

(%)
CEC

(cmol kg−1)
Salinity

(dS m−1)
FC

(g 100 g−1)
WP

(g 100 g−1)
AW

(mm m−1)

Romangia VMT Clay loam 1.2 8.6 1.1 42 78.5 0.16 34.28 16.54 213.29
CNN Clay loam 1.21 8.6 1.6 40 16.1 0.05 33.81 16.28 211.49

Gallura
VMT Sandy loam 1.47 6.8 3.9 - 27.4 0.12 12.55 5.55 102.94
CNN Sandy loam 1.47 6.1 1.8 - 16.1 0.05 12.35 5.46 101.6

Parteolla
VMT Clay loam 1.3 8.4 1.3 17.2 23.7 0.09 26.34 12.57 179.54
CNN Clay loam 1.3 8.5 1.4 26.3 26.1 0.11 26.78 12.76 181.73

CV—cultivar, VMT—Vermentino; CNN—Cannonau; ρ—bulk density; O.M.—organic matter; CaCO3—total calcareous; CEC—cation
exchange capacity; FC—field capacity; WP—wilting point; AW—available water.
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Figure A1. Daily transpiration volume per plant and transpiration rate over a sunny day at BBCH
stages 71 (A), 83 (B) and 85 (C) in Vermentino (left) and Cannonau (right), at the Romangia site,
during season 2019. Values are the mean ± standard error.
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