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Abstract: The projected increase in temperature and water scarcity represents a challenge for 
winegrowers due to changing climatic conditions. Although heat and drought often occur 
concurrently in nature, there is still little known about the effects of water stress (WS) on grapevines 
in hot environments. This study aimed to assess whether the grapevine’s physiological and spectral 
responses to WS in hot environments differ from those expected under lower temperatures. 
Therefore, we propose an integrated approach to assess the physiological, thermal, and spectral 
response of two grapevine varieties (Vitis vinifera L.), Grenache and Shiraz, to WS in a hot 
environment. In a controlled environment room (CER), we imposed high-temperature conditions 
(TMIN 30 °C–TMAX 40 °C) and compared the performance of well-watered (WW) and WS-ed potted 
own-rooted Shiraz and Grenache grapevines (SH_WW, SH_WS, GR_WW, and GR_WS, 
respectively). We monitored the vines’ physiological, spectral, and thermal trends from the stress 
imposition to the recovery after re-watering. Then, we performed a correlation analysis between the 
physiological parameters and the spectral and thermal vegetation indices (VIs). Finally, we looked 
for the best-fitting models to predict the physiological parameters based on the spectral VIs. The 
results showed that GR_WS was more negatively impacted than SH_WS in terms of net 
photosynthesis (Pn, GR-WS = 1.14 μmol·CO2 m−2·s−1; SH-WS = 3.64 μmol·CO2 m−2·s−1), leaf 
transpiration rate (E, GR-WS = 1.02 mmol·H2O m−2·s−1; SH-WS = 1.75 mmol·H2O m−2·s−1), and 
stomatal conductance (gs, GR-WS = 0.04 mol·H2O m−2·s−1; SH-WS = 0.11 mol·H2O m−2·s−1). The 
intrinsic water-use efficiency (WUEi = Pn/gs) of GR_WS (26.04 μmol·CO2 mol−1 H2O) was lower than 
SH_WS (34.23 μmol·CO2 mol−1 H2O) and comparable to that of SH_WW (26.31 μmol·CO2 mol−1 
H2O). SH_WS was not unaffected by water stress except for E. After stress, Pn, gs, and E of GR_WS 
did not recover, as they were significantly lower than the other treatments. The correlation analysis 
showed that the anthocyanin Gitelson (AntGitelson) and the green normalised difference vegetation 
index (GNDVI) had significant negative correlations with stem water potential (Ψstem), Pn, gs, and E 
and positive correlation with WUEi. In contrast, the photochemical reflectance index (PRI), the water 
index (WI), and the normalised difference infrared index (NDII) showed an opposite trend. Finally, 
the crop water stress (CWSI) had significant negative correlations with the Ψstem in both varieties. 
Our findings help unravel the behaviour of vines under WS in hot environments and suggest 
instrumental approaches to help the winegrowers managing abiotic stress. 
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1. Introduction 
The consequences of climate change on agriculture concern many winegrowers, 

especially those operating in areas that are more prone to extreme weather events, such 
as heatwaves and seasonal droughts. According to the Intergovernmental Panel on 
Climate Change (IPCC) future projections, most viticultural areas will experience reduced 
summer precipitation, while the temperatures will increase until at least the mid-century 
[1]. Heatwaves, defined by the Australian Bureau of Meteorology (BOM, [2]) as a 
consecutive period of five or more days at or above 35 °C or three or more days at or above 
40 °C, are increasing in duration and frequency [3]. According to Trancoso et al. [4], 
heatwaves may become the norm in some areas (85% more frequent and last 57% longer) 
such as Australia under future global warming scenarios. Similarly, Pereira et al. [5] 
predicted that heatwaves would be 7 to 10 times more frequent in the Iberian Peninsula 
by the end of the 21st century. Usually, high temperature increases the evaporative 
demand and vapour pressure deficit (VPD) [6]. Thus, soil moisture deficits and 
consequent crop water stress (WS) often coincide with higher temperatures. Therefore, 
investigating how grapevines respond to WS under increased temperature is crucial to 
support climate adaptation and mitigation. 

The physiological responses of grapevine under drought conditions have raised great 
interest among scientists, as water resources are increasingly vulnerable in most wine-
growing regions [7]. Specifically, research focused on the response adopted by different 
grapevine varieties to cope with WS. Some varieties exhibit near-isohydric behaviour, 
maintaining a constant leaf water potential (Ψleaf) through strict regulation of stomatal 
conductance (gs). Other varieties show a near-anisohydric behaviour, decreasing their Ψleaf 
and maintaining sustained gs with lower water availability [8]. Due to their behaviour, 
near-isohydric varieties are also described as “pessimists”, as they tend to preserve their 
water status [9]. In contrast, near-anisohydric varieties were defined as “optimists” for 
their higher use of available water. These strategies might change within the same variety 
under changing environmental conditions [10]. However, for most cultivars, the trend is 
to show either an isohydric or an anisohydric nature more frequently. 

It is generally accepted to consider Grenache as a near-isohydric variety. Schultz [8] 
tested the response of Grenache to induced WS in France and Germany: the Ψleaf did not 
decrease significantly compared to watered plants. Moreover, the gs decreased rapidly 
with fast-developing WS (within a few days), thus exhibiting an isohydric behaviour [11]. 
Similar results were achieved in experiments carried out in Australia [12] and Spain [13]. 
Conversely, a near-anisohydric behaviour of Shiraz was observed in different 
circumstances. For example, Ψleaf drastically decreased under severe water-deficit stress, 
thus showing ineffective stomatal control of drought [8,14]. 

A recent review examined the effects of high temperatures on the grapevine’s 
physiology [14]. According to the references cited by the review, the first process directly 
affected by increased temperature is net photosynthesis (Pn). On the one hand, the lower 
Pn may be related to a lower gs, as high temperatures usually promote WS. On the other 
hand, high temperatures cause severe damage to Photosystem II (PSII) due to a decline in 
chlorophyll content and injury to the thylakoid membranes. In addition, leaf transpiration 
rate (E) showed a linear increase with increasing temperature up to 40 °C in most studies 
cited by the review. However, no additional effect on E was detected when the 
environmental temperature increased above 40 °C. Finally, gs does not appear sensitive to 
high temperature, and changes in gs when WS is combined with high temperature are 
attributed only to WS. Soar et al. [15] suggested that the anisohydric behaviour of some 
varieties may serve as an adaptive strategy to cope with increasing temperatures. They 
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showed that Shiraz promoted a sustained gs and an unaltered berry growth under field 
conditions with manipulated high temperatures. Recently, Faralli et al. [16] reported that 
the lower stomatal sensitivity of Shiraz might support leaf heat dissipation under 
fluctuating environmental conditions. However, Lehr et al. observed that WS under high 
temperatures dramatically reduced gs regardless of isohydric or anisohydric behaviour 
[17]. 

Research should focus on WS under high temperatures, as grapevine response to WS 
may be different than under lower temperatures [18]. For example, Rizhsky et al. [19] 
proved that the physiological response of plants to WS under extreme temperatures led 
to the inhibition of Pn but the enhancement of respiration. 

In recent years, new sensing technologies have been explored to assess the physio-
logical response to environmental conditions. For example, hyperspectral-based technol-
ogy has increasingly been used for non-destructive, in-depth analysis of grapevine status, 
such as water status and physiological behaviour under stress. Poblete et al. [20] used the 
reflectance retrieved from multispectral images to develop artificial neural network mod-
els to predict WS spatial variability in Carménère. Previously, Diago et al. [21] developed 
neural network models based on hyperspectral images to assess grapevine (cvs. Cabernet 
Sauvignon, Grenache, Tempranillo) leaf water content. Moreover, the hyperspectral sig-
natures of Cabernet Sauvignon leaves under WS were correlated to Ψleaf under controlled 
conditions [22]. Similarly, the thermal response of grapevine to WS was used for large-
scale monitoring [23]. Within the vegetation indices (VIs) retrievable from thermal imag-
ing, the crop water stress index (CWSI) was considered a reliable predictor of stem water 
potential (Ψstem) and gs [24]. Thus, developing studies to understand grapevine hyperspec-
tral and thermal responses to abiotic stresses may help implement alternative sensing 
technologies for detecting early changes in plant physiology in response to dynamic en-
vironmental conditions, particularly under climate change. Finally, despite the critical 
need for developing new vineyard management adaptation strategies to climate change, 
there is a lack of studies characterising the behaviour of near-isohydric and near-anisohy-
dric varieties under rising temperatures. 

In this study, we wanted to test the hypothesis that the response of grapevine to WS 
under high temperatures may differ from that under lower temperatures. The objectives 
were to: (i) evaluate the physiological responses of Vitis vinifera L. cv. Grenache and Shiraz 
to WS under temperatures of varying intensity and, (ii) based on leaf spectral reflectance, 
identify hyperspectral and thermal VIs that could be reliable indicators of WS under high 
temperatures. The methodological approach and the results of this study may assist vine-
yard management choices under future climate change scenarios. 

2. Materials and Methods 
The experiment was carried out in 2020 on the Waite Campus of The University of 

Adelaide, located in Urrbrae (Adelaide), South Australia (34°58′17′′ S, 138°38′23′′ E). Six 2-
year-old grapevines each of the varieties Grenache and Shiraz were grown in 4.5 L pots in 
a substrate composed of a mixture of 50% of UC (University of California, Davis, CA, 
USA) soil mix (61.5 L sand, 38.5 L peat moss, 50 g calcium hydroxide, 90 g calcium car-
bonate) and 50% vermiculite and perlite. The vines used in the experiment were compa-
rable in vigour and did not present any visual signs of damage or deficiency. The vines 
were spur pruned to two spurs with two nodes per spur, treated against pathogens, well-
fertilised, and grown in a glasshouse providing daily irrigation to 110% of field capacity. 
The liquid soil fertiliser Megamix (13:10:15 N:P:K plus trace elements; Rutec, Tamworth, 
NSW, Australia) at a concentration of 1.6 mL L−1 was applied weekly after the develop-
ment of the first adult leaf. When the vines had 12–14 leaves per shoot (two shoots retained 
per vine), the inflorescences were removed to maintain the plants in a vegetative state and 
the vines moved to a controlled environment room (CER; Phoenix-E, Camarillo, CA, 
USA). 
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2.1. Treatments 
In this experiment, we aimed at simulating a current extreme event that may become 

more frequent or even the norm in the future in several viticultural areas where heatwaves 
frequency and duration are projected to increase. As the combination of high temperature 
and WS may limit photosynthesis rates and photo-oxidative damage [25], irrigation was 
assumed to be the norm in our experiment during high-temperature days. Therefore, well-
watered (WW) vines under high temperatures were defined as the “control” group. This 
choice is because only one controlled environmental room (CER) was available for this 
experiment. 

The physiological, spectral, and thermal response to WS of two varieties exhibiting 
different behaviour under stress was examined. 

The experiment was arranged as a completely randomised design with three repli-
cates per treatment. On 13 March 2020, the vines were moved from the glasshouse to the 
CER to allow them to acclimate. During acclimation (13–17 March), the average tempera-
ture, relative humidity (RH), and VPD were 25.5 °C, 48.8%, and 1.7 kPa, respectively. Ini-
tially, the vines were irrigated to field capacity based on the pot weight: the pots were 
weighed every morning to bring them back to their original weight by irrigation. The soil 
moisture was determined with a soil moisture sensor (Teros-12, METER, Pullman, WA, 
USA). On 17 March, WS was imposed on half of the vines (three vines of Grenache and 
three of Shiraz). WS was obtained by completely withholding irrigation. The remainder 
of the vines were maintained under well-watered conditions, i.e., at field capacity. To ir-
rigate at field capacity, the pots were daily weighed, and water was added to bring them 
back to their original weight, i.e., the weight of the first day of the experiment. In this 
study, the WW and WS treatments were defined by the average volumetric water content, 
as reported in Table 1. On the night of 20 March, when soil moisture of the WS vines was 
lower than 3%, the temperature in the CER was increased, setting the day and night tem-
peratures at 40 °C and 30 °C, respectively, with a 12-hour day (700 h–1900 h) and 12-hour 
night (1900 h–700 h). These higher temperatures were imposed for five days until 25 
March. Following this, the vines were moved back to the glasshouse for recovery at am-
bient conditions. The average temperature, RH and VPD were 25.9 °C, 50.4% and 1.7 kPa 
(26–29 March), respectively, and all vines were irrigated to field capacity. Air temperature 
and RH were constantly monitored throughout the experiment using a data logger (Ti-
nytag Plus 2 TGP-4500 dual-channel; Gemini data loggers, Chichester, UK) placed at a 
mid-canopy height. 

In this study, the WW and WS treatments were defined by the average volumetric 
water content, as reported in Table 1. 

Table 1. Summary table of the treatments applied in this experiment. Day and night temperatures 
were set at 40 °C and 30 °C, respectively. 

Treatment Variety Average Volumetric Water Content 
(%) No. of Vines (n) 

GR_WW (control 
for Grenache) Grenache Plants well-watered (VWC = 10.5%) 3 

SH_WW (control 
for Shiraz) Shiraz Plants well-watered (VWC = 7.8%) 3 

GR_WS Grenache Plants subjected to WS (VWC = 2.4%) 3 
SH_WS Shiraz Plants subjected to WS (VWC = 2.3%) 3 

2.2. Environmental Conditions 
During acclimation of the potted grapevines in the glasshouse, the daily maximum 

temperature did not exceed 33 °C, and the daily minimum temperature was not lower 
than 22.5 °C. The average RH (night + day) was about 48%, thus leading to maximum VPD 
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values lower than 3 kPa. On 20 March, the CER was programmed to a 12 h day tempera-
ture of 40 °C (700 h–1900 h) and 12 h night temperature of 30 °C (1900 h–700 h). Figure 1a 
shows the temperature trend during the experiment. Concurrently with temperatures in-
creasing, RH decreased, reaching minimum values of approximately 10% (Figure 1b). 
VPD values (Figure 1c) increased up to 4.9 kPa. When the vines were moved to the glass-
house for recovery, the environmental conditions were similar to the ones observed dur-
ing acclimation (average daily maximum and minimum temperatures 32.1 and 22.9 °C, 
respectively, average RH 50%, average VPD 1.7 kPa). 

 
Figure 1. Environmental conditions during the experiment; (a) maximum and minimum daily am-
bient temperature; (b) maximum and minimum daily relative humidity; (c) maximum and mini-
mum daily vapour pressure deficit; (d) volumetric water content. 

2.3. Soil Moisture 
The variation of the soil moisture for the four treatments during the experiment is 

shown in Figure 1d. The VWC values dropped to around 2% after WS imposition. The soil 
moisture values were slightly higher in Grenache than in Shiraz, both under WW and WS 
conditions. 

2.4. Physiological Measurements 
Physiological measurements were carried out on two dates: 25 March, corresponding 

to WS under high temperatures, and 29 March, corresponding to four days after stress. 
The values of stem water potential (Ψstem) were measured on one expanded and mature 
leaf per vine using a Scholander-type pressure chamber (M 1505D-EXP; PMS Instruments, 
Albany, OR, USA). Leaves were covered with an aluminium foil-coated plastic bag for 60 
min before measurement to allow Ψstem to equilibrate. After the leaves were removed from 
the vines, the readings were taken within 30 s from leaf excision. 
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The values of gs, Pn, E, and intrinsic water-use efficiency (WUEi) were detected using 
a portable infrared gas analyser (IRGA; LI-6400XT; LI-COR, Lincoln, NE, USA). The IRGA 
leaf cuvette (area: 6 cm2) was set as follows: photosynthetically active radiation (PAR) 1500 
μmol m−2 s−1, reference (CO2) 400 ppm, flow rate 500 μmol s−1, and sample RH range be-
tween 30–40%. The measurements were performed between 1000 h–1500 h for each refer-
ence date on the first fully expanded mature leaf from the middle third of the shoot. 

2.5. Hyperspectral Measurements 
A portable high-resolution spectroradiometer (ASD FieldSpec® 3; Analytical Spectral 

Devices, Boulder, CO, USA) was used to acquire the diffuse reflectance spectra of the 
vines. Three vines per treatment were measured three times for single leaf radiances and 
averaged per treatment. Reflectance was taken on the same leaves selected for IRGA meas-
urements. Thus, 36 spectral measurements in total and nine spectral measurements for 
each treatment were performed. The spectroradiometer was configured to average 20 
readings automatically per sampling. The instrument was provided with the default con-
tact probe for active sensing, allowing the recording of the solar spectral irradiance (350–
2500 nm) with different resolutions for the visible-near infrared (VNIR, 350–1000 nm; 3 
nm resolution) and the short-wave infrared (SWIR, 1000–2500 nm; 8 nm resolution). A 
white Lambertian reference panel (Spectralon® disc; Analytical Spectral Devices, Boulder, 
CO, USA) served as the reference standard for calibration. The dark reference acquisition 
was obtained using a closed cuvette without light. 

The raw spectral data were extracted using the RS3TM dedicated software provided 
with the instrument. 

The VIs reported in Table 2 were derived from the raw spectral data imported into R 
statistical software (Version 3.5.2, RStudio Version 1.2.1335). The hyperspectral measure-
ments were carried out simultaneously with the physiological measurements on the same 
leaves. 

Table 2. Summary table of the treatments applied in this experiment. Day and night temperatures 
were set at 40 °C and 30 °C, respectively. 

VI Acronym Equation Class Reference 
Anthocyanin (Gitelson) AntGitelson AntGitelson = (1/R550 − 1/R700) × R780 Pigment [26] 

Photochemical Reflectance Index PRI PRI = (R531 − R570)/(R531 + R570) Pigment [27] 
Greenness Index GI GI = R554/R677 Structure [28] 

Green Normalised Difference Vegetation 
Index GNDVI 

GNDVI = (R750 − R540 + R570)/(R750 + R540 − 
R570) Structure [29] 

Fluorescence Curvature Index FCI FCI = R683/(R675 × R691) Physiology [30] 
Modified Red-Edge Simple Ratio Index MRESR MRESR = (R750 − R445)/(R705 + R445) Physiology [31] 

Normalised Difference Infrared Index NDII NDII = (R820– R1650)/(R820 + R1650) Water con-
tent [32] 

Water Index WI WI = R900/R970 
Water con-

tent [33] 

2.6. Thermal Measurements 
A thermal infrared camera (FLIR® T-series, Model B360; FLIR Systems, Portland, OR, 

USA) was used to acquire images on the reference dates. The camera has a resolution of 
320 × 240 pixels, and its uncooled bolometer measures temperature between −20 and +120 
°C ± 2 °C. The images were acquired at a constant distance of 2.5 m from the vines. One 
leaf sprayed with water and one coated with petroleum jelly (on the abaxial side) per vine 
were used as wet (Twet) and dry (Tdry) references, respectively. Twet and Tdry correspond to 
a fully transpiring leaf (stomata open) and non-transpiring leaf (stomata closed), respec-
tively. Twet and Tdry were measured 30 min after applying petroleum jelly and 20 s after 
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spraying. The canopy temperatures detected by the camera (Tcanopy) were elaborated with 
FLIR TOOLS software, version 5.13 (FLIR Systems © 2022) and used to compute the Crop 
Water Stress Index (CWSI) [34] of the whole canopy as well as the top and bottom halves 
of the canopy separately. The measurements were carried out on the same dates as the 
physiological monitoring. 

2.7. Statistical Analyses 
Data collected were subjected to outlier removal following the method developed by 

Hansen et al. [35]. Moreover, the normality of data was assessed using the Kolmogorov–
Smirnov nonparametric test. The physiological and spectral behaviour of the four treat-
ments on the two reference dates was compared with one-way ANOVA separating means 
with Tukey’s least significant differences (LSD) test at 5% significance. Moreover, the time 
effect within each treatment was assessed to analyse the effects of WS and the capability 
of the vines to recover within four days. The analysis was carried out using unpaired two-
tailed t-tests separating means with Tukey’s LSD test. To better understand the trend of 
the stressed vines relative to the unstressed ones, we calculated the relative CWSI (re-
ferred to henceforth as CWSIr) as the ratio of the CWSI of the stressed treatments and that 
of well-watered vines. 

Pearson’s product–moment correlations were evaluated between the different cate-
gories of spectral VIs, CWSIr, and the physiological parameters. The analyses were con-
ducted using GraphPad Prism 8.0.0 (GraphPad Software, Inc.; La Jolla, CA, USA) soft-
ware. 

Regression analysis was used to study the relationships between the dependent var-
iables (physiological parameters: Pn, gs, Ψstem, E, WUEi) and the independent variables (hy-
perspectral VIs and CWSI) of the two grapevine varieties. Regression analysis was per-
formed with the statistical software Statgraphics 16 (StatPoint Technologies Inc., Warren-
ton, VA, USA). We used Statgraphics “comparison of alternative models” tool for the best 
model selection, which compares twenty-seven different-fitting models and retains only 
the best-performing model. The performance of the best-fitting model was evaluated us-
ing standard evaluation metrics, namely coefficient of determination (R2), root mean 
square error (RMSE), mean absolute error (MAE), and significance (p) value. 

The dataset used for the statistical analysis was comprehensive of both the 25 and 29 
March measurements. 

3. Results 
3.1. Grapevine Physiological Responses 

The temporal trend of the physiological parameters within each treatment (Figure 2, 
small black letters) showed that both GR_WS and SH_WS reduced their physiological 
performance under water deficit. Regarding the WW-ed treatments, the high-temperature 
conditions influenced the GR_WW behaviour. Besides Ψstem (Figure 2a), the physiological 
indicators were significantly different on the first date compared to the recovery on 29 
March. On the other hand, SH_WW showed a decline in Ψstem and E under high tempera-
ture (Figure 3a,e) although irrigation allowed maintenance of relatively constant Pn, gs, 
and WUEi (Figure 3b–d). Comparing the treatments within the same date (Figure 2, capital 
grey letters) we assessed the influence of the variety and the irrigation conditions on the 
physiological behaviour. Figure 2a shows that the two varieties did not exhibit signifi-
cantly different Ψstem when irrigated during hot days, whereas both GR_WS and SH_WS 
showed lower Ψstem. Both varieties experienced significantly lower Pn under WS (Figure 
2b). Overall, SH_WW showed the highest Pn, followed by GR_WW. The treatment exhib-
iting the lowest Pn was GR_WS. Under high temperatures, GR_WW and SH_WW showed 
similar gs. In both varieties, the WS treatments resulted in lower gs. The treatment experi-
encing the lowest gs was GR_WS (Figure 2c). Regarding WUEi, WS induced a significant 
increase in both varieties (Figure 2d). Finally, under high temperature, E did not change 
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in Shiraz, while it decreased in Grenache (Figure 2e). On 29 March, after recovery, most 
of the differences between treatments were resolved except for Pn and E, which were not 
recovered in Grenache (Figure 3b,e). 

  
Figure 2. Variation in (a) stem water potential (Ψstem), (b) photosynthesis (Pn), (c) stomatal conduct-
ance (gs), (d) water-use efficiency (WUEi), and (e) leaf transpiration rate (E) for well-watered (WW) 
and water-stressed (WS) Grenache (GR) and Shiraz (SH) under high temperature. Each data point 
is the mean + standard error of the mean of three replicates. Different small black letters indicate 
statistically significant difference at p ≤ 0.05 over time within the same treatment. Means were sep-
arated by unpaired two-tailed t-test using Tukey’s least significant difference (LSD) test. Different 
capital grey letters indicate significant difference between treatments within the same date. Means 
were separated by one-way ANOVA using Tukey’s LSD test. 

 
Figure 3. Correlogram between the hyperspectral VIs and the physiological parameters for (a) Gre-
nache and (b) Shiraz. Positive correlations are displayed in blue and negative correlations in red. 
Colour intensity is proportional to R (the darker the colour, the higher the coefficient). Single aster-
isk indicates a significant correlation, p < 0.05; double asterisk indicates a significant correlation, p < 
0.01; triple asterisk indicates a significant correlation, p < 0.001. 
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3.2. Hyperspectral Response 
The correlation analysis between the VIs and the physiological parameters is re-

ported in Figure 3. The pigment VIs exhibited good correlations with most physiological 
indicators. Specifically, AntGitelson showed negative correlations with Pn, gs, and E and neg-
ative correlation with WUEi, while PRI exhibited an opposite trend. Within the structure 
VIs, GI was only capable of tracking the physiological behaviour of Grenache, while 
GNDVI provided significant negative correlations with the physiological parameters 
(positive with WUEi). Within the physiology VIs, FCI was not a good indicator of the 
physiological status, while MRESR was a good predictor of most physiological parame-
ters in both varieties. Finally, the water VIs (NDII and WI) showed significant positive 
correlations with Ψstem, gs, and E in both varieties and negative correlation with WUEi. 

The analysis of the temporal trend of the VIs is reported in Figure 4. Both pigment 
VIs exhibited significant differences over time only for SH_WS (Figure 4a,b). Regarding 
the structural VIs (Figure 4c,d), GI was significantly lower during the hot days in both 
GR_WW and GR_WS. GNDVI was sensitive to WS in both varieties. The physiological 
VIs (Figure 4e,f) showed that only SH_WS differed between the two dates. However, the 
water VIs (Figure 4g,h) showed significantly lower values during hot days for all treat-
ments. 

 
Figure 4. Variation in the VIs for well-watered (WW) and water-stressed (WS) Grenache (GR) and 
Shiraz (SH) under high temperature: (a) PRI, (b) AntGitelson, (c) GI, (d) GNDVI, (e) FCI, (f) MRESR, 
(g) NDII, and (h) WI. Each data point is the mean + standard error of the mean of three replicates. 
Different small black letters indicate statistically significant difference at p ≤ 0.05 over time within 
the same treatment. Means were separated by unpaired two-tailed t-test using Tukey’s least signif-
icant difference (LSD) test. Different capital grey letters indicate significant difference between treat-
ments within the same date. Means were separated by one-way ANOVA using Tukey’s LSD test. 
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3.3. Canopy Temperature 
The correlations between the CWSI and the physiological parameters (Table 3) were 

very similar for the whole, bottom, and top canopy. In Grenache, the thermal response 
correlated significantly only with Ψstem (negative correlation) and WUEi (positive correla-
tion). However, in Shiraz, the correlations were highly significant. Specifically, the corre-
lations were negative with Ψstem, Pn, gs, and E and positive with WUEi. 

Table 3. Pearson correlation analysis between the CWSI and the physiological parameters. Each cell 
contains the value of the coefficient of determination. Single asterisk indicates a significant correla-
tion, p < 0.05; double asterisk indicates a significant correlation, p < 0.01; triple asterisk indicates a 
significant correlation, p < 0.001; ns indicates a not-significant correlation (p > 0.05). 

 Grenache  Shiraz 
 Ψstem Pn gs E WUEi Ψstem Pn gs E WUEi 

Whole 
canopy 
CWSI 

−0.61 * −0.32 ns −0.31 ns −0.38 ns 0.60 * −0.82 *** −0.70 ** −0.78 ** −0.83 *** 0.88 *** 

Bottom 
canopy 
CWSI 

−0.60 * −0.32 ns −0.33 ns −0.39 ns 0.62 * −0.81 *** −0.69 ** −0.78 ** −0.83 *** 0.88 *** 

Top can-
opy CWSI −0.61 * −0.31 ns −0.28 ns −0.35 ns 0.56 ns −0.80 ** −0.68 ** −0.77 ** −0.81 *** 0.87 *** 

Figure 5 reports the thermal response of the four treatments in terms of CWSIr. For 
the sake of simplicity, only the ratios measured for the whole canopy are reported. How-
ever, the results for the top and bottom canopy were very similar (data not shown). Dur-
ing WS, the CWSIr were significantly higher than after recovery. The comparison within 
the same date showed that during WS, the ratio between water-stressed and well-watered 
vines was significantly higher in Grenache than in Shiraz. However, after recovery, the 
ratio was significantly higher in Shiraz. 

 
Figure 5. Ratios between the whole canopy CWSI of water-stressed and well-watered Grenache and 
Shiraz (CWSIr) during WS (25/03/2020) and after recovery (29/03/2020). Each data point is the mean 
+ standard error of the mean of three replicates. Different small black letters indicate statistically 
significant difference at p ≤ 0.05 over time within the same variety. Different capital grey letters 
indicate significant difference between varieties within the same date. Means were separated by 
unpaired two-tailed t-test using Tukey’s least significant difference (LSD) test. 

3.4. Relationship between VIs and Physiological Parameters of Grenache and Shiraz 
We used linear and nonlinear regression analysis to investigate the relationship be-

tween physiological parameters and VIs of Grenache and Shiraz subjected to different 
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treatments. The performance of the estimation models for physiological parameters as-
sessment with VIs is reported in Table 4. The performance was assessed using the evalu-
ation metrics R2, RMSE, and MAE of the different regression relationships. 

3.4.1. Physiological Parameters Estimation with VIs in Grenache 
WI exhibited the best relationship with Ψstem of Grenache with the highest R2 value 

and lowest RMSE. 
For the estimation of Pn and gs, PRI had the highest R2 and lowest RMSE. WI exhibited 

the best accuracy for estimating E and WUEi. 

3.4.2. Physiological Parameters Estimation with VIs in Shiraz 
In Shiraz, WI exhibited the best relationship with Ψstem. 
The R2 of the relationships between PRI and AntGitelson with Pn were very close. How-

ever, compared to AntGitelson, PRI performed best, as it exhibited higher estimation. 
PRI also performed best in estimating gs, while WI and NDII had similar performance 

in estimating E. Finally, WI exhibited the best relationship with WUEi with a high R2 and 
low RMSE and MAE. 

For both Grenache and Shiraz, the WI was the best index to estimate the water status 
indicators such as Ψstem, E, and WUEi, while PRI best estimated Pn and gs. It is noticeable 
that the R2 between the physiological parameters and the VIs assessed in this study were 
much higher for Shiraz compared to Grenache. 

Table 4. Relationship between physiological parameters and acquired hyperspectral indices for Gre-
nache and Shiraz grapevines. For each physiological parameter, the best regression model in terms 
of R2 is shown in bold. Single asterisk indicates a significant correlation, p < 0.05; double asterisk 
indicates a significant correlation, p < 0.01, ns indicates a not-significant correlation (p > 0.05). 

Physiological 
Parameter (Y) 

Spectral 
Index (X) 

Grenache Shiraz 

Ψstem (MPa) 

 
Model 

No. 
Model type Equations R2 RMSE MAE 

Signifi-
cance 

Model type Equations R2 RMSE MAE 
Signifi-
cance 

AntGitelson 1 Linear 
Y = −6.95 − 
11.49 * X 

0.36 2.21 1.49 * Linear 
Y = −8.42 − 
12.18 * X 

0.61 2.01 1.39 ** 

PRI 2 Linear 
Y = −6.35 + 
89.85 * X 

0.45 2.04 1.46 ** Linear 
Y = −7.91 + 
116.6 * X 

0.69 1.70 1.23 ** 

GI 3 Reciprocal-X 
Y = 2.91 − 
21.66/X 

0.44 2.06 1.52 **  ns    ns 

GNDVI 4  ns    ns Square root-X 
Y = −30.97 + 

34.50 * sqrt(X) 
0.33 2.77 2.10 ** 

FCI 5  ns    ns Reciprocal-X 
Y = 11.32 − 

16.29/X 
0.28 2.88 2.17 * 

MRESR 6 Reciprocal-X 
Y = 0.46 − 

7.42/X 
0.27 2.43 1.53 * Reciprocal-X 

Y = 4.20 − 
15.22/X 

0.55 2.28 1.63 ** 

NDII 7 Reciprocal-X 
Y = −4.33 − 

0.078/X 
0.56 1.94 0.46 ** Linear 

Y = −11.63 + 
56.19 * X 

0.59 2.16 1.73 ** 

WI 8 Reciprocal-X 
Y = 278.2 − 

285.3/X 0.63 1.88 0.43 ** Reciprocal-X 
Y = 376.1 − 

383.3/X 0.73 2.05 1.61 ** 

Pn (μmol CO2 
m−2 s−1) 

AntGitelson 1 Exponential 
Y = exp(1.29 − 

3.78 * X) 
0.56 0.48 0.34 ** Linear 

Y = 6.69 − 7.71 
* X 

0.67 1.15 0.97 ** 

PRI 2 Exponential 
Y = exp(1.49 + 

27.74 * X) 
0.62 0.44 0.32 ** Exponential 

Y = exp(1.90 + 
11.31 * X) 

0.68 0.19 0.15 ** 

GI 3 
Double recip-

rocal 
Y = 1/(−0.61 + 

2.15/X) 
0.40 0.52 0.36 **  ns    ns 

GNDVI 4 S-curve 
Y = exp(2.83 − 

0.47/X) 
0.24 0.63 0.42 * 

Reciprocal-Y 
square root-X 

Y = 1/(0.59 − 
0.64 * sqrt(X)) 

0.32 0.05 0.04 ** 

FCI 5  ns    ns 
Double recip-

rocal 
Y = 1/(−0.19 + 

0.30/X) 
0.25 0.06 0.04 * 

MRESR 6 S-curve 
Y = exp(3.62 − 

2.35/X) 
0.39 0.57 0.37 ** 

Double recip-
rocal 

Y = 1/(−0.063 + 
0.28/X) 

0.56 0.04 0.03 ** 
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NDII 7 
Double recip-

rocal 
Y = 1/(0.12 + 

0.007/X) 
0.53 0.46 0.34 ** Exponential 

Y = exp(1.56 + 
5.11 * X) 

0.44 0.26 0.22 ** 

WI 8 
Double recip-

rocal 
Y = 1/(−26.40 + 

26.78/WI) 
0.46 0.51 0.36 ** 

Double recip-
rocal 

Y = 1/(−6.07 + 
6.22/X) 

0.46 0.05 0.04 ** 

gs (mol H2O 
m−2 s−1) 

AntGitelson 1 Exponential 
Y = exp(−1.68 − 

4.81 * X) 
0.56 0.61 0.47 ** Linear 

Y = 0.35 − 0.72 
* X 

0.70 0.36 0.28 ** 

PRI 2 Exponential 
Y = exp(−1.43 + 

36.13 * X) 
0.65 0.54 0.39 ** Exponential 

Y = exp(−1.13 + 
22.00 * X) 

0.72 0.34 0.27 ** 

GI 3 
Double recip-

rocal 
Y = 1/(−20.27 + 

63.38/X) 
0.44 6.04 4.62 **  ns    ns 

GNDVI 4 S-curve 
Y = exp(0.39 − 

0.63/X) 0.27 0.79 0.54 * 
Reciprocal Y 

Logarithmic X 
Y = 1/(−4.51 − 
10.36 * ln(X)) 0.36 2.40 1.83 ** 

FCI 5  ns    ns S-curve 
Y = exp(2.54 − 

3.11/X) 
0.27 0.56 0.48 * 

MRESR 6 S-curve 
Y = exp(1.41 − 

3.14/X) 
0.45 0.70 0.44 ** 

Double recip-
rocal 

Y = 1/(−7.04 + 
13.78/X) 

0.61 1.87 1.32 ** 

NDII 7 Multiplicative 
Y = exp(0.81 + 
0.80 * ln(X)) 

0.60 0.59 0.47 ** Exponential 
Y = exp(−1.89 + 

11.31 * X) 
0.60 0.41 0.33 ** 

WI 8 Exponential 
Y = exp(−95.97 

+ 94.26 * X) 
0.58 0.78 0.64 ** Linear 

Y = −21.15 + 
21.57 * WI 

0.61 0.12 0.09 ** 

E (mmol H2O 
m−2 s−1) 

AntGitelson 1 Exponential 
Y = exp(0.43 − 

1.60 * X) 
0.54 0.21 0.17 ** Reciprocal-Y 

Y = 1/(0.48 + 
0.22 * X) 

0.54 0.04 0.03 ** 

PRI 2 Reciprocal Y 
Y = 1/(0.63− 

7.91 * X) 
0.60 0.13 0.11 ** Reciprocal-Y 

Y = 1/(0.47 − 
2.06 * X) 

0.59 0.04 0.03 ** 

GI 3 
Double recip-

rocal 
Y = 1/(0.081 + 

1.26/X) 
0.27 0.18 0.13 *  ns    ns 

GNDVI 4 
Square root-Y 
reciprocal-X 

Y = (1.69 − 
0.13/X)^2 

0.26 0.17 0.12 * 
Double recip-

rocal 
Y = 1/(0.29 + 

0.079/X) 
0.26 0.06 0.05 * 

FCI 5  ns    ns  ns    ns 

MRESR 6 
Double square 

root 

Y = (−0.042 + 
1.27 * 

sqrt(X))^2 
0.40 0.15 0.11 * 

Double recip-
rocal 

Y = 1/(0.25 + 
0.28/X) 

0.52 0.05 0.04 ** 

NDII 7 
Reciprocal-Y 

Logarithmic-X 
Y = 1/(0.13 − 
0.18 * ln(X)) 

0.58 0.14 0.11 ** Reciprocal-Y 
Y = 1/(0.56 − 

1.32 * X) 
0.77 0.03 0.03 ** 

WI 8 
Double recip-

rocal 
Y = 1/(−20.97 + 

21.66/X) 
0.62 0.13 0.09 ** 

Double recip-
rocal 

Y = 1/(−7.96 + 
8.41/X) 

0.77 0.03 0.02 ** 

WUEi (μmol 
CO2 mol−1 

H2O−1) 

AntGitelson 1 Squared-Y 
Y= sqrt(428.6 + 

825.8 * X) 
0.37 155.21118.76 * Squared-Y 

Y = sqrt(590.1 
+ 1265.5 * X) 

0.59 236.12164.53 ** 

PRI 2 Squared-Y 
Y = sqrt(386.1 – 

6757 * X) 
0.51 136.74107.51 ** Squared-Y 

Y = sqrt(536.7 
– 12,151 * X) 

0.69 206.70164.42 ns 

GI 3 
Squared-Y re-

ciprocal-X 
Y = sqrt(−264.3 

+ 1519.1/X) 
0.44 146.56116.88 **  ns    ns 

GNDVI 4 
Squared-Y re-

ciprocal-X 
Y = sqrt(18.81 + 

128.2/X) 
0.25 168.97136.89 * 

Squared-Y re-
ciprocal-X 

Y = sqrt(−663.9 
+ 524.8/X) 

0.38 290.11242.07 * 

FCI 5  ns    ns 
Squared-Y re-

ciprocal-X 
Y = sqrt(−1509 

+ 1733/X) 
0.26 316.56270.36 * 

MRESR 6 
Squared-Y re-

ciprocal-X 
Y = sqrt(−184.5 

+ 634.5/X) 
0.42 149.39121.55 * 

Squared-Y re-
ciprocal-X 

Y = sqrt(−819.0 
+ 1708/X) 

0.63 224.28182.19 ** 

NDII 7 
Squared-Y 

square root-X 

Y = sqrt(856.0 − 
1722.9 * 
sqrt(X)) 

0.76 96.08 80.05 ** Linear 
Y = 31.32 − 
140.2 * X 

0.67 4.45 3.42 ** 

WI 8 
Squared-Y re-

ciprocal-X 

Y = 
sqrt(−22,275 + 

22,733/X) 
0.79 90.71 70.96 ** Reciprocal-X 

Y = −893.3 + 
913.6/X 

0.70 4.21 3.23 ** 

4. Discussion 
4.1. Physiological Monitoring of Grenache and Shiraz under High Temperature 

Grapevine’s strategy to cope with water shortage differs according to an isohydric or 
anisohydric behaviour despite the concept of isohydry being actively debated in the viti-
culture research community [10,36]. The physiological response of near-isohydric and 
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near-anisohydric varieties is determined by the different stomatal regulations when a wa-
ter deficit occurs. In this study, we tested the influence of different stomatal regulations 
on the response of Shiraz and Grenache to WS under a high-temperature environment. 
Prolonged periods with temperatures above the average have become common in several 
viticultural areas and are forecasted to increase in the future. Usually, during hot days, 
the vines undergo simultaneous WS. In most viticultural regions, the winegrowers com-
pensate for the water loss with irrigation, which entails evaporative cooling and maintains 
the hydraulic status. However, the winegrowers aim at knowing to what extent deficit 
irrigation may be applied without causing vines damage and yield loss. Therefore, our 
study investigated the physiological, spectral, and thermal response of one near-isohydric 
and one near-anisohydric Vitis vinifera variety under WS in a warm, controlled environ-
ment. 

When fully irrigated under high temperatures, the behaviour of the two varieties was 
slightly different. Although the two varieties did not exhibit significantly different Ψstem 
and gs, GR_WW showed lower Pn, E, and WUEi, thus suggesting partial stomatal closure 
(Figure 2). 

The behaviour of the two varieties under high temperature with non-limiting water 
availability may be explained by the higher stomatal sensitivity of Grenache than Shiraz, 
leading to stomatal closure at a less negative Ψstem. Palliotti et al. [37] speculated that 
higher stomatal sensitivity prevents luxury water loss, allowing concurrent maintenance 
of acceptable photosynthetic rates under high temperatures. Homeostasis of Ψstem, despite 
increased evaporative demand (Figure 1b) and consequent depletion of soil moisture (Fig-
ure 2), confirmed the conservative and relatively isohydric behaviour of Grenache. Our 
observations show that near-isohydric varieties such as Grenache are better adapted to 
high temperatures than near-anisohydric varieties under conditions of non-limiting soil 
moisture. However, under cooler temperatures, the physiological parameters of both va-
rieties did not exhibit significant differences. 

The imposition of WS had a negative impact on the physiological response of both 
varieties. However, the results reported in Figure 2 show that Shiraz displayed a slightly 
better reaction to WS. In particular, the average gs of GR_WS was 0.04 mol H2O m−2 s−1, 
whereas SH_WS reached 0.11 mol H2O m−2 s−1. According to Flexas et al. [38], the threshold 
of 0.05 mol H2O m−2 s−1 identifies the point at which metabolic limitations of photosynthe-
sis occur. 

Although Shiraz exhibited significantly higher E than Grenache, the decline in Pn was 
lower. Concurrently, WUEi was higher in Shiraz. The vascular (xylem) structure of near-
isohydric varieties, consisting of fewer vessels with higher diameters [37], makes them 
more vulnerable to conduit damage and embolisms. Therefore, these varieties commonly 
adopt conservative behaviour via early stomatal closure under decreasing soil moisture. 
The drop of gs in Grenache under WS was related to its near-isohydric behaviour. In 
SH_WS, the decline was lower due to the maintenance of the stomatal aperture. 

On the other hand, Pn decline is expected when the temperature is high, as Photosys-
tem II (PSII) is the most heat-sensitive system in the grapevine, especially when the tem-
perature exceeds 40 °C [14]. A radical drop of Pn under high temperatures was observed 
in both near-isohydric and near-anisohydric varieties [39,40]. It was previously shown 
that near-isohydric varieties respond to individual WS with higher Pn and WUEi, as their 
better electron transport capabilities serve as photo-protectants [41]. The results of the 
present study suggest that, under higher ambient temperatures, the physiological changes 
induced by temperature predominate on the expected response of varieties to WS. 

Nevertheless, our results lead us to believe that Shiraz and Grenache exhibit different 
hydraulic behaviour under WS in a warm environment, based on different stomatal clo-
sures. In such conditions, the anisohydric behaviour may contribute to heat dissipation 
via transpiration-based cooling [14]. The relatively anisohydric behaviour of Shiraz led to 
only partial stomatal closure, thus limiting the decrease in Pn and thereby allowing for a 
faster recovery of the physiological function within four days from the end of WS. The 
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inability of Grenache WS vines to rapidly recover Pn and E within four days was likely 
ascribable to the limited photosynthetic capacity after the damage induced by WS to the 
leaf’s photochemical apparatus. 

4.2. Potential of the Thermal and Spectral Vegetation Indices to Detect Drought Stress in 
Grapevine 

Observing Figure 5, the CWSI was a good indicator of the magnitude of WS in the 
two varieties; however, CWSI was unable to detect Grenache’s recovery failure after WS. 
On the other hand, CWSI showed to be a good predictor of the Ψstem and WUEi in Grena-
che and all the physiological parameters in Shiraz (Table 3). Previously, other authors 
concluded that CWSI was a reliable predictor of Ψstem of grapevines [42]. In this study, the 
reason why the correlations with Pn, gs, and E in Grenache were not significant was prob-
ably due to the limited leaf area available for imaging due to potential damage caused by 
WS. However, the trends reported in Table 3 may confirm the in-field usability of thermal 
imaging for detecting WS under high temperatures. 

Numerous spectral VIs have been developed to capture the vegetation response to 
environmental conditions. Based on the spectral bands included in their equation, differ-
ent VIs are sensitive to specific aspects of the vegetation. There are several classifications 
of the VIs, and a unique distinction does not exist. The VIs used in this study can be di-
vided into four classes: pigment, structure, physiology, and water [43]; these classes ex-
plored the global response of the vines to WS. AntGitelson and PRI are considered indicators 
of pigments, e.g., leaf chlorophyll, changes and proved to be effective in tracking the dy-
namics of water-limited physiology and photosynthetic capacity [44,45]. GI and GNDVI 
are classified as structural VIs, capable of estimating the density and vigour of vegetation. 
Compared to other structural VIs, e.g., NDVI, these indices proved to be more sensitive 
in detecting WS, as they include the reflectance on the green band in their equations, thus 
evaluating leaf chlorophyll content [46]. MRESR and FCI are considered physiology VIs 
correlated with grapevine gs under WS [47,48]. Finally, NDII and WI are water VIs highly 
sensitive to leaf water content [49]. The simultaneous use of VIs of the former categories 
may allow understanding of the complete response of the vines to the imposed stress. 
Therefore, we used two VIs for each type and analysed their correlations with the physi-
ological parameters and trends during the experiment. 

Overall, the correlations between the VIs and the physiological parameters assessed 
in this study were promising (Figure 3). The pigment VIs (AntGitelson and PRI) showed sig-
nificant correlations with the physiological parameters, especially for Shiraz. PRI was de-
signed to detect the spectral signature of xanthophyll pigments implicated in the dissipa-
tion of excess light through non-photochemical quenching [50]. Moreover, it was selected 
to determine vegetation’s efficiency in using absorbed photosynthetic active radiation for 
photosynthesis [27]. Therefore, PRI proved to be sensitive to stress conditions [51] when, 
following our findings, Pn decreased significantly (Figure 4a). 

Moreover, PRI detects the decrease of the chlorophyll-to-carotenoid ratio after the 
increase of carotenoids to protect plants from high temperatures [52]. In our study, the 
regression results revealed that PRI was the best index to estimate photosynthetic compo-
nents such as Pn and gs. These findings support the hypothesis that PRI could be a reliable 
indicator of high-temperature tolerance and could serve as a spectral marker for future 
selection of grapevine cultivars, clones, and breeding lines (Table 4). 

Under severe drought stress, the performance of PRI to track the photosynthetic ac-
tivity is reduced due to leaf wilting, interconversion of xanthophyll pigments, interspe-
cific differences in light-use efficiency, and changes in carotenoids/chlorophyll ratio [53]. 
However, our study observed good relationships between PRI and gs for Shiraz and Gre-
nache subjected to different treatments. Therefore, it is plausible that in glasshouse exper-
iments, where WS levels are mild and/or imposed for short periods, the effects of variation 
of canopy structure and pigment concentration on PRI are minimal. However, in vine-
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yards, the spatial heterogeneity of canopy pigment concentration is considerable, and can-
opy size and structure usually decrease the sensitivity of PRI. To minimise this issue, usu-
ally, PRI is normalised using RDVI and the R700/R670 index [54]. 

As WS affects the leaf’s phenolic concentration and composition [55], we tested Ant-
Gitelson as a predictor of the pigmentation changes occurring in stressed vines. WS usually 
increases the anthocyanin content, whereas high temperatures restrain their biosynthesis. 
Therefore, WS may at least partially negate the effect of high temperature on (lowering) 
anthocyanin concentrations [14]. Our results show that WS during hot days AntGitelson in-
creased (Figure 4b). For this reason, we assume that the high correlations between AntGitel-

son and the physiological parameters assessed in this study were mainly driven by WS. 
According to the regression analysis, it was not the best estimator within the VIs used in 
this study (Table 4). Therefore, AntGitelson should be used with other VIs for assessing the 
vines status under high temperatures, as leaf pigments may not be affected by the high 
temperatures. 

Under high temperatures, the behaviour of structural VIs, GI, and GNDVI has not 
been adequately explored. However, with global warming threatening several viticultural 
areas, it is crucial to understand if WS in hot environments leads to canopy structural 
changes. This study assessed that GNDVI showed good correlations with the physiologi-
cal behaviour in both varieties (Figure 3). However, Figure 4c,d show that the structural 
VIs did not exhibit significant changes during the experiment besides lower values in the 
Shiraz treatments after recovery. Structural changes are challenging to observe as well as 
tonality and hue. The hyperspectral technology tested in this experiment may represent a 
promising tool for detecting structural changes that are barely visible to the human eye. 

Within the physiology VIs, FCI is a VI that proved to be sensitive to tracking relevant 
physiological parameters, such as the ratio between variable fluorescence and maximum 
(Fv/Fm) [30]. The value of this ratio corresponds to the maximum potential quantum effi-
ciency of PSII when the (PSII) reaction centre is entirely open. Therefore, FCI may repre-
sent a sensitive predictor of the photosynthetic performance of the vines. However, in this 
study, FCI provided lower correlations with the physiological indicators than other VIs. 
Moreover, the temporal trend of FCI over the experiment did not follow the same trend 
as Pn (Figure 4e). However, it could discriminate the failure to recover Pn in GR_WS. In 
previous studies, MRESR proved to be a good predictor of Pn and gs [56]. Observing Figure 
4f, we may assume that MRESR was sensitive to the former parameters, as it displayed a 
similar temporal trend over the experiment. The only significant difference highlighted 
with the statistical tests was between GR_WS and the other treatments after recovery. 
Moreover, according to Table 4, FCI and MRESR did not prove to be the best predictors 
for the physiological parameters during the experiment. Therefore, these physiological 
VIs need further experimentation before being considered reference VIs for assessing WS 
in hot environments. 

Finally, the temporal trend of water indices, namely NDII and WI, showed their po-
tential to discriminate WS in hot environments. These results were corroborated by the 
significant correlations between the VIs and the physiological parameters reported in Fig-
ure 3. The statistics reported in Figure 4g,h confirm that high temperatures increase evap-
orative demand, and vines in hot climates require additional irrigation water. However, 
NDII appeared more sensitive to the water changes after the recovery. The correlation and 
regression analyses showed that WI was particularly effective in tracking variations in E 
and WUEi. These results agree with those of Serrano et al. [57] on Vitis vinifera cv. Char-
donnay potted plants subjected to varying soil water availability. Similarly, Peddinti et al. 
[58] found a good correlation between VIs derived from visible, near-infrared, and 
shortwave-infrared bands with WUEi, thus corroborating our results. 

The results of the spectral analysis of the present study revealed that a combination 
of different VIs is crucial to evaluate the response of grapevine to WS under high temper-
atures. This study identified critical spectral bands, which we suggest be included in new 
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VIs for early detection of WS. As recently suggested, it seems reasonable that the combi-
nation of VIs containing green, NIR, and red-edge bands is the most appropriate to cap-
ture the whole physiological response of the vines [59]. However, our analysis indicated 
that some of the VIs considered in this study were very not sensitive in detecting the ef-
fects of the two stresses or provided inconsistent results. Therefore, more research is 
needed to assess the best approach to adopting hyperspectral sensors for WS under a 
changing climate. Finally, we reported the results of some simple models for predicting 
the physiological responses of two grapevine varieties under drought stress (Table 4). 
Simple but accurate models arouse great interest for winemakers, land management, and 
policy making [60]. Therefore, the results of this study may be used to support stress man-
agement on a local to global scale. 

5. Conclusions 
We tested the physiological response of two varieties with near-isohydric and near-

anisohydric behaviour under WS in a hot environment. Moreover, we used thermal and 
hyperspectral sensing technologies to track the physiological response. Our key results 
indicated that near-isohydric varieties could withstand high temperatures when irrigated, 
whereas anisohydric varieties can adapt to hot conditions even with limited water avail-
ability. We identified the pigment VIs (AntGitelson and PRI), GNDVI, and water VIs (WI and 
NDII) as the best indicators of the physiological behaviour of the vines under WS. CWSI 
was a strong predictor of Ψstem. 

The results of this study may address winegrowers’ decisions on irrigation and can-
opy management to mitigate against heat and WS. Moreover, our work introduced an 
integrated instrumental approach to analyse WS in hot climates that should undergo fur-
ther field experimentation. Future field experiments should comprise other varieties and 
environmental conditions. Moreover, the findings of the sensing technologies may ad-
dress the implementation of farmer-friendly instrumentation for stress detection and 
management. 
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