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Abstract

:

A precise knowledge of the grapevine responses to increasing level of water stress is of the utmost relevance for an effective application of deficit irrigation strategies in viticulture. Against this background, a study was conducted on potted grapevines subjected to two ten-day drought cycles to assess their water status by integrating the information derived from different physiological indexes including whole-plant transpiration (measured gravimetrically and with sap flow sensors), leaf gas exchanges and chlorophyll fluorescence. When soil water availability was not limited, vine transpiration rate was determined mainly by environmental factors and ranged between 0.5 and 2 L day−1 m−2 of leaf surface. Transpiration was affected by the soil water availability only when water stress became evident (midday stem water potential < −1 MPa), with vines showing a strong limitation of the stomata functioning (stomatal conductance < 0.05 mol m−2 s−1) and, consequently, low transpiration rates (<0.5 L m−2 d−1). Transpiration rates measured with the sap flow sensors were correlated with those measured gravimetrically, showing daily patterns that were highly affected by the intensity of the water stress. Nevertheless, these sensors highly underestimated actual transpiration rates, limiting their reliability for vineyard irrigation management. At the end of the second drought cycle, vines showed very limited responses to daily changes in environmental conditions (same photosynthetic rate and stomatal conductance at morning, midday and afternoon), likely reflecting a carryover stress effect from the first drought cycle and an incomplete physiological recovery before the beginning of the second. Evidence of the severe water stress reached by vines was also given by the high value of the quantum yield of nonregulated energy dissipation (Y(NO) higher than 0.4) found at the end of the first drought cycle. Taken together, the obtained results integrate the current knowledge on water stress development in grapevine, also highlighting the relevance of specific physiological indexes that could be used effectively for the correct management of deficit strategies in viticulture.
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1. Introduction


Global average temperature is expected to increase significantly in the near future because of climate change, leading to an overall rise in the evapotranspiration by the soil–plant systems and, consequently, to a higher water need in crops [1,2]. Against this background, agricultural systems must enhance their capacity to use water resources more efficiently while maintaining high yields and an adequate quality of the products [3]. Water saving strategies based on the common principle of providing irrigation volumes smaller than the amount of water lost by evapotranspiration (i.e., deficit irrigation) have been tested in numerous cropping systems. The effects of deficit irrigation on plant physiology and yield performances can be different according to factors such as the genotype, the intensity and the timing of the water stress, the soil water content and the environmental conditions during water stress [4]. Several studies have investigated the possible implementation of deficit irrigation strategies in viticulture, highlighting the grapevine’s capability to withstand periods of water limitation depending on the phenological stage and the intensity and the duration of the applied stress [5,6,7,8]. The successful application of any deficit irrigation strategy in grapevine cultivation is subordinate to the availability of precise and reliable indicators of vine water status which are largely dependent on plant transpiration [9]. The plant transpiration is a highly regulated process that involves many factors including, among others, the evaporative demand of the atmosphere, the water available in the soil and the regulation exerted by the plant through the control of the stomata opening [10]. Vapor pressure deficit (VPD) can be used to estimate the evaporative demand of the atmosphere and can be easily calculated with simultaneous measurements of air temperature and relative humidity [11]. Indications about soil water status can be obtained with sensors able to measure the volumetric water content and the matric potential of the soil; however, the use of these sensors may have severe limitations given by (a) their limited volume of influence that is often insufficient to cope with soil heterogeneity, (b) the sensor-to-sensor variability in the readings (which requires single sensor calibration) and (c) possible installation errors.



For the appropriate management of the deficit irrigation strategies, the information gathered from the environment (soil and atmosphere) is generally combined with direct measurements of plant water status. Under water scarcity, grapevines restrict transpiration by reducing stomatal conductance [12]. Stomatal functioning is a finely regulated mechanism that depends on the plant–water relations and on the synthesis and transportation of abscisic acid (ABA) from roots to leaves [13]. Stomatal conductance (gs) can be used as an indicator of the intensity of water stress in plants; for grapevine, Cifre et al. [9] identified ranges of gs correspond to mild (0.40 ÷ 0.15 mol H2O m−2 s−1), moderate (0.15 ÷ 0.05 mol H2O m−2 s−1) and severe (<0.05 mol H2O m−2 s−1) levels of water stress. Under mild to moderate water stress, photosynthesis is mainly limited by stomatal closure, whereas under severe water stress the non-stomatal (metabolic) photosynthetic limitation becomes predominant [14,15]. As a consequence, upon rewatering, the photosynthetic recovery is relatively fast after a mild–moderate water stress, whereas in the case of severe stress the metabolic impairment becomes permanent and grapevine plants cannot recover their photosynthetic potential [16]. The gs responds to changes in the water potential (Ψ) of leaves, even though the determination of water stress thresholds based on Ψ is challenging, as it is strongly affected by different factors including the genotype (i.e., differences between isohydric and anisohydric grapevine cultivars [12]), the environmental conditions at the time of measurement (i.e., VPD and soil water status) and the type of measurement (i.e., pre-dawn Ψ, midday leaf Ψ, midday stem Ψ) [17]. Studies conducted in open-field and in-pot conditions showed that pre-dawn Ψ values lower than −0.2 MPa induced a significant gs decrease in grapevines [9,18] and that a reduction in the photosynthesis started to be evident when midday stem Ψ (Ψstem) was lower than −0.6 ÷ −0.8 MPa [19,20]. Grapevine drought stress can also be detected with chlorophyll fluorescence. At the leaf scale, measurements are generally taken with handheld fluorometers which are able to provide a large number of parameters often used in the research on plant stress physiology [21,22,23,24,25]. The correlation between some of these parameters (i.e., Fs/Fo, Fv/Fm, ETR, qP, qN) with standard indicators of plant water status (i.e., gs, Ψ) have been described in different studies where increasing levels of water stress in grapevine have been tested [9,26]. Studies considering different methodological approaches (i.e., using imaging systems, selected PAR intensities and different fluorescence indexes) are nevertheless still limited, leaving room for further advancement in the knowledge of the potential use of fluorescence parameters as indicators of water stress in grapevine.



All the described water stress indicators are based on discontinuous measurements and can therefore provide indications about the plant water status only in selected time points during the season. Other technologies, such as the sap flow sensors, are also able to provide continuous and direct information about the plant water uptake and transpiration losses [27,28]. Sap flow rates are affected by crop characteristics (i.e., the genotype, the canopy development, the availability of irrigation water), by the soil moisture and by changes in the environmental conditions over time [29,30,31]. The practical interpretation of these sensors’ output is relatively straightforward, even though some studies reported significant differences in the estimation of the actual transpiration rates, probably because of technical flaws related to the morphological heterogeneity of the sapwood [28,32,33].



This study aimed to (1) assess grapevine response to water deficit by integrating a precise gravimetric measurement of vine transpiration with leaf physiological indexes measured in different moments of the day; (2) evaluate the reliability of sap flow measurements to estimate vine transpiration under different levels of water stress; (3) evaluate the efficacy of different chlorophyll fluorescence indexes for the detection of water stress in grapevines.




2. Materials and Methods


2.1. Plant Material and Experimental Setup


The experiment was carried out during July–August 2020 in a paved area adjacent to the Free University of Bozen-Bolzano greenhouse in Laimburg (Alto Adige, Italy 46.3827° N, 11.2877° E). The area was covered by a 7 m high glass roof shelter with no lateral walls. Three thirteen-year-old grapevines (cv. Cabernet Cortis grafted on SO4) were uprooted in March 2020 from a nearby vineyard and transferred into 50 L plastic pots (44 cm height, 40 cm top diameter and 36 cm base diameter). The trunk diameter was around 3.2 cm on average (measures taken at around 25 cm above the graft union) and each vine was pruned, leaving a single cane with 5–6 nodes. The pots were filled with a sandy loam soil (73% sand, 22% silt and 5.1% clay) and the upper surface of the pots was covered with a plastic foil to prevent water loss by direct soil evaporation. The lower part of the plastic pots hosted several holes to drain excessive water from the pot, preventing any lack of oxygen at the root level.



The trial consisted of two consecutive drought cycles (cycle 1: C1; cycle 2: C2) of 10 days each. On 21 July (day of year, DOY, 203), vines were manually irrigated until soil saturation. The following day (DOY 204), after gravimetric water had drained from the soil, was considered as the first day after irrigation (DAI 1) of the first drought cycle which lasted until the midday Ψstem reached values of around −1.5 MPa (severe water deficit conditions) on 31 July (DOY 213; DAI 10). Vines were then re-watered, bringing back soil water content to saturation level. During the following five days, vines were irrigated daily and kept constantly around soil water holding capacity. On 5 August (DOY 218), the second drought cycle started, which ended 10 days later (DOY 227) when vines were re-watered.



Air temperature (°C), relative air humidity (%), precipitation (mm), wind speed (m s−1) and incoming solar radiation (R, W m−2) were measured hourly at a nearby weather station (located at less than 500 m from the area of the experiment). Daily mean VPD was calculated based on air temperature and relative humidity following [34]. The solar radiation intensity under the transparent shelter, repeatedly measured between 1 and 3 pm of a sunny summer day, was reduced by 27% as compared to the external radiation.




2.2. Vine Transpiration Measurements


Plant transpiration (T) was assessed by two methods. The first consisted of measuring total vine transpiration by a continuous (data taken every 15 min) gravimetric method (Tgrav). The weight loss of each pot was measured by hanging them on a suspended weighting lysimeter structure equipped with compression load cells (CTL, Laumas Elettronica, Parma, Italy) (Figure S1). Load cells (LC) were previously calibrated using standard weights in the range from 0 to 90 kg, and were able to detect weight changes of ± 0.02 kg [20]. Individual daily vine transpiration was normalized by leaf area and reported as L H2O m−2 d−1. Total vine leaf area (m2 vine−1) was determined at the end of the experiment collecting separately all the leaves of each vine and measuring their leaf blade area with a leaf area meter (LI-3000C and LI-3050C Transparent Belt Conveyer Accessory, LI-COR Biosciences, Lincoln, NE, United states). Mean vine leaf area was 1.3 m2 vine−1 (±0.2 st. error).



The second method used to estimate vine transpiration (Tsap) consisted in the use of sap flow sensors (SFM1 Sap Flow Meter, ICT International, Armidale, NSW, Australia) working after the principle of the heat ratio method (HRM) that measures the ratio of increase in temperature following the release of a heat pulse of short duration (2.68 s, 20 Joule) [35]. The design of SFM1 HRM consists of three 35 mm long needle set: one heater (central) and two measuring probes (upstream and downstream) each with 2 pairs of thermistors placed at 12.5 and 27.5 mm from the base of the sensors. These sets were carefully installed at a height of approximately 32 ± 4 cm above the grafting point, positioned in a way to keep the needles as aligned as possible with the trunk, and then wrapped in aluminum foil to minimize the potential environmental effects. The needles were entirely inserted into the trunks so that, considering an average thickness of the bark of 1 mm, the measuring points were at 11.5 and 26.5 mm from the cambium. The conversion of sap velocity into Tsap was performed following the indications of Burgess et al. [35], where the total sap flow value (Tsap, cm3 h−1) was obtained as the sum of the two corrected sap velocities (cm h−1) measured every 15 min, multiplied by the fraction of trunk cross-sectional area (cm2) of pertinence of each thermistor. Considering the depth of placement of each thermistor and the average diameter of the vines, the second couple of thermistors was closer to the cambium and was considered as the outer measuring point. The area of relevance of the inner sensors (Ain) was calculated considering as the radius the distance of the inner sensor from the center of the trunk plus half the difference of the distance between the inner and outer sensors from the center of the trunk. The area of the annulus of relevance of the outer sensors (Aout) was obtained as the difference between Ain and the total conductive area (Atot). With respect to the average Atot (6.76 ± 2.75 cm2, mean ± st.dev.), Ain ranged from 18 to 28%, Aout from 72 to 82%.



Relative values of Tsap were then calculated as the percentage of the maximum hourly value of sap flow rate reached in the first day of each of the two drought cycles in order to compare the daily pattern of transpiration at different days during both drought cycles.




2.3. Vine Water Potential


The midday Ψstem (MPa) was measured five times (every second day) during each drought cycle. In order to minimize the impact of the repeated leaf destructive samplings on total vine leaf area, on each date measurements were taken only on one fully expanded leaf per vine. Leaves were enclosed in transparent plastic bags, covered with aluminum foil at noon, detached after approximately one hour, and immediately inserted in a Scholander pressure bomb (Plant Water Status Console Series 3000, ICT International, Armidale, NSW, Australia) for the reading. In addition, pre-dawn Ψ was also determined on DAI 3–6 and DAI 10 for drought cycle 1 and 2, respectively. Measurements were taken at predawn (4:00 am) on one fully expanded leaf per vine. Leaves were detached and immediately inserted in the pressure bomb, without any leaf covering.




2.4. Leaf Gas Exchanges


Photosynthetic rate (A, μmol CO2 m−2 s−1), transpiration rate (E, mmol H2O m−2 s−1) and stomatal conductance (gs, mol H2O m−2 s−1) were measured with a portable infrared gas analyzer (LC-pro ADC, Hoddesdon Bioscientific, Ltd., Herts, United Kingdom). Measurements were carried out at the beginning and at the end of each of the two drought cycles (C1 and C2). This occurred on DOY 204 and 210 for C1 and on DOY 218 and 225 for C2. Readings were taken at three different moments of the day (morning: 8:00–9:00 am; midday: 12:00–1:00 pm; afternoon: 5:00–6:00 pm) always choosing three fully expanded leaves per vine that were sun-oriented and located in the intermediate section of the shoots. Measurements were taken under saturating light conditions (PPFD of 1800 μmol photons m−2 s−1 provided by a LED array unit) and ambient CO2 levels (382–438 ppm).




2.5. Chlorophyll Fluorescence


Chlorophyll fluorescence parameters were measured in two days for each cycle, specifically at DAI 2 and 10 of C1 and at DAI 1 and 10 of C2. Readings were taken in the afternoon (3:00–4:00 pm) using a portable chlorophyll fluorometer (imaging PAM-2500, Heinz Walz GmbH, Effeltrich, BY, Germany). For each measurement, one mature and healthy leaf per vine was selected and prepared for the assessment. Readings were taken at a PAR intensity of 298 µmol m−2 s−1 PPFD. The parameters studied were as follows: maximum PS II quantum yield, Fv/Fm; effective PS II quantum yield, Y(II); quantum yield of regulated energy dissipation, Y(NPQ); quantum yield of nonregulated energy dissipation, Y(NO). These parameters were calculated using the following equations:


Fv/Fm = (Fm − Fo)/Fm



(1)




where Fm is the maximum fluorescence yield determined after dark adaptation and Fo is the dark fluorescence yield.


Y(II) = (Fm′ − F)/Fm′



(2)




where Fm′ is the maximum fluorescence yield of illuminated samples and F is the current fluorescence yield.


Y(NPQ) = 1 − Y(II) − 1/(NPQ + 1 + qL(Fm/Fo − 1))



(3)




where NPQ is the non-photochemical quenching (NPQ = (Fm − Fm′)/Fm′)) and qL is the coefficient of photochemical quenching, a measure of the fraction of open PS II reaction centers (qL = (Fm′ − F)/(Fm′ − Fo′) × Fo′/F where Fo′ = Fo/(Fv/Fm + Fo/Fm′)).


Y(NO) = 1/(NPQ + 1 + qL(Fm/Fo − 1))



(4)








2.6. Data Treatment and Statistical Analysis


Statistical analyses were performed using R software (v.3.6.2). Differences among days of Tgrav and midday Ψstem were tested by one-way repeated measures analysis of variance (ANOVA). For each drought cycle, differences among the days and within moments of the same day of leaf gas exchanges (A, E, gs) were tested by one-way ANOVA. Similarly, the analysis of the fluorescence chlorophyll parameters was performed by the one-way ANOVA comparing the two days of measurements within each drought cycle. Preliminary ANOVA assumptions were run beforehand to check any violation of the homoscedasticity (Levene’s test (p ≤ 0.05) with car package v.3.0-10) and normality (Shapiro–Wilk’s (p ≤ 0.05) with stats package v.3.6.2). Mean separation was performed with the Tukey HSD test (p < 0.05). ANOVA and Tukey HSD tests were performed with the stats package v.3.6.2 (R software). Results were reported as means ± standard errors.





3. Results


3.1. Weather Conditions


The experimental period was characterized mostly by cloudless days. There were only three days of overcast conditions (DOY 206, 216 and 227), when the VPD, the R and the temperature sharply decreased (Figure 1A–C and Figure S2). During the considered period, the mean daily VPD, R and temperature were 1.1 KPa and 250 W m−2, and 24 °C, respectively. Air VPD and the temperature were higher at midday and in the afternoon as compared with the morning (Figure 1A,B). R intensity at midday reached around 900 W m−2 in sunny days, two and four times higher than the corresponding values in the morning and in the afternoon, respectively (Figure 1C).




3.2. Vine Water Status and Transpiration


The variation in midday Ψstem was quite similar in both drought cycles with an initial value, at DAI 1, of around −0.50 MPa (Figure 2). Similar midday Ψstem values were measured in the first 5–6 days of both drought cycles, then this parameter started to decrease reaching −0.7 ÷ −1.0 MPa at DAI 7 and DAI 6 for C1 and C2, respectively. At the end of the drought cycles (DAI 10), midday Ψstem was −1.35 MPa and −1.55 MPa (for C1 and C2, respectively), being significantly lower than midday Ψstem at DAI 1. These findings were consistent with the increasing water limitation as shown by measures of pre-dawn Ψ (Figure 2), a proxy of soil water availability for the plant. Before the onset of vine water stress (DAI 1 to 5), the value of pre-dawn Ψ was around −0.25 ± 0.03 MPa, whereas at the end of the drought periods (at DAI 10) it dropped to around −1.1 ± 0.1 MPa.



Transpiration was negatively affected by water deficiency in both cycles (Figure 2). The mean daily transpiration rates (Tgrav) were comparable at the beginning of both drought cycles, with values ranging between 1.70 and 1.55 L m−2 d−1 in C1 and C2, respectively. Tgrav was rather stable until DAI 6 of both drought cycles, with the exception of a cloudy day (DAI 3, C1) characterized by a sharp decline caused by lower VPD and R values (Figure 1A,C). A clear reduction in Tgrav started when midday Ψstem reached values around −0.7 ÷ −0.8 MPa in both drought cycles (Figure 2). At the end of the stress periods (DAI 10), Tgrav was around 0.18 L m−2 d−1, significantly lower than values measured between DAI 1 and 6 of both drought cycles.



Tsap and Tgrav values were highly correlated (R2 = 0.94; Figure 3). Nevertheless, measurements with sap flow underestimated actual transpiration rates by approximately 10-fold, as shown by the slope of the regression line (10.2).



The relative sap flow rates showed a clear daily pattern, characterized by a quick increase after dawn (6:00–7:00 am), high and relatively stable values from 8:00 am to approximately 4:00 pm and afterward a sharp decrease until around 8:00 pm, when rates went back to approximately 5% of the daily maximum (Figure 4). The increasing intensity of water stress affected the daily pattern by reducing the maximum relative sap flow rate (DAI 8 and 10 in C1; DAI 7, 8 and 10 in C2) and by clearly hastening the sap flow decrease before noon. Interestingly, the sap flow rate quickly increased immediately after the water supplies were introduced in the afternoon of the last day of both drought cycles (DAI 10), signaling the prompt physiological response of the vines to the sudden increase in soil water availability.




3.3. Leaf Gas Exchanges


The intensity of the gas exchange rates measured at leaf level was generally higher in the first drought cycle compared to the second one (Figure 5). As an example, in the morning of DAI 1, leaf A was 17.4 and 10 μmol m−2 s−1 in cycle 1 and 2, respectively (Figure 5A,B). In cycle 1, A, E and gs were significantly lower in the afternoon (between 5:00 and 6:00 pm) compared to morning or midday values. This evidence was confirmed both at the beginning (DAI 1) and at the end (DAI 7) of the first drought cycle (Figure 5A,C,E). In cycle 2, these parameters (A, E, gs) measured at DAI 8 were significantly lower than at DAI 1, both in the morning and at midday, whereas no significant differences were found between DAIs in the afternoon (Figure 5B,D,F). At DAI 8 of cycle 2, A, E and gs were already very low in the morning (2.5 μmol m−2 s−1, 0.8 mmol m−2 s−1 and 0.01 mol m−2 s−1, respectively) and did not change significantly later during the day (at midday and afternoon, Figure 5B,D,F).




3.4. Chlorophyll Fluorescence


Fv/Fm values ranged between 0.5 and 0.6, showing significantly lower values at the end of both drought cycles (at DAI 10) when the level of water stress was higher (Figure 6A). The Y(II) was around 0.2 at the beginning of both drought cycles and did not change significantly with the increasing intensity of water stress, showing values around 0.10 and 0.13 at DAI 10 of cycle 1 and 2, respectively (Figure 6B). The Y(NPQ) was significantly reduced at the end of cycle 1, showing values that at DAI 10 were approximately 40% lower than at the beginning of the drought cycle (Figure 6C), whereas no differences were found in cycle 2, when Y(NPQ) values remained stable in the range between 0.5 ÷ 0.6 of the relative unit. The Y(NO) significantly increased during the first cycle, reaching a value of approximately 0.4 at DAI 10 (Figure 6D). Y(NO) did not change during the second drought cycle when values remained stable around 0.3.





4. Discussion


One of the aims of this study consisted in the detection of the onset of water stress in grapevine by integrating the information coming from different gravimetric and physiological indicators at a sub-daily time scale.



Under this framework, the gravimetric determination of transpiration allowed a precise and almost continuous quantification of the water lost by vines subjected to an increasing level of drought (Figure 2). During the first days of both drought cycles, transpiration per unit leaf area was mainly driven by the environmental conditions. In warm cloudless days, characterized by a daily average VPD above 1.5 kPa (Figure 1A and Figure S2), transpiration was constantly within the range 1.7 ÷ 1.9 L m−2 d−1. This range is consistent with those measured by [36] on days with clear sky (maximum daily VPD between 3 and 4 kPa) on field-grown vines subjected to a standard regulated deficit irrigation (RDI) strategy (weekly replacement of 60% of ET). The uncoupling between the VPD and the relative transpiration started in the second half of both drought cycles (DAI 6–7) when, despite the high evaporative demand of the period (maximum VPD at midday around 3 kPa, Figure 1A), the relative transpiration dropped to values below 0.5 L m−2 d−1 and reached minimum rates at the end of the drought cycles (0.18 L m−2 d−1) (Figure 2). Transpiration values below 0.1 L m−2 d−1 after periods of irrigation withdrawal were also described by [20] on grapevine (cv. Schiava), even though the authors noted a large variability among the tested vines. The drop in transpiration rates caused by water withholding was paired with a stronger stomatal limitation (Figure 5E,F). The control of the stomata opening is a well-documented mechanism for vines to restrict water losses by transpiration [12,13]. In our experiment, the reduction in stomatal conductance caused by water deficit followed different paths in the two cycles. During the first drought cycle, at DAI 7, when midday Ψstem corresponded to approximately −0.7 MPa, differences in stomatal conductance between DAI 1 and DAI 7 were significant in the afternoon only, whereas there were no differences between gs values in the morning and at midday (Figure 2 and Figure 5E). Differently, at the end of the second drought cycle, the midday Ψstem was lower when compared with the corresponding value measured at the end of the first cycle (around −1.1 Mpa and −0.7 Mpa for DAI 8 and DAI 7 of C2 and C1, respectively). This resulted in stomatal conductance, transpiration and the photosynthetic rates that were already low in the morning, with almost no adaptation to the increase in air temperature and VPD during the rest of the day (Figure 5B,D,F). The differences in the vines’ water status described at the end of the two drought cycles might be explained by the more severe conditions experienced by the vines during the first half of the second drought period (VPD of the first 5 days of C2 was on average 30% higher than in C1, Figure 1A and Figure S2), probably combined with an incomplete physiological recovery before the beginning of the second drought cycle.



Pou et al. [37] showed that the recovery of stomatal conductance took several days (up to two weeks) in vines subjected to similar intensities of water stress (−1.4 ÷ −1.5 midday Ψstem). Consequently, a possible interpretation of the different modification of the gas exchanges during the two drought cycles could be related to the limited duration of the recovery period between cycle 1 and 2 (five days in total with water availability for plants maintained at pot capacity), a time that was probably not sufficient to allow a complete osmotic readjustment in the vines from the stress suffered during the first drought cycle. In relation with this last aspect, Charrier et al. [38] showed that the length of the recovery period for vines increases with the degree of the experienced water stress. Moreover, Tombesi et al. [39] highlighted that vines that were exposed to drought are characterized by an altered stomatal regulation even after they were released from the stressful conditions (after rewatering). This evidence, including that reported in this work (Figure 5), indicates that the relationship between the stomatal conductance and the soil water status might be modified by previous water stress experienced by the vines, questioning the reliability of this index for the monitoring of the plant water status.



Another aim of the study was the evaluation of the reliability of the HRM sensors for the continuous measurement of vine transpiration, as well as their ability to detect early signals of stress under an increasing level of water deficiency. Transpiration values measured with sap flow sensors (Tsap) were well correlated with those measured with load cells (Tgrav) (Figure 3), even though they largely underestimated the absolute values (10-fold lower). Several authors pointed out that sap flow sensors may under- or overestimate the actual transpiration rate because of the misalignment of the temperature sensors inside the trunk wood [40], and because of the heterogeneity of the sap flux density profile within the sapwood [28,33,41]. In this regard, the twisted morphology of the grapevine wood may have contributed to causing the underestimation of the actual sap velocity. The low values of transpiration measured with the sap flow during the experiment might be related to the position of the sensors in a region of the xylem characterized by a relatively low flux velocity, therefore not fully representative of the actual velocity of the whole sap-wood area. Nevertheless, sap flow sensors were able to nicely describe the response of the daily course of transpiration rate to environmental conditions and to developing vine water stress (Figure 4 and Figure S3). At the beginning of both drought cycles, during sunny days characterized by high incoming solar radiation, the daily pattern of the sap flow rate followed a bell-shaped curve which largely matched that of daily R, except for the central hours of the day when sap flow rate was relatively stable (Figure 4). Similar daily patterns of sap flow response to actual radiation was described in different grapevine cultivars [31,42], as well as in other crops, such as apple [43,44] and peach [45]. During the second half of both drought cycles, when in response to the limited water availability the vines reduced their transpiration rates (Figure 2), the daily pattern of sap flow and R became uncoupled (Figure S4). Between DAI 6 and DAI 8, the relative sap flow rate started to decrease well before noon (around 10:00–11:00 am), when R was still increasing, whereas in the last days of both cycles (DAI 9 and 10) sap flow rates were extremely low, showing very little changes during the whole day. Despite the underestimation of the absolute values of transpiration rates, taken together these results demonstrated the capability of the sap flow sensors to describe changes in the daily transpiration rates of grapevine subjected to increasing water limitations. Since these measures were taken almost continuously and in a non-destructive way, sap flow sensors can be considered as an interesting advanced technology for the early detection of water stress in grapevines that can be also used for the management of irrigation in vineyards [46].



This study also aimed to evaluate the performance of selected fluorescence indexes for the detection of water stress intensity in grapevine. The chosen parameters—Fv/Fm, Y(II), Y(NPQ), and Y(NO)—are among the most important fluorescence indexes and are broadly used in plant stress physiology studies [21,22,23,24,25].



The Fv/Fm ratio is a way to estimate the maximum quantum yield of the PSII and the most commonly used index for measuring stress intensity in plant leaves [22]. Fv/Fm ratio in grapevine often decreases with increasing stress conditions (i.e., drought, heat), generally showing values in the range of 0.8 ÷ 0.6 [47,48,49]. Under the experimental conditions of our study, the Fv/Fm index decreased significantly during both drought cycles (Figure 6A), even though values were lower compared with those of other studies [24,47]. The overall low values of the Fv/Fm ratio might be explained by differences in the measurement methodology used in the considered studies, including i) the protocol followed for the dark adaptation of leaves (i.e., use of leaf clips or pre-dawn measures); ii) the use of a punctual or, as in the current case, of an imaging systems; iii) the intensity of stress reached by the vines. The effective PSII quantum yield (Y(II)) indicates the share of the absorbed quanta that is converted into chemically fixed energy by the PSII reaction centers [50]. The Y(II) values were reduced at the end of both drought cycles, even though differences resulted to be not significant (Figure 6B). Overall, values of Y(II) were around 0.2, similar to those reported by [49] on grapevine ‘Touriga-Franca’ and ‘Touriga-Nacional’ exposed to summer heat and drought stresses. The quantum yield of the regulated energy dissipation in PS II (Y(NPQ)) reflects the capacity of the PS II to protect itself by dissipating the excessive excitation energy into heat [51]. High values of Y(NPQ), such as those found in this research (up to 0.6), are indicative of a good physiological capacity of leaves to be protected from excessive light intensity (Figure 6C). High NPQ values were also found by [49]. The non-photochemical quenching generally increases with higher levels of stress [24,47,49]; under the present experimental conditions, Y(NPQ) did not show a consistent trend, being significantly lower at the end of the first drought cycle and rather unaffected (values around 0.5) during the second cycle (Figure 6C). A lack of NPQ modification, despite the increasing intensity of water stress, might be indicative of a loss of efficiency of the protective regulatory mechanisms during cycle 2 and consequently of a higher probability for an increase in damage to the leaf photosystems [52]. The quantum yield of nonregulated energy dissipation (Y(NO)) represents an indirect evaluation of the efficacy of the protective regulatory mechanisms on the PSII. High values of Y(NO) show that the protective mechanism of energy conversion (i.e., heat dissipation) is rather inefficient and consequently plants cannot cope efficiently with excessive incident radiation [52]. Under the described experimental conditions, Y(NO) increased significantly during cycle 1, probably indicating a severe water stress status shown by the vines. Similar to Y(NPQ), Y(NO) increased, even though not significantly, also in cycle 2, probably signaling a general loss of effectiveness of the photochemical energy conversion/dissipation system of PSII caused by the prolonged water shortage (cycle 1 and 2 cumulative effect).




5. Conclusions


In this study, we integrated the information coming from several indexes to obtain a robust and reliable evaluation of grapevine water stress status during two consecutive cycles of drought. The determination of transpiration both gravimetrically and with sap flow sensors pointed out that, in the absence of water stress (midday Ψstem above −0.5 MPa approximately), environmental factors, such as temperature, VPD and R, drive the intensity of grapevine transpiration rate. When soil water availability decreased, stress conditions became evident as shown by the limitation of stomata functioning (gs around 0.05 mol H2O m−2 s−1), the lower midday Ψstem (values below −1 MPa approximately), and the severe impairment of the leaf transpiration rate (values lower than 0.5 L m−2 d−1). Grapevine water stress conditions were detected by the Fv/Fm ratio that significantly decreased during both drought cycles, whereas the other fluorescence indexes (Y(II), Y(NPQ) and Y(NO)) were not consistently affected. Under the current experimental conditions, the sap flow sensors were able to provide a good qualitative indication of the daily and sub-daily grapevine transpiration rate, responding rapidly to changes in both the environmental and drought level, even if largely underestimating the actual quantitative value of the transpiration rates. In conclusion, the findings of this work integrate the available knowledge on grapevine response to water stress, providing useful indications about physiological indexes of water stress that could be successfully considered for the management of deficit irrigation strategies in viticulture.
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Figure 1. Daily values of (A) vapor pressure deficit (VPD, kPa); (B) temperature (T, °C); and (C) global solar radiation (R, W m−2) measured during the trial period by averaging hourly values between 8:00 and 10:00 am (morning ●, blue line), between 12:00 and 2:00 pm (midday ■, red line) and between 5:00 and 7:00 pm (afternoon ▲, green line). 
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Figure 2. Midday Ψstem (MPa), predawn Ψ (MPa) and daily transpiration measured with the gravimetric method (Tgrav, L m−2 d−1) during the trial. Each point represents the mean value of three vines. Bars are the standard error of the means. Separately for the three parameters and for the two drought cycles, different letters indicate significant differences between measuring dates (Tukey HSD test). 
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Figure 3. Linear regression between the daily transpiration values (L m−2 d−1) obtained from the sap flow sensors (Tsap) and the load cells (Tgrav). 
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Figure 4. Daily pattern of relative sap flow rates throughout the experiment. Each colored line represents the time course of one day. Each measurement point represents the mean value of three vines. 
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Figure 5. (A,B) Photosynthetic rate (μmol CO2 m−2 s−1); (C,D) transpiration rate (mmol m−2 s−1); and (E,F) stomatal conductance (mol m−2 s−1) measured in the morning (between 8:00 and 10:00 am), at midday (between 12:00 and 2:00 pm) and in the afternoon (between 5:00 and 7:00 pm) on the first (DAI 1) and last measurement days (DAI 7 in C1 and DAI 8 in C2) of drought cycle 1 (A,C,E) and 2 (B,D,F). Vertical error bars indicate the standard errors of the mean (n = 3). Uppercase letters refer to statistical differences between DAIs in the same moment of the day, whereas lowercase letters refer to significant differences within moments of the same DAI (Tukey HSD test). 
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Figure 6. (A) Maximum quantum efficiency (Fv/Fm); (B) effective PS II quantum efficiency (Y(II); (C) quantum yield of regulated energy dissipation (Y(NPQ); (D) and quantum yield of nonregulated energy dissipation (Y(NO) of grapevine plants at the beginning and at the end of the two drought cycles. Differences in the response of leaf chlorophyll fluorescence parameters were tested by the one-way ANOVA test. Cases when p-value < 0.05 are visually marked by ‘*’. 
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