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Abstract

:

The irrigation surface of olive orchards has increased over recent decades. In zones affected, deficit irrigation scheduling is a must. The aim of this work was to study water stress management based on reference equations for midday stem water potential. An experiment was conducted over three seasons in Seville (Spain) from 2020 to 2022. A young hedgerow olive orchard (cv Manzanilla de Sevilla) was irrigated using three different treatments: Control (full irrigated), RDI, and Rainfed, in a completely randomized design (six replications). The midday stem water potential and leaf conductance were measured throughout the three seasons. Stem water potential was more sensitive to water stress than leaf conductance and showed a clearer impact and rehydration. Individual data of stem water potential were grouped according to leaf conductance reduction. The relationship of these stem water potentials and temperature or vapor pressure deficit was significant, linear, and aligned to published baselines. Scattering in these equations increased when the leaf conductance reduction was greater. These reference equations would be useful to define moderate water stress conditions in the most sensitive processes, such as vegetative or fruit growth. Definition of severe water stress conditions would be better established with constant values.
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1. Introduction


Olive trees (Olea europaea L) are a type of Mediterranean fruit tree commonly cultivated in rainfed conditions. However, since the 1990s in the 20th century, the irrigated surface of this crop has been increasing. For example, in Spain, the first world producers, irrigated olive surface changed from almost zero in 1982 to more than 400.000 ha in 2021 [1]. The water available for irrigation of this fruit tree was commonly low because it is considered a very drought-resistant species, and the zones where they were cultivated had severe water restrictions. Therefore, deficit irrigation is a common practice in commercial olive orchards. In crops, the effect of drought on yield was related to the phenological phase, the level, and the duration of the water stress [2]. Regulated deficit irrigation (RDI) scheduling was based on this assumption [3], but while phenological phases that apply irrigation have been described for most fruit trees (i.e., [4]), there is less information on water stress management and the definition of level and duration.



For olive trees, as for other fruit crops, deficit irrigation scheduling was commonly defined using the percentage of crop evapotranspiration (ETc) (i.e., [5,6]). However, in some works, different plant water status indicators were also used to determine deficit irrigation scheduling for olive orchards (water potential, [7]; dendrometer, [8]). The main difficulty for these plant indicators would be to obtain a reference because they are strongly affected by environmental conditions [2]. Some authors [9] suggested a baseline equation for midday stem water potential in prunes to define “wet soil conditions”. This baseline was the relationship between stem water potential and vapor pressure deficit (VPD) under no water stress conditions. This approach has been used for other plant water status indicators. For maximum daily shrinkage (MDS), these reference equations were used to define the level of water stress as the MDS signal, firstly for almond trees [10] but also for other fruit trees [11]. For olive trees, different baselines have been reported using the midday stem water potential vs. maximum daily temperature [12] and VPD [12,13]. However, absolute threshold values had also been suggested for full irrigated conditions and water stress management [8,12,14,15,16]. Because the baseline would be considered the “wet soil conditions” [9], irrigation management that maintains water status in these values could negatively affect trees, for example with waterlogging problems. Moreover, some works [13] proposed that the baseline was not the target value for the midday stem water potential and the threshold had to be defined according to distance to this baseline. This water status being below the baseline would secure no “wet soil conditions” and would be near to an optimum irrigation. However, this approach assumed that the relationship between the midday stem water potential vs. evaporative demand would be parallel to the baseline when water stress increased, even in moderate water deficits conditions.



These reference equations could be defined according to the impact on leaf conductance. Water status measurements would characterize the soil–plant–air system, which would change with environment and water stress. The response of each indicator could be different and affect the values of other indicators [17]. Olive trees are considered very resistant to drought conditions. An estimation of 50% of loss hydraulic conductivity was obtained around −5 MPa of the xylem water potential [18], and significant gas exchange has been reported in conditions of very severe water stress [5,19]. Daily patterns of leaf conductance in olive trees were related with evaporative demand in fully irrigated conditions [20]. Such a response is uncommon in fruit trees and was considered as part of the response for the great resistant to water stress [20]. Water potential has been reported as an earlier indicator of water stress than gas exchange [21] in some works but not in others [22,23]. Some authors reported changes in the relationship between leaf conductance and evaporative demand as a function of the level of water potential [24]. Therefore, reference equations of water potential could consider the effect on leaf gas exchange to include more complete information about water stress management. In olive trees, the relationship between leaf conductance vs. water potential had been reported as two linear phases [15]. In the first part, a strong decrease in leaf conductance was found in a narrow range of water potential, while in the second phase, low variations of leaf conductance were associated to a great decrease in water potential. Some authors [25] suggested that these changing patterns were related with isohydric (first phase) and non-isohydric (second phase) responses. The aim of this work was to study the relationship of the midday stem water potential vs. evaporative demand indicators at different levels of water stress in order to evaluate if parallel reference equations could be obtained. The hypothesis was that a different leaf conductance reduction could define these levels of water stress. Therefore, the distance to a baseline could be described with the effect on leaf conductance reduction. In theory, the increase in the distance to the baseline would increase the leaf conductance reduction.




2. Materials and Methods


2.1. Description of the Site and the Treatments


Experiments were conducted during three consecutive seasons (from 2020 to 2022) in a hedgerow olive orchard (cv Manzanilla de Sevilla), 1.5 × 4 m distance in La Hampa experimental station in Coria del Río (near Seville, Spain, 37°17′ N, 6°3′ W, 30 m altitude). This orchard was planted in 2018 and the first yield (800 kg ha−1) was harvested in 2020. The soil was a sandy loam with more than 1 m depth. Climatic data were obtained from the Andalusian weather network, station “La Puebla” [26], about 6 km away from the experimental plot. Reference evapotranspiration (ETo) and rainfall during the experiment are presented in Figure 1.



The seasonal pattern of ETo and rainfall was typical of the Mediterranean basin. Winters were warm with minimum seasonal values of ETo. Spring–summer periods presented very high values of ETo, with maximum values greater than 7 mm day−1 but, most of the time, above 5 mm day−1 (Figure 1). Distribution of rain was concentrated in winter–early spring, with a common drought period during the rest of the season. Seasonal amounts of rains in the experimental period were lower than the 10 years average (534 mm, [27]) with values between 352 mm (in 2022) and 492 mm (in 2020).



The statistical design was completely randomized with six repetitions per treatment. Each plot contained five rows with thirteen trees each, and the three central rows were considered the measured trees. Every plot was irrigated with a drip system consisting of one single line for each tree row with drips 2.2 L h−1 and 0.5 m apart from each other. Treatments started from June 2020 due to the COVID-19 pandemic. Pit hardening was the period when irrigation restrictions were applied. The beginning of this phenological stage was estimated according to [28] and ended of the third week of August. Briefly, the beginning of the pit hardening occurred when the rate of longitudinal fruit growth was decreased [28]. Three different irrigation treatments were applied:




	
Control. Irrigation scheduling was based on the midday stem water potential (SWP) measurements. During the 2020 and 2021 seasons, the target was to maximize vegetative growth. Then, the amount of irrigation was estimated using the FAO 56 approach (crop coefficients (Kc) 0.55, reduction coefficient (Kr) 0.7). However, when the SWP was more negative than −1.0 MPa, the water applied increased to 175% crop evapotranspiration (Etc). The harvest yield in the 2021 season was considered similar to that of a mature orchard (nearly 10,000 kg ha−1). Therefore, irrigation scheduling changed in order to control vegetative growth. In the 2022 season, irrigation scheduling was used considering the same approach, but the SWP threshold was estimated based on the [12] baseline and it was lowered in 0.5 Mpa from pit hardening until harvest. The water applied per season was 553, 772, and 727 mm in 2020, 2021, and 2022, respectively.



	
Regulated deficit irrigation (RDI). The objective of this treatment was to apply mild or moderate water stress conditions, depending on the phenological stage. Irrigation scheduling was also based on the SWP measurements and on the comparison with the [12] baseline. Each plot was irrigated according to its SWP data. Trees were irrigated with 1 mm day−1 from the first date when the SWP was below the threshold, and the water applied increased by 2, 3, or 4 mm day−1 based on the distance to baseline. During the 2020 and 2021 seasons, in order to minimize the decrease in vegetative growth, the SWP threshold was the one obtained at the baseline and only during pit hardening it decreased to −2 MPa. In the 2022 season, the SWP threshold was the baseline value minus 0.5 MPa, but during pit hardening, it was minus 1.5 MPa. The water applied during the season was 267, 334, and 200 mm, respectively, in 2020, 2021, and 2022.



	
Rainfed. Trees were not irrigated from June 2020. Only in September of this season they were irrigated with 45 mm before harvest. No irrigation was applied during 2021 and 2022.








Yield production presented a very alternate bearing pattern, with very low fruits productions in the three treatments in 2020 and 2022 (between 500 and 1000 kg/ha) but high productions in 2021 for the irrigated treatments (around 9000 kg ha−1).




2.2. Description of Measurements


Water relations were characterized using the SWP and leaf conductance. The SWP was measured with the pressure bomb technique (PMS 1000, Albany, OR, USA) on fully expanded, healthy leaves that were covered around 2 h before the measurement was taken, and this was performed on one tree per plot at midday. Leaf conductance was measured at the same time as the SWP with a porometer (SC-1, Decagon, Pullman, WA, USA) on fully expanded sunny leaves. Both measurements were taken weekly. In order to determine the different SWP reference equations, the maximum value of leaf conductance every date was identify. The leaf conductance reduction was estimated as the ratio between the measurement on each plot and this maximum value. The SWP values used to determine the reference equations were the average of the SWP on the same date and in the same leaf conductance reduction interval. Three different levels of water stress were selected: values of leaf conductance between 90–100% of the daily maximum, 70–80%, and 45–55%.



Soil moisture was measured in each repetition with a portable FDR probe (HH2. Delta-T, Cambridge, UK) in 1 m depth. Access tubes were located in the irrigation line around 30 cm far from a drip. In addition, the percentage of soil cover was estimated at the beginning, after pruning, and at the end of each season. Three measurements of the horizontal dimensions in each plot were carried out with a scope.



Reference equations were estimated using linear regressions of these data vs. maximum daily temperature or maximum daily vapor pressure deficit (VPD). Meteorological data were obtained from the “La Puebla” Station [26], which is approximately 6 km away from the experimental station. Slopes of these regressions were compared to published baselines, for temperature [12] and for VPD [13] using a T-test (p < 0.05).





3. Results


Water relations were significantly affected in the three seasons. The midday stem water potential (SWP) showed extremely low values in the Rainfed treatment (Figure 2). Although the decrease in Rainfed trees was delayed in 2020 due to the COVID-19 pandemic (Figure 2a), the seasonal pattern was very similar with a fast decrease down to values between −5 and −6 MPa. During the 2020 season, Rainfed trees completely recovered in two weeks by the end of the experiment (Figure 2a), while in 2021 and 2022, the absence of rains kept the SWP values at very severe water stress levels (Figure 2b,c).



Significant differences between the Rainfed and Control were found early in the season, although at the beginning they were very similar. The Control trees presented a similar pattern in the three seasons. The SWP values in the Control were close to Corell’s baseline, reaching minimum values in mid-summer, at around DOY 200, in all seasons. Conversely, the RDI treatment trees showed a response that could be placed between the Rainfed and Control. Although the water status of the RDI was more similar to the Control, major differences between the RDI and Rainfed trees were delayed until severe water stress conditions of the Rainfed occurred at around −3 MPa. The RDI and Control trees presented significant differences but only on a few dates in the 2021 and 2022 seasons. Although these differences were not always important, Figure 2 shows clear periods of water stress in the RDI. The length of these periods and the level of water stress also changed for the different seasons. During 2020 (Figure 2a), the RDI presented the shortest period, around three weeks, while in the 2021 season it was the longest with more than two months (Figure 2b). The pattern of the SWP in the RDI was similar but not parallel to the Control, mainly during the 2022 season (Figure 2c).



Midday leaf conductance also presented significant differences throughout the season (Figure 3).



Leaf conductance in the Rainfed trees was considerably lower than the Control from mid-season but several weeks later than the SWP. In 2020, the rehydration period increased the rainfed leaf conductance to the same level compared to the Control and at a similar time compared to the SWP (Figure 2a), but no recovery was measured in the 2021 and 2022 seasons in rainfed trees. Differences between the Control and Rainfed treatments by the end of both seasons were smaller but still significant and likely related to a decrease in the Control values (Figure 3b,c). Control leaf conductance was very variable between seasons and days. Most Control measurements were around 400 mmol m−2 s−1 and tended to decrease by the end of all seasons. The RDI was an intermediate treatment between Rainfed and Control in all seasons, but with only a few significant differences (one or two per year) with the Control commonly around DOY 200. The RDI trees tended to greater leaf conductance values than the Rainfed ones in all seasons, but they were important only from DOY 200 in 2021 (Figure 3b).



The pattern of soil water extraction changed along the season with the irrigation management (Figure 4).



Figure 4 presented an example of the 2021 season (the high fruit load year) at three different dates: DOY 109 (around flowering), DOY 203 (mid-water stress period), and DOY 245 (just before harvest). At the beginning of the season, when small differences were found in the SWP or leaf conductance, the pattern of soil water uptake was different in the first 0.4 m. The Rainfed and RDI trees uptaked more water than the Control trees, but this water uptake was not observed in the deeper part of the profile. Such differences in water uptake were similar at DOY 203 (Figure 4b) when differences in the SWP were very clear. The RDI and Rainfed trees almost depleted the shallow part of the soil (until 0.4 m). Below that depth, there were no significant differences, but there was a trend of drier conditions in the Rainfed than in the RDI, which was near to the Control values. Finally, at DOY 245, at the end of the rehydration period, when the Rainfed presented significant, very severe SWP values but the RDI were recovered, the Rainfed profile was almost depleted. Although no significant differences were found because of the great variability, there was a clear increase in soil moisture in the profile at the RDI treatment that was very similar to the Control.



Figure 5 showed the pattern of the percentage of soil cover along the three seasons of the experiment. Soil cover data were obtained at the beginning of each season, after pruning, and at the end, after harvest. No significant differences were found in 2020 because irrigation treatments started after the main growth period. However, the Control trended to higher values than the Rainfed and RDI, and this fact better supports the water status conditions described with the rest of data.



The decrease in the Rainfed from 2021 season was produced for a more severe pruning to reduce the water stress compared to the others. No pruning was carried out in this treatment from this date. The percentage of soil cover in the Rainfed showed a very different pattern between seasons. In 2021, the highest fruit load season, no increase was measured while growth was significant during 2022 season. However, significant differences were found between the Rainfed and the rest of treatments in all dates from 2021. The decrease in the Control and RDI at the beginning of each season was related to pruning. On those dates, there were not significant differences between both, though the RDI was around five points lower than the Control. At the end of the 2021 and 2022 seasons, such differences in the percentage of soil cover were significant between both treatments. As in the Rainfed, during the 2022 season, the one with very low fruit load, RDI and Control showed maximum growth.



Figure 6 presents the relationship between the SWP and maximum daily temperature. Each season data were grouped according to their percentage of leaf conductance decrease. Table 1 shows the best fit of all data for the same interval of leaf conductance reduction. Data presented different levels of scattering in the three groups of conductance reduction, but this was smaller in the ones between 90% and 100% of maximum leaf conductance (Figure 6). The best fit of the 90–100% was linear with a low R2 but displayed a significant relationship with Tmax (Table 1). The slope of this relationship was not significantly different from Corell’s baseline, just slightly lower. Therefore, if they were considered as parallel, the equation in Table 1 would be around −0.3 MPa lower than Corell’s baseline (y-interception was 0 vs. 0.294 in Corell’s equation [12]). Data from 90–100% varied from values less negative than −1 to near −2 MPa (Figure 6).



The relationship of 70–80% leaf conductance reduction with Tmax was also significant but weaker than the ones from 90–100% (Table 1). These data presented a greater scattering than the previous group and varied from values less negative than −1 to slightly more negative than −3 MPa (Figure 6). Most data of 70–80% were less negative than −2 MPa (48 of 56 data). The slope of the regression, as in the previous group, was not significantly different from Corell’s baseline (Table 1). Finally, the group 45–55% of leaf conductance reduction had the greatest scattering in the SWP vs. Tmax relationship. The relationship between the SWP and Tmax were significant but very weak (Table 1). The slope of the equation was not significantly different to Corell’s baseline but tended clearly to more negative values. Data from this group, 45–55%, changed from less negative than −1 to around −6 MPa. The average of all data in this group was more negative than −2 MPa (20 of 48 data). According to [25], a SWP less negative than −1.5 MPa would be related to an isohydric respond. Then, the decrease in leaf conductance would be closely related to the evaporative demand instead of the water stress conditions. The relationship of the SWP vs. Tmax of 90–100% and 70–80% data more positive than −1.5 MPa improved the fit of the previous regression (ISO Tmax equation, Standard error and MSE in Table 1). The slope of this latter regression was significantly much lower than Corell’s one (Table 1, −0.023 vs. −0.046 [12]). Then, according to this equation, the SWP would be almost constant with the increase in Tmax (Figure 6).



The relationship of the SWP and maximum vapor pressure deficit (VPD) is shown in Figure 7, also with the same group of leaf conductance reduction than in Figure 6. The pattern of scattering in the three groups considered was the same as in the Tmax relationship. The group 90–100% presented the lowest variability and significantly lower slope than the [13] baseline. Conversely, data from the 70–80% group had a greater variability also in the VPD relationship. The relationship of this latter group was linear too, but with a low R2 (Table 1). The worse relationship was for the 45–55% group. The slope of this latter equation was not significantly different from the Shackel baseline, although it tended clearly to more negative values. Values from 90–100% and 70–80% more positive than −2 MPa presented a significant linear relationship (ISO VPD, Table 1). The slope of this latter equation was significantly less negative than the Schackel baseline slope. As in the Tmax relationship, the SWP variation with this latter equation was very small. The [12] baseline based on the VPD data is also presented in Figure 7. This equation is almost parallel to the Shackel estimation but approximately 0.3 MPa more negative.




4. Discussion


The pattern of the SWP and leaf conductance showed that the former was more sensitive to water stress under field conditions than the latter. Most of the seasons, the SWP decreased under conditions of water stress and recovered several weeks earlier than leaf conductance (Figure 2 and Figure 3). The differences between treatments were also greater in the SWP than in leaf conductance. These responses were reported in different irrigation works in young [21,29] and mature olive orchards [8,30]. However, this was not the case in other orchards, where significant lower leaf conductance was found at the beginning of the season, when the SWP was very positive and not different [5,31,32,33]. These changes in the sensitivity of leaf conductance would be related to two factors: percentage of roots in dry soil and isohydric response. Some authors [34] concluded that the delay in the recovery of leaf conductance from the water stress conditions was related to the volume of moist soil. Thus, partial root drying experiments showed that leaf conductance was affected by the presence of stress signals from roots, even with the same SWP [35]. But leaf stomata closure at the beginning of the season was not likely related to this. In this part of the season, when the SWP was still very positive (Figure 3) and likely vegetative growth was occurring in all treatments (Figure 5), this parameter would be linked to an isohydric response. Although traditionally plants were classified according to their isohydric and non-isohydric response [36], recent works suggested that some species could combine both. Some authors [25] suggested that both responses were possible in olive trees. At the beginning of the season, a great amount of soil water would promote the isohydric response, with a sharp decrease in leaf conductance before a small variation of the SWP [25]. Several authors reported this pattern in the leaf conductance vs. water potential relationship [14,15,17]. In the present work, these conditions could occur in the Control but were not clear in the RDI or Rainfed according to the soil moisture profile and differences in soil cover (Figure 4 and Figure 5). Differences in soil cover suggested a decrease in vegetative growth. These commonly occurred in olive trees before the SWP and leaf conductance affection [37]. The lack of response from leaf conductance to water deficit in some works, such as this one, would be likely related to data variability. According to several authors, transition from isohydric to non-isohydric would be between −1.5 and −2.3 MPa [14,15,25]. This change in the physiological response would affect water relations in the plant and the response to the environment.



Reference equations of the SWP changed when data considered the leaf conductance reduction (Figure 6 and Figure 7; Table 1). The scattering of the data increased with the decrease in leaf conductance, but relationships were usually weak (Table 1). Best fits in the 90–100% and 70–80% groups were parallel, and most of them were also parallel to the published reference equations (Table 1). All the above suggested that the same leaf conductance reduction would include a different position of the leaf conductance vs. water potential relationship, which increased the variability. Several authors reported that the SWP vs. leaf conductance relationship presented a great scattering, with values more positive than −2 MPa [14,15]. Only in the ISO data (Table 1, SWP more positive than −1.5 MPa and small leaf conductance reduction), the variability was small, and the reference equations presented a very slight slope, not parallel to the published baselines (Table 1). However, even in these ISO data, the SWP presented a meaningful relationship with evaporative demand (Temperature or VPD). Therefore, according to the current work, the selection of a constant value as a threshold for full irrigated conditions would not be advisable. Several authors reported a threshold of the SWP around −2 MPa or even more positive (−1.2 MPa, [7]) as indicator of full irrigated conditions [14,15]. However, these works assumed that the SWP measurements would be under isohydric conditions. This response in commercial orchards is likely to occur at the beginning of the season, but it would not be a common occurrence by mid-summer or dry spring, when part of the root zone could be under dry conditions [18,35]. Thus, reference equations that do not consider leaf conductance, such as [12] or [13], could be more appropriate for defining baseline equations than the ISO equation of this work or constant values.



Management of deficit irrigation based on the SWP baseline equations is not common. Some authors [13] suggested that baseline equations were defined as under “wet soil conditions”, and most of the time they would not be adequate for defining the target water status in a commercial orchard. Only under conditions that consider the tree growth as the main target of irrigation scheduling, the baseline could be the best reference for olive trees [13] because vegetative growth was more sensitive to water stress than the SWP [21,37]. In mature orchards, some authors [13] suggested equations parallel to the baseline for deficit irrigation scheduling. The current work claims that parallel equations occurred only until values around 0.5 MPa more negative than baselines (Figure 6 and Figure 7, Table 1). The SWP values below this threshold (baseline −0.5 MPa) would probably be better defined with constant values because of the great variability. In addition, according to the current results, these parallel equations would apply under moderate water stress conditions, when leaf conductance would be still not too limited. The estimation from Figure 6 and Figure 7 suggested that the SWP values were more positive than −2 MPa. On the other hand, the SWP reference equations could reduce their accuracy because of the variability or differences between locations. Although [12] suggested a single baseline, they presented differences between the fruit load conditions. Such differences were also reported in other plant water status indicators such as MDS [11]. Some authors [14] suggested three thresholds of the SWP on olive trees, which could facilitate the irrigation management up to −2 MPa, from −2 to −3.5 MPa and below −3.5 MPa. Further works would be advisable to check the limitations of irrigation manage based on the distance to the baseline. However, all these thresholds have to be considered just as a reference to study the real effect of water stress on the different processes in the tree. In fact, the yield response would be more complex and would probably include different processes and thresholds throughout the season. Some authors [8] suggested that table olive fruit growth would stop with the SWP below −2 MPa but would be reversible with an adequate rehydration. On the other hand, some authors [38] suggested that oil accumulation was very resistant to water stress, others suggested that a moderate water stress increased oil fruit yield [5,6,33], and finally a third group of authors considered that it decreased [16]. The comparison of the water stress level using the current reference equations could help to explain the differences between some of these results.




5. Conclusions


The SWP reference equations changed when the percentage of leaf conductance reduction was considered. These changes suggested parallel equations, which would decrease with the restriction of gas exchange. However, under conditions of severe water stress with a leaf conductance reduction between 45% and 55% the scattering was very high, and no clear linear relation was found. This suggests that water stress could be defined by the distance to a baseline but only in a narrow interval, around baselines minus 0.5 MPa. However, such approach could be very useful for establishing an accurate threshold in the most sensitive processes, such as the vegetative or fruit growth ones, or during periods very sensitive to water stress (flowering or fruit set).
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Figure 1. Reference evapotranspiration (ETo) pattern, left, and rainfall pattern, right, throughout the three seasons of the experiment. Vertical lines delimit each year. Source: “La Puebla” Station [26]. 
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Figure 2. Midday stem water potential pattern throughout the (a) 2020, (b) 2021, and (c) 2022 seasons. Each point is the average of six measurements. The green solid line represents Corell’s baseline. Vertical bars are the standard error. Asterisks show the date when statistical differences were found (p < 0.05, Tukey Test). 
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Figure 3. Midday leaf conductance pattern throughout (a) 2020, (b) 2021, and (c) 2022 seasons. Each point is the average of six measurements. Vertical bars are the standard error. Asterisks show the date when statistical differences were found (p < 0.05, Tukey Test). 
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Figure 4. Soil moisture at different soil depths at three different dates of the 2021 season. (a) At the beginning of the season (DOY 109); (b) At mid-water stress period (DOY 203); (c) Just before harvest (DOY 245). Each symbol was the average of six data. Horizontal bars represent standard error. Asterisks indicated significant differences at the depth where they are located (p < 0.05, Tukey Test). 
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Figure 5. Percentage of soil cover along the three experimental seasons. First data (03/2020) were the average of the orchard. Each symbol is the average of six data. Vertical bars represent standard error. Asterisks indicated the date when significant differences were found (p < 0.05, Tukey Test). 
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Figure 6. Relationship between midday stem water potential and maximum daily temperature. Each symbol is the average of several data (different each date) in the same group of leaf conductance reduction. The black solid line represents the equation ISO (Table 1). The blue line represents the equation of [12] (solid) and plus 0.5 MPa (dash). 
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Figure 7. Relationship between midday stem water potential and maximum daily VPD. Each symbol is the average of data in the same group of leaf conductance reduction. The black solid line represents the equation ISO (Table 1). The blue line represents the equation of [13] (solid) and plus 0.5 MPa (dash). The gray line represents the equation of [12]. 
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Table 1. Best fit of the relationship between midday stem water potential (SWP) vs. maximum daily temperature (Tmax, Figure 6) or vapor pressure deficit (VPD, Figure 7) with data from the groups 90–100%, 70–80%, 45–55%; and the two first groups more positive than −1.5 MPa (ISO)from Figure 6.
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	Dataset
	Equation
	Data 1
	R2
	SD
	MSE
	Sig





	90% Tmax
	SWP= −0.039 Tmax
	61
	0.44 ***
	0.21
	0.04
	No



	70% Tmax
	SWP= −0.050 Tmax
	56
	0.27 ***
	0.52
	0.27
	No



	45% Tmax
	SWP = −0.081 Tmax
	48
	0.16 ***
	1.24
	1.54
	No



	ISO Tmax
	SWP= −0.468-0.023 Tmax
	84
	0.39 ***
	0.16
	0.03
	Yes



	90% VPD
	SWP= −0.785-0.14 VPD
	61
	0.43 ***
	0.21
	0.04
	Yes



	70% VPD
	SWP= −0.859-0.21 VPD
	56
	0.21 ***
	0.54
	0.30
	No



	45% VPD
	SWP = −1.119-0.43 VPD
	48
	0.15 **
	1.26
	1.59
	No



	ISO VPD
	SWP= −0.871-0.10 VPD
	84
	0.34 ***
	0.17
	0.03
	Yes







1 Data, amount of data in each equation; R2, coefficient of determination; SD, standard error; MSE, mean square error; Sig, slope significantly different from published baseline ([12] in Tmax and [13] in VPD); ***, p < 0.001: **, p < 0.01.
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