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Introduction

Accurate diagnosis of the water status of fruit trees is a prerequisite for precise irrigation. Measurement of leaf turgor pressure provides a means to explore the water utilization mechanisms of fruit trees and their responses to water stress. However, there are few studies on the use of daily minimum leaf turgor pressure (Ppmax) to indicate water information in apple tree.





Methods

We monitored Ppmax, stem flow rate (Vstem), leaf water potential, soil water, and the main meteorological factors under two drip irrigation levels (fully irrigated and under-irrigated) to elucidate the temporal dynamics of the daily leaf turgor minimum of apple trees and diagnose the water status of fruit trees.





Results

The results showed that soil water deficiency could reduce leaf turgor pressure and increase Ppmax. In both years, the signal intensity and sensitivity of Ppmax were better than those of Vstem, and the sensitivity was 3.31 and 2.94 times of Vstem, respectively. Compared to Ppmax, Vstem had a higher correlation with meteorological factors and was more affected by meteorological conditions, independent of irrigation treatment. Ppmax was significantly negatively correlated with soil and leaf water potential, and its correlation coefficient was 2.58–4.89 times higher than that between Vstem and both.





Discussion

These results not only enhance our understanding of the water regulation strategies employed by apple trees under drought conditions but also provide a theoretical foundation for developing efficient water-saving practices and precision irrigation strategies for fruit trees.
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1 Introduction

Apples are mainly produced in arid and semi-arid regions. Apple production in the Loess Plateau region has rapidly increased in recent years, accounting for one-quarter of the total apple production in China (Huang et al., 2021). However, the region’s lack of water resources and uneven rainfall distribution over time and space have greatly limited apple production. Moreover, unreasonable irrigation methods are usually adopted to achieve a high yield in orchards, leading to wastage of water resources and reduces the water-use efficiency of fruit trees (Wen et al., 2024). Therefore, developing water-saving irrigation technology is fundamental to promote the precise irrigation of orchards and efficient water use by fruit trees (Arbizu-Milagro et al., 2022). Among them, accurate fruit tree water information acquisition is the key to formulating precision irrigation strategies (Faghih et al., 2021).

Many studies have applied environmental parameters (such as soil moisture content and atmospheric temperature) and water physiological indicators (such as trunk diameter, stem and leaf water potential, and leaf thickness) to the water diagnosis of fruit trees (Afzal et al., 2017; Mota et al., 2018; Li et al., 2020; Tsouliasu et al., 2020). However, problems, such as complex processes and unstable accuracy, still exist in the realization of nondestructive continuous monitoring. Stems and leaves are the main organs of fruit tree growth and water transport, and are usually used to indicate the water status of fruit trees. Previous studies have shown that stem flow can provide information about the water status of plants because high transpiration rates lead to more negative tension within the stem xylem (De Swaef and Steppe, 2010), and it is able to directly feedback the effects of plant water on the environment (Wheeler et al., 2023; Zhao et al., 2023). Some researchers have used the stem flow index to evaluate the water-use strategy of apple trees, and the results have shown a correlation between stem flow and the response of fruit trees to drought. Moreover, stem flow technology can be used to quantify the sensitivity and resilience of apple rootstocks to summer water deficits (Muchena et al., 2020; Mobe et al., 2020; Ntshidi et al., 2021). However, other studies found that stem flow is significantly affected by meteorological factors, which may cause errors in the judgment of water information, resulting in insufficient irrigation (Corell et al., 2013). Therefore, whether stem flow accurately represents fruit tree water remains controversial. On this basis, finding a water physiological index with a simple operation and high accuracy is necessary.

At the plant scale, leaf turgor pressure plays a decisive role in stomatal opening and closing and the water-carbon cycle (Knipfer et al., 2020). The relative leaf turgor value (Pp), monitored using a noninvasive magnetic patch-clamp pressure probe (LPCP), can accurately characterize leaf water status (Zimmermann et al., 2008). Many scholars have used this technology to study woody plants, such as olive trees (Marino et al., 2016), grape trees (Rüger et al., 2010a), banana trees (Zimmermann et al., 2010) and persimmon trees (Martinez-Gimeno et al., 2017), as well as crops, such as wheat (Bramley et al., 2013) and pepper (Camoglu et al., 2021), indicating that the leaf turgor pressure change pattern recorded by the LPCP can reflect changes in plant water status. In addition, LPCP technology can help determine the effect of water stress on leaf turgor pressure, as shown by Marino et al. (2021). It was also more sensitive in diagnosing water deficit than other physiological indicators, such as relative water content of the leaves and slight changes in the trunk diameter. These results indicate that leaf turgor pressure has the potential to guide precise irrigation of trees (Fernandes et al., 2017). Scholars have proposed using relative leaf turgor pressure-derived parameters, including daily minimum turgor pressure (Ppmax), daily maximum turgor pressure (Ppmin), and turgor pressure recovery time to quantify changes in leaf turgor pressure more accurately (Rüger et al., 2010b; Riboldi et al., 2016). Xu et al. (2024) analyzed the response of relative leaf turgor pressure parameters at different positions of the apple tree canopy to changes in soil moisture and determined Ppmax as the optimal parameter. However, further investigation is required to determine whether Ppmax can accurately characterize plant water physiology.

In addition, fruit tree growth and the external environment affect the real-time output data of leaf turgor pressure (Gokhan et al., 2021). It is necessary to eliminate the deviation caused by external factors to clarify the accuracy of Ppmax characterization of the apple tree water status and achieve accurate irrigation of apple trees. The signal strength theory is a method for evaluating the sensitivity of plant water diagnostic indicators, which can eliminate error sources and reduce the influence of meteorological factors on the data (Du et al., 2017; Ru et al., 2021). This method has been applied to analyze the response of indicators such as stem flow rate and daily shrinkage of the trunk diameter of apples, peaches, and olive trees to soil water change (Conejero et al., 2007; Fernandez et al., 2011). However, no studies have used this method to evaluate the sensitivity of Pp or its parameters.

Therefore, a two-year field experiment was conducted in apple orchards in the Loess Plateau area with dwarf anvil apple trees treated with different drip irrigation levels. The objectives of the study were to (1) investigate the temporal dynamics of the daily minimum leaf turgor pressure under different soil water conditions and (2) clarify the accuracy of Ppmax in indicating the water status of apple trees under drip irrigation.




2 Materials and methods



2.1 Experiment site

The experiment was conducted at the Fruit Research Institute of Shanxi Agricultural University (112° 32’ E, 37° 23’ N) in 2022 and 2023. The altitude of the experimental site is 781.9 m, the average annual temperature is 9.8 °C, and the frost-free period is 175 days a year. The spring is dry and rainless, the summer and autumn rainfall is high and concentrated, and the annual average rainfall is 459.6 mm, indicating a temperate continental climate. The 0–200 cm soil layer in this area is silty loam, with an average bulk density of 1.47g‧cm-3, an average field water holding ratio (θf) of 30%, and a saturated water content of 49.8%. The fruit trees were covered with polypropylene black ground cloth to reduce ground evaporation and weed growth.




2.2 Irrigation treatment

Two drip irrigation levels were set up in this experiment, fully irrigated treatment (WW), in which the upper and lower limits of soil water content were 70%θf–100%θf, respectively, and under-irrigated treatment (WS), in which the upper and lower limits of soil water content were 50%θf–70%θf, respectively. A single fruit tree was used as the experimental plot, and three replicates were used for each treatment. During the experiment, the soil moisture content was measured weekly, and when the soil moisture reached the lower limit, irrigation was carried out, and water was injected into the upper limit of soil moisture. Orchard management was consistent with the local areas. According to the growth conditions of local apple trees, it is divided into three growth periods: the growth period of new shoots (May 28–July 4), the fruit expansion period (July 5–September 20), and the fruit maturity period (September 21–October 6) in 2022. The growth period of new shoots (May 28–July 10), the fruit expansion period (July 11–September 24), and the fruit maturity period (September 25–October 10) in 2023.




2.3 Measurement



2.3.1 Meteorological and soil moisture

Experiment area adopts Adcon-Ws wireless automatic weather station (ADCON, Germany) to monitor meteorological factors, including rainfall (P, mm), solar radiation (Rs, W‧m-2), atmospheric temperature (Ta, °C) and relative humidity (RH, %). The output step of all monitored data is set to 15 minutes. The saturated vapor pressure difference (VPD, kPa) was calculated using the method described by Buck (1981).

Soil moisture content was monitored 60cm away from the trunk on the east side of each tree. The soil moisture content in the 0–100 cm soil layer was monitored using time-domain reflectometry (IMKO Micromodultechnik GmbH, Ettlingen, Germany). The determination interval was 7d and additional measurements were taken before and after rainfall and irrigation.

The soil water potential of the eastern side of the fruit tree 40cm away from the trunk was measured by WP4C water potential instrument (METER Group Inc, Pullman, USA). The soil depth was 0-100cm, and every 20cm was a soil layer. The measured interval was consistent with the soil moisture content.




2.3.2 Leaf turgor pressure

The leaf turgor pressure probe (LPCP, YARA-ZIM Plant Technology GmbH, Hennigsdorf, Germany) was used to measure the leaf turgor pressure of the apple trees. Three trees were selected per treatment. Before the start of the experiment, leaves with good growth in the eastern, radial and vertical middle of the canopy were selected, and leaf turgor pressure probes were installed on the leaves according to the method of Bramley et al. (2013), avoiding leaf veins. The probe was connected to the CR1000X data acquisition system and set to record the data every 5 min. The relationship between the probe output relative leaf turgor pressure (Pp) and real leaf turgor pressure (Pc) is consistent with Equation 1 (Zimmermann et al., 2008).

 

Where, a and b are the constants of a single leaf property. Pclamp is the initial magnetic pressure applied by the probe to the blade. Fa is the pressure attenuation coefficient.

In this study, daily maximum Pp (Ppmax) was selected for analysis. The calculation methods of signal strength and sensitivity of Ppmax were as follows.

 

 

Where, SIPpmax is the signal strength of Ppmax. PpmaxWW and PpmaxWS are Ppmax under fully irrigated and under-irrigated treatment, respectively. SPpmax is the sensitivity of Ppmax and CVPpmax is the coefficient of variation of Ppmax.




2.3.3 Stem flow

The stem flow of fruit trees installed with a leaf turgor probe was monitored using plant thermal diffusion stem flow meter (TDP, Shiyutong GmbH, Beijing, China), and the data were recorded every 30min. The daily sap flow rate (Vstem) of apple trees was calculated based on the collected data. The signal intensity of the stem flow rate (SIVstem) was the ratio of Vstem in the under-irrigated treatment to Vstem in the fully irrigated treatment. Sensitivity was calculated in the same manner as Ppmax sensitivity.




2.3.4 Leaf water potential

Leaf water potential (Ψleaf) of apple tree with good growth was measured by WP4C water potential instrument (METER Group Inc, Pullman, USA) at 6:00, including three repetitions, with a frequency of 7d.





2.4 Data analysis

Origin 2021 (OriginLab, USA) was used for the data processing and mapping. One-way ANOVA was used to analyze the significance of the SIPpmax and SIVstem (n=3). The correlation between Ppmax, Vstem, meteorological factors, soil moisture, and leaf water potential tested using linear regression. In the analysis of the relationship between Ppmax, Vstem and meteorological factors, the data of Ppmax, Vstem, solar radiation (Rs), atmospheric temperature (Ta), relative humidity (RH), and saturated water vapor pressure difference (VPD) on sunny days were selected, and the data of Ppmax, Vstem, and rainfall (P) on rainy days were selected over two years.

In this study, the frequency analysis of rainfall data in the recent 20 years in the test site was carried out, and the frequency curve with the horizontal axis as frequency and the vertical axis as total rainfall (P) was drawn. Each hydrological year type can be obtained by the curve, namely, the wet year (P < 530.5mm), the normal year (530.5mm< P <367.0mm) and the dry year (P > 367.0mm).





3 Results



3.1 Changes in meteorological conditions

During the two experimental years, the change patterns of meteorological conditions were similar (Figure 1). Specifically, Ta showed a trend of first increasing and then decreasing as apple tree growth progressed. The average temperature during the whole growth period of apple trees was 21.05 °C and 21.53 °C in 2022 and 2023, respectively. The highest temperature was reached in early August (29.01 °C) and mid-July (29.27 °C). The lowest temperatures in both years were recorded at the end of the reproductive period. During the two-year growth period, the RH showed a pattern of increasing fluctuation in the early period and stable fluctuation in the later period, and the relative humidity had a larger range of change in the early period of 2023. The variation laws of Rs and VPD were opposite; both gradually decreased with increasing time, and the fluctuation range was large. The years 2022 and 2023 are normal and dry years, respectively. The cumulative rainfall during the whole growth period of apple trees was 378.00 mm and 295.62 mm.




Figure 1 | Changes of temperature (Ta), relative humidity (RH), rainfall (P), solar radiation (Rs) and saturated water vapor pressure difference (VPD) during the two-year experiment. (A) Meteorological conditions during the 2022 trial period. (B) Meteorological conditions during the 2023 trial period.






3.2 Change of Ppmax growth period of apple tree

As shown in Figure 2, there were differences in the Ppmax between the different irrigation treatments during the two experimental years. The Ppmax of the WS treatment was higher than that of the WW treatment, and the average Ppmax of the WS treatment was 1.62 and 1.27 times that of the WW treatment in 2022 and 2023, respectively. During the experiment, with a decrease in soil water content, the leaf turgor pressure of apple trees decreased, and Ppmax increased. When irrigation or rainfall occurred, the leaf water of the fruit tree was supplemented, and Ppmax decreased sharply and then returned to normal levels. In the two years, Ppmax was reduced by a maximum of 10.58% and 10.45% in the WW treatment after irrigation, compared to that before irrigation. However, Ppmax of the WS treatment decreased by 1.65% and 7.39%, respectively. The effect of rainfall on the Ppmax of apple trees was higher than that of irrigation, which was reflected by the maximum reduction in Ppmax of the WW and WS treatments by 22.03% and 18.02%, respectively, over the two years.




Figure 2 | Changes of Ppmax in 2022 and 2023. The blue arrow shows the irrigation time.



In 2022 and 2023, with the advancement of the growth period, the Ppmax of apple trees showed a trend of first increasing and then decreasing (Table 1), with stable fluctuations in the early stage and sharp fluctuations in the late stage (Figure 2). In the new shoots growth stage in 2022, the soil moisture under WW treatment was sufficient, the leaf turgor pressure of fruit trees remained stable, and Ppmax fluctuated in the range of 71.09–83.77 kPa, while Ppmax under WS treatment increased slightly (except for rainfall and irrigation periods). The Ppmax of the two treatments entered the severe fluctuation stage at the fruit expansion stage and increased significantly, reaching the highest value in mid-August (fruit expansion stage), increasing by 41.45% and 34.31%, respectively, compared with the initial observation value. At the fruit maturity stage, Ppmax in the WW treatment gradually stabilized, whereas that in the WS treatment was still fluctuating and showed a small decrease. By 2023, the changes in Ppmax were similar between the WW and WS treatments. At the early stage of the experiment, the soil moisture was sufficient, and the Ppmax of the two treatments remained in a stable fluctuation range. With the growth of fruit trees, Ppmax increases during the late stage of flourishing of the new shoots. Upon entering the fruit expansion stage, the fluctuation range of Ppmax increased for both treatments. On July 30, rainfall was 84.68mm, resulting in the lowest Ppmax values of the WW and WS treatments, which were 65.64 and 80.75 kPa, and decreased by 17.79% and 14.04%, respectively, compared with the Ppmax before the rain. The Ppmax of the two treatments reached a maximum value at the end of August, which was 1.26 and 1.32 times of the initial value, respectively. At the end of the growth period, Ppmax in both treatments decreased and stabilized at maturity.


Table 1 | Daily average Ppmax of each growth period in 2022 and 2023.






3.3 Difference in signal strength between Ppmax and Vstem

The mean daily signal intensities of Ppmax (SIPpmax) and Vstem (SIVstem) differed significantly between 2022 and 2023 (Table 2). In 2022, SIPpmax gradually increased during the growing season of apple trees. The Ppmax signal value of each stage was 3.25–4.02 times that of SIVstem, and the difference between the two reached a very significant level at the fruit maturity stage and the entire growth stage (p < 0.01). The variation range of SIVstem during the entire growth period of the apple trees was 0.15, which was much lower than that of SIPpmax (0.43). In addition, under the influence of frequent rainfall, the variability of Ppmax in the WS treatment during the reproductive growth period increased to varying degrees compared with that in the nutrient stage. The CV value of Ppmax in the fruit maturity period was the highest, increasing by 61.29% compared with that in the new shoot growth stage. Ppmax sensitivity tended to decrease during the later stages of growth. However, although the lower variability of Vstem during fruit maturity resulted in a lower CV than that of Ppmax for the entire growth period, it also resulted in a 3.31-fold reduction in sensitivity owing to its smaller signal value. In 2023, SIPpmax first increased and then decreased during the entire apple tree growth period. The mean SIPpmax of the entire growth period was significantly higher than that of SIVstem and increased by 62.62% compared with SIVstem. In contrast to 2022, the CV value of Ppmax in 2023 was lower than that of Vstem, and its sensitivity was 2.94 times higher than that of Vstem.


Table 2 | Ppmax and Vstem signal strength, coefficient of variation, and sensitivity for 2022 and 2023.






3.4 Relationship between Ppmax and Vstem and meteorological factors

The correlations between Ppmax and Vstem and the meteorological factors in 2022 and 2023 were analyzed, and the results are shown in Figures 3, 4. In 2022, Ppmax in the WW and WS treatments was negatively correlated with Rs, Ta, and VPD and positively correlated with RH. A negative correlation was observed between the Ppmax and rainfall. In general, Ppmax treated with WW had a high correlation with meteorological factors (0.05–0.50), and it had the highest correlation with RH, followed by VPD, and the lowest correlation with Ta. However, the response of the WS treatment to meteorological factors differed, relative humidity and rainfall were the main factors influencing Ppmax under inadequate irrigation. Compared with Ppmax, the determination coefficients of Vstem and various meteorological factors significantly increased and reached a very significant level (p < 0.01), which was unrelated to the irrigation treatment. The correlation between Vstem and VPD was the highest, indicating that VPD is the main meteorological factor causing changes in the stem flow rate in apple trees. In 2023, the Ppmax of the two treatments was positively correlated with RH and Ta and negatively correlated with VPD and P. Except for the correlation between Ppmax and RH in the WW treatment, the correlation coefficients between Ppmax and meteorological factors were lower than those between Vstem and meteorological factors, and this difference was more significant under inadequate irrigation. The WW-treated Vstem showed a strong correlation with Rs, followed by VPD, and a weak correlation with P. The effect of VPD on the Vstem of apple trees in the WS treatment was greater than that of Rs.




Figure 3 | Correlation of Ppmax and Vstem with meteorological factors in 2022.






Figure 4 | Correlation of Ppmax and Vstem with meteorological factors in 2023.






3.5 Relationship between Ppmax and Vstem and soil and leaf water potential

In both test years, Ppmax was significantly negatively correlated with leaf and soil water potential (p < 0.01), whereas Vstem was positively correlated with leaf and soil water potential (Figure 5). In 2022, the correlation between Vstem and Ψleaf was low and did not reach statistical significance (p > 0.05). There was a significant correlation between Vstem and Ψleaf in 2023, but its coefficient of determination was 4.89 times lower than those of Ppmax and Ψleaf. The correlation between Vstem and Ψsoil reached a significant level in both years (p < 0.01), but the correlation coefficient was significantly lower than that between Ppmax and Ψleaf.




Figure 5 | Correlation between two-year Ppmax, Vstem and leaf water potential and soil-water potential.







4 Discussion



4.1 Ppmax change patterns

Leaf turgor pressure plays a key role in plant water physiology. Water absorption and expansion of plant cells increase turgor pressure, whereas cell water loss causes protoplasts to contract, resulting in a decrease in turgor pressure (Crabos et al., 2023). In this study, the full irrigation treatment was applied in mid-May; therefore, the Ppmax values for the full irrigation treatment were significantly lower than those for the water deficit treatment on and after May 28, indicating that soil water deficit reduced leaf turgor pressure. Because the expansion of leaf cells mainly depends on water absorption and transportation in tree bodies, low soil water may limit the water absorption of roots, resulting in reduced hydraulic conductivity, leaf water loss, and turgor pressure (Thalheimer et al., 2024).

In the 2022 and 2023 trial years, the Ppmax of apple trees under adequate water conditions exhibited an initial increasing trend followed by a subsequent decrease throughout the entire growth period, primarily influenced by the intrinsic growth characteristics of the apple trees. Canopy coverage during the growing season is a major factor driving water utilization in apple orchards (Mupambi, 2017). Smaller leaf area resulted in a low water consumption intensity during the early stages of the experiment. As the growth period advanced, the leaf area of fruit trees reached the highest, and the enhances of transpiration demand and nutrient requirements led to increased leaf water consumption and Ppmax. At the same time, the beginning of fruit development increased the osmotic load of phloem, which affected the water storage dynamics of trees (Perez-Arcoiza et al., 2022). At the fruit maturity stage, the increase in abscisic acid content promoted stomatal closure, which reduced leaf transpiration and moisture loss while enhancing leaf turgor pressure. Therefore, Ppmax decreased and then returned to its initial level. Different from the change of leaf turgor pressure under full irrigation, Ppmax under water deficit treatment did not fully recover at the end of growing season. The reason may be that the low water content of the tree could not meet the demand of leaf turgor pressure recovery in the later stage of the experiment. A similar phenomenon can be observed in olive trees (Marino et al., 2021). However, Bader et al. (2014) found that the turgor pressure of barley leaves did not shift upward from the baseline, indicating that turgor pressure fully recovered at night, mainly because the tight stomatal regulation may help prevent excessive dehydration of leaves. In addition, the flow of phloem to fruit will be reduced or the xylem return will be increased when trees reach severe water deficit, which may also have an impact on leaf water (Tao et al., 2023).

The Ppmax of apple trees in 2022 fluctuated more sharply than that in 2023, due to the difference in leaf water content caused by different rainfall in the two years. Zimmermann et al. (2010) proved that maintaining good water conditions are critical for plant Pp oscillations. The results of this study show that frequent rainfall in 2022 could provide sufficient water for fruit trees. However, drought in 2023 limited the absorption and transport of water in the leaves and thus weakening the changes in leaf turgor pressure. This was stimulated by endogenous factors such as reduced root water conductance under drought stress, ABA accumulation, changes in guard cells, aquaporin-mediated hydraulic conduction, and transpiration potential across the root-hair boundary (Bramley et al., 2013). Previous studies have reported fluctuations in Pp signal in grape and banana plants, attributed to stomatal changes (Dzikiti et al., 2007; Westhoff et al., 2009). Due to physical or chemical reasons, stomata opening leads to increased water conductivity, water loss, and ultimately reduced leaf turgor pressure (Zimmermann et al., 2013). Furthermore, there was a strong correlation between the frequency (and amplitude) of the Pp oscillations and wind speed. The increase in wind speed significantly reduced the boundary layer on the leaves, which, in turn, temporarily increased local transpiration and thus reduced turgor pressure (Zimmermann et al., 2010).




4.2 Ppmax had superior signal strength and sensitivity

We investigated for the first time the difference in signal intensity, variability and sensitivity between Ppmax and Vstem to evaluate the reliability of Ppmax in indicating the water status of apple trees. In this study, Ppmax was found to be more suitable than Vstem as an indicator of water quality in apple trees. It was previously reported that Vstem is a reliable and widely used parameter for characterizing plant water status (Kamakura et al., 2021; Wu et al., 2024). However, in this experiment, SIPpmax was consistently higher than SIVstem throughout the apple tree growth stage in 2022 and 2023, with a maximum difference of 4.02 times. This may be related to the water transport capacity of leaves and stems. Some studies have found that plant leaves lose water transport efficiency earlier than that of stems during drought. This was due to the coordination between the reduction of hydraulic conductivity of the leaf vascular and extra-vascular level and the turgor pressure loss by leaf cells resulting in stomatal closure (Lo Gullo et al., 2003). However, the leaf turgor pressure can quickly recover when soil water availability is restored, suggesting that damage to leaf cells or water transport systems can be effectively reversed at the end of the dry period. This was mainly because the decrease in leaf hydraulic conductivity is not only the result of venous embolization but also cell contraction of the extracellular xylem pathway, and the consequent increased resistance may play an important role (Savi et al., 2016). Moreover, the fluctuation of SIPpmax during the entire growing season was between 0.39 and 0.43, which was much greater than the fluctuation of SIVstem in the growing season of apple trees. This indicated that Ppmax responds more sensitively to difference in soil moisture and saturated water pressure. This may be because the intensity of water storage and consumption in leaves was greater than that in stems, resulting in more frequent contraction and expansion of leaf guard cells observed at later stages of growth (Du et al., 2017). Based on the hydraulic segmentation hypothesis, leaves generally show higher vulnerability and are more prone to embolisms than stems. Therefore, trees may rely on leaf water consumption or shedding under drought conditions to maintain the stem hydraulic function (Bryant et al., 2021; Li et al., 2024). After embolization, repair is required to avoid the accumulation of nonfunctional catheters and complete loss of water conductivity, manifested by increased tissue water content (Bucci et al., 2012).

In 2022, Ppmax had more variability than Vstem, but the lower signal strength of Vstem led to lower sensitivity compared to Ppmax. The leaf turgor changes via back pressure of the common epidermal cells, for example, feedback on fine regulation of the stomatal aperture. On the one hand, frequent rainfall during the fruit ripening stage could cause the changes in atmospheric humidity and preferentially influence on leaf stomatal size, resulting in an increased Ppmax fluctuation frequency under inadequate irrigation conditions (Binstock et al., 2024). On the other hand, the absorption of large amounts of water by fruit trees caused changes in ion uptake, pH in the xylem sap, and chemical signals, which induced changes in stomatal aperture (Barragán et al., 2012). By 2023, the variability and sensitivity of Ppmax were better than those of Vstem, and this result has not been widely reported. It has been pointed out that stem flow occurs only when the xylem tension gradient exceeds a certain threshold; therefore, there will be a lag in the start or peak time of the stem flow rate (Rodriguez-Dominguez et al., 2012). Moreover, water in the stems of woody plants is mainly stored in the elastic bark tissue, indicating that the initiation of stem flow is limited by structural resistance, such as cell membranes and intercellular strands (Wan et al., 2023; Wang et al., 2023). Therefore, it is reasonable to assume that leaves and stems do not form a strictly coupled water flow system within a short time range, which may also be the reason for the rapid leaf turgor change and delayed stem flow feedback. In conclusion, based on the signal strength theory, Ppmax was a superior diagnostic indicator of water status in fruit trees compared to Vstem.




4.3 Ppmax was closely related to soil and fruit tree moisture

Changes in the moisture content of fruit trees closely related to meteorological conditions. Xu et al. (2024) concluded that on sunny days, the Pp of apple trees presented a diurnal variation curve with high values during the day and low values at night. In contrast, the variation amplitude decreased significantly, and the peak value decreased on rainy days. Therefore, different weather conditions cause differences in leaf turgor pressure. Based on the relationship between Ppmax and Vstem and meteorological factors under different weather conditions, we found that RH and VPD were the main factors affecting Ppmax in apple trees in 2022. In 2023, relative humidity was positively correlated with Ppmax, and VPD negatively affected Ppmax, which may be due to the isohydric behavior of apple trees. When the saturated water vapor pressure deficit increases, accompanied by a decrease in relative humidity, stomatal closure restricts water exchange with the outside world, resulting in a relatively constant leaf water potential. At this moment, the turgor pressure exhibited a steady or rising trend, leading to a decrease in Ppmax (Zhao et al., 2023). A similar phenomenon has been observed in pear trees by Kaneko et al. (2024). When water was insufficient, the isohydric behavior of pear leaves helped minimize the negative change in the water balance, thus reducing the adverse impact on the fruit. In contrast, the correlation between Vstem and meteorological factors increased significantly in both years, with minimum and maximum determination coefficients of 0.17 and 0.73, respectively. This indicated that the stem flow rate of apple trees is more sensitive to changes in meteorological conditions. In contrast, Ppmax was less affected by meteorological factors, and its changes were more attributable to the water supply and loss of fruit trees. These results are similar to those of Ehrenberger et al. (2012), who found that stem water deficit and Pp were significantly dependent on weather conditions in young oak trees; however, stem water deficit was significantly more sensitive to changes in VPD than Pp. This most likely reflects a hierarchical order of water partitioning within trees giving more preference to water demanding leaves than to water storing bark tissue to keep the leaf water content in an optimal range for physiological functions, such as photosynthetic carbon sequestration.

Additionally, the results of this study showed that Ppmax was significantly correlated with soil water potential and morning leaf water potential, supporting the view that Ppmax is a better indicator of apple tree water status than Vstem. Leaf turgor pressure is the pressure exerted on the cell wall by protoplasts within plant cells (Blackman, 2018). Turgor changes in guard cells are mediated by transport of solute (K+). Based on the water activity feedback hypothesis, the positive regulation of the osmotic pressure of guard cells in proportion to leaf turgor pressure may explain the close relationship between Ppmax and leaf water potential (Rodriguez-Dominguez et al., 2016). Some scholars have found in research on various tree species and crops that Pp gradually decreased with an increase in leaf water potential or noon stem water potential (Fernandez et al., 2011), which is similar to the results of our study. However, Vstem has a lower correlation with soil and leaf water potential because stem flow is not only affected by evapotranspiration and environmental conditions but is also limited by canopy coverage (Fu et al., 2022; Niessner et al., 2024). Thes conclusions are significant for the management of deficit irrigation strategies. Furthermore, turgor pressure is an internal factor that induces stomatal closure under water stress, which may further affect the photosynthetic capacity and yield of plants (Aaron and Xue, 2022; Miranda et al., 2022). It has been pointed out that different mesophyll cells will lose filling under different water conditions. In particular, stomatal protective cells are able to maintain higher turgor pressure than other epidermal cells, which may delay the complete closure of stomata under drought conditions (Franks and Farquhar, 2007). Therefore, the relationship between leaf turgor pressure and stomatal opening and closing should be further analyzed from the aspects of cell tissue and anatomical structure.





5 Conclusion

Monitoring the Ppmax of apple trees under different soil water conditions showed that the Ppmax of the full irrigation treatment was significantly lower than that of the under-irrigation treatment, and the average Ppmax of the water deficit treatment was 61.97% and 27.27% higher than that of the full water treatment. Ppmax treated with water deficiency did not recover completely at the end of the growing season. There were significant differences between SIPpmax and SIVstem in apple trees, as shown by SIPpmax was higher than SIVstem at each growth stage. In comparison to Vstem, Ppmax exhibited superior and sensitivity to variations in soil water content, demonstrating a lower correlation with meteorological factors but a stronger association with both soil moisture and fruit tree water content. In the future, it will be necessary to explore the relationship between Ppmax, the opening and closing of fruit tree stomata, and photosynthesis intensity further. This of great importance to explain the growth mechanisms of fruit trees comprehensively.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Author contributions

RC: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. QX: Investigation, Methodology, Supervision, Writing – review & editing. JW: Data curation, Investigation, Supervision, Writing – review & editing. NJ: Investigation, Methodology, Supervision, Writing – review & editing. JM: Conceptualization, Funding acquisition, Methodology, Project administration, Validation, Writing – review & editing. LZ: Conceptualization, Formal analysis, Funding acquisition, Methodology, Project administration, Resources, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was jointly supported by “National Natural Science Foundation of China” (52109061, 52079085). “Natural science research project of Shanxi Province” (202403021211047) and “Scientific and Technological Innovation Programs of Higher Education Institutions in Shanxi Province” (RC2300003332).




Acknowledgments

We would like to thank the Fruit Research Institute of Shanxi Agricultural University for providing necessary support for this study.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

 Aaron, P., and Xue, F. (2022). Do stomata optimize turgor-driven growth? A new framework for integrating stomata response with whole-plant hydraulics and carbon balance. New Phytol. 238, 506–528. doi: 10.1111/nph.18620

 Afzal, A., Duiker, S. W., and Watson, J. E. (2017). Leaf thickness to predict plant water status. Biosyst. Eng. 156, 148–156. doi: 10.1016/j.biosystemseng.2017.01.011

 Arbizu-Milagro, J., Castillo-Ruiz, F. J., Tascón, A., and Peña, J. M. (2022). How could precision irrigation based on daily trunk growth improve super high-density olive orchard irrigation efficiency? Agronomy 12, 756. doi: 10.3390/agronomy12040756

 Bader, M. K. F., Ehrenberger, W., Bitter, R., Stevens, J., Miller, B. P., Chopard, J., et al. (2014). Spatio-temporal water dynamics in mature Banksia menziesii trees during drought. Physiol. Plantarum 152, 301–315. doi: 10.1111/ppl.12170

 Barragán, V., Leidi, E. O., Andrés, Z., Rubio, L., De Luca, A., Fernández, J. A., et al. (2012). Ion exchangers NHX1 and NHX2 mediate active potassium uptake into vacuoles to regulate cell turgor and stomatal function in Arabidopsis. Plant Cell. 24, 1127–1142. doi: 10.1105/tpc.111.095273

 Binstock, B., Manandhar, A., and Mcadam, S. A. M. (2024). Characterizing the breakpoint of stomatal response to vapor pressure deficit in an angiosperm. Plant Physiol. 194, 732–740. doi: 10.1093/plphys/kiad560

 Blackman, C. J. (2018). Leaf turgor loss as a predictor of plant drought response strategies. Tree Physiol. 38, 655–657. doi: 10.1093/treephys/tpy047

 Bramley, H., Ehrenberger, W., Zimmermann, U., Palta, J. A., Rüger, S., and Siddique, K. H. M. (2013). Non-invasive pressure probes magnetically clamped to leaves to monitor the water status of wheat. Plant Soil 369, 257–268. doi: 10.1007/s11104-012-1568-x

 Bryant, C., Fuenzalida, T., Brothers, N., Mencuccini, M., Sack, L., Binks, O., et al. (2021). Shifting access to pools of shoot water sustains gas exchange and increases stem hydraulic safety during seasonal atmospheric drought. Plant Cell Environ. 44, 2898–2911. doi: 10.1111/pce.14080

 Bucci, S., Scholz, F. G., Campanello, P. I., Montti, L., Jimenez-Castillo, M., Rockwell, F. A., et al. (2012). Hydraulic differences along the water transport system of South American Nothofagus species: do leaves protect the stem functionality? Tree Physiol. 32, 880–893. doi: 10.1093/treephys/tps054

 Buck, A. L. (1981). New equations for computing vapor pressure and enhancement factor. J. Appl. Meteorol. 20, 1527–1532. doi: 10.1175/1520-0450(1981)020<1527:NEFCVP>2.0.CO;2

 Camoglu, G., Demirel, K., Kahriman, F., Akcal, A., Nar, H., Boran, A., et al. (2021). Discrimination of water stress in pepper using thermography and leaf turgor pressure probe techniques. Agr. Water Manage. 254, 106942. doi: 10.1016/j.agwat.2021.106942

 Conejero, W., Alarcón, J. J., García-Orellana, Y., Abrisqueta, J. M., and Torrecillas, A. (2007). Daily sap flow and maximum daily trunk shrinkage measurements for diagnosing water stress in early maturing peach trees during the post-harvest period. Tree Physiol. 27, 81–88. doi: 10.1093/treephys/27.1.81

 Corell, M., Girón, I. F., Moriana, A., Dell’Amico, J., Morales, D., and Moreno, F. (2013). Extrapolating base-line trunk shrinkage reference equations across olive orchards. Agric. Water Manage. 126, 1–8. doi: 10.1016/j.agwat.2013.04.011

 Crabos, A., Huang, Y. J., Boursat, T., Maurel, C., Ruffel, S., Krouk, G., et al. (2023). Distinct early transcriptional regulations by turgor and osmotic potential in the roots of arabidopsis. J. Exp. Bot. 74, 5917–5930. doi: 10.1093/jxb/erad307

 De Swaef, T., and Steppe, K. (2010). Linking stem diameter variations to sap flow, turgor and water potential in tomato. Funct. Plant Biol. 37, 429–438. doi: 10.1071/FP09233

 Du, S., Tong, L., Zhang, X., Kang, S., Du, T., Li, S., et al. (2017). Signal intensity based on maximum daily stem shrinkage can reflect the water status of apple trees under alternate partial root–zone irrigation. Agr. Water Manage. 190, 21–30. doi: 10.1016/j.agwat.2017.05.004

 Dzikiti, S., Steppe, K., Lemeur, R., and Milford, J. R. (2007). Whole-tree level water balance and its implications on stomatal oscillations in orange trees [Citrus sinensis (L.) Osbeck] under natural climatic conditions. J. Exp. Bot. 58, 1893–1901. doi: 10.1093/jxb/erm023

 Ehrenberger, W., Rüger, S., Fitzke, R., Vollenweider, P., Günthardt-Goerg, M., Kuster, T., et al. (2012). Concomitant dendrometer and leaf patch pressure probe measurements reveal the effect of microclimate and soil moisture on diurnal stem water and leaf turgor variations in young oak trees. Funct. Plant Biol. 39, 297–305. doi: 10.1071/FP11206

 Faghih, S., Zamani, Z., Fatahi, R., and Omidi, M. (2021). Influence of kaolin application on most important fruit and leaf characteristics of two apple cultivars under sustained deficit irrigation. Biol. Res. 54, 1. doi: 10.1186/s40659-020-00325-z

 Fernandes, R. D. M., Cuevas, M. V., Hernandez-Santana, V., Rodriguez-Dominguez, C. M., Padilla-Díaz, C. M., and Fernández, J. E. (2017). Classification models for automatic identification of daily states from leaf turgor related measurements in olive. Comput. Electron. Agr. 142, 181–189. doi: 10.1016/j.compag.2017.09.005

 Fernandez, J. E., Moreno, F., Martín-Palomo, M. J., Cuevas, M. V., Torres-Ruiz, J. M., and Moriana, A. (2011). Combining sap flow and trunk diameter measurements to assess water needs in mature olive orchards. Environ. Exp. Bot. 72, 330–338. doi: 10.1016/j.envexpbot.2011.04.004

 Franks, P. J., and Farquhar, G. D. (2007). The mechanical diversity of stomata and its significance in gas-exchange control. Plant Physiol. 143, 78–87. doi: 10.1104/pp.106.089367

 Fu, S., Wei, X., Wang, T., and Bai, Y. (2022). Effects of different water and fertilizer treatments on grapevine sap flow and water consumption characteristics. Sci. Hortic-Amsterdam. 304, 111317. doi: 10.1016/j.scienta.2022.111317

 Huang, T., Qi, F., Ji, X., Peng, Q., Yang, J., Wang, M., et al. (2021). Effect of different irrigation levels on quality parameters of 'Honeycrisp' apples. J. Sci. Food Agr. 102, 3316–3324. doi: 10.1002/jsfa.11678

 Kamakura, M., Tsuruta, K., Azuma, W. A., and Kosugi, Y. (2021). Hydraulic architecture and internal water storage of Japanese cypress using measurements of sap flow and water potential. Ecohydrology 14, 7. doi: 10.1002/eco.2325

 Kaneko, T., Gould, N., Campbell, D., and Clearwater, M. J. (2024). Isohydric stomatal behavior alters fruit vascular flows and minimizes fruit size reductions in drought-stressed 'Hass' avocado (Persea americana Mill.). Ann. Bot-London. 133, 969–982. doi: 10.1093/aob/mcae024

 Knipfer, T., Bambach, N., Hernandez, M. I., Bartlett, M. K., Sinclair, G., Duong, F., et al. (2020). Predicting stomatal closure and turgor loss in woody plants using predawn and midday water potential. Plant Physiol. 184, 881–894. doi: 10.1104/pp.20.00500

 Li, Y., Fan, D., Huo, C., Wang, J., Wang, X., Dong, Z., et al. (2024). The degree of hydraulic vulnerability segmentation at the individual level is related to stomata sensitivity in seedlings of three oak species. Physiol. Plantarum 176, 1. doi: 10.1111/ppl.14132

 Li, D., Fernández, J. E., Li, X., Xi, B. Y., Jia, L. M., and Hernandez-Santana, V. (2020). Tree growth patterns and diagnosis of water status based on trunk diameter fluctuations in fast-growing Populus tomentosa plantations. Agr. Water Manage. 241, 106348. doi: 10.1016/j.agwat.2020.106348

 Lo Gullo, M. A., Nardini, A., Trifilò, P., and Salleo, S. (2003). Changes in leaf hydraulics and stomatal conductance following drought stress and irrigation in Ceratonia siliqua (carob tree). Physiol. Plantarum 117, 186–194. doi: 10.1034/j.1399-3054.2003.00038.x

 Marino, G., Pernice, F., Marra, F. P., and Caruso, T. (2016). Validation of an online system for the continuous monitoring of tree water status for sustainable irrigation managements in olive (Olea europaea L.). Agr. Water Manage. 177, 298–307. doi: 10.1016/j.agwat.2016.08.010

 Marino, G., Scalisi, A., Guzman-Delgado, P., Caruso, T., Marra, F. P., and Lo Bianco, R. (2021). Detecting mild water stress in olive with multiple plant–based continuous sensors. Plants 10, 131. doi: 10.3390/plants10010131

 Martinez-Gimeno, M. A., Castiella, M., Rüger, S., Intrigliolo, D. S., and Ballester, C. (2017). Evaluating the usefulness of continuous leaf turgor pressure measurements for the assessment of Persimmon tree water status. Irrigation Sci. 35, 159–167. doi: 10.1007/s00271-016-0527-3

 Miranda, M. T., Espinoza-Nunez, E., Silva, S. F., Pereira, L., Hayashi, A. H., Boscariol-Camargo, R. L., et al. (2022). Water stress signaling and hydraulic traits in three congeneric citrus species under water deficit. Plant Sci. 319, 111255. doi: 10.1016/j.plantsci.2022.111255

 Mobe, N. T., Dzikiti, S., Volschenk, T., Zirebwa, S. F., Ntshidi, Z., Midgley, S. J. E., et al. (2020). Using sap flow data to assess variations in water use and water status of apple orchards of varying age groups in the Western Cape Province of South Africa. Water Sa 46, 213–224. doi: 10.17159/wsa/2020.v46.i2.8236

 Mota, M., Marques, T., Pinto, T., Raimundo, F., Borges, A., Caço, J., et al. (2018). Relating plant and soil water content to encourage smart watering in chestnut trees. Agr. Water Manage. 203, 30–36. doi: 10.1016/j.agwat.2018.02.002

 Muchena, L., Dzikiti, S., Lötze, E., and Midgley, S. J. E. (2020). Using sap flow sensors to study the influence of rootstock and mid-summer water deficit on transpiration of apple trees in South Africa. Acta Hortic. 1300, 201–210. doi: 10.17660/ActaHortic.2020.1300.26

 Mupambi, G. (2017). Water relations and sunburn in apple fruit. PhD thesis (South Africa: Stellenbosch University).

 Niessner, A., Ehekircher, S., Zimmermann, R., Horna, V., Reichle, D., Land, A., et al. (2024). Soil drought sets site specific limits to stem radial growth and sap flow of Douglas-fir across Germany. Front. Plant Sci. 15, 1401833. doi: 10.3389/fpls.2024.1401833

 Ntshidi, Z., Dzikiti, S., Mazvimavi, D., and Mobe., N. T. (2021). Contribution of understorey vegetation to evapotranspiration partitioning in apple orchards under Mediterranean climatic conditions in South Africa. Agr. Water Manage. 245, 106627. doi: 10.1016/j.agwat.2020.106627

 Perez-Arcoiza, A., Diaz-Espejo, A., Fernandez-Torres, R., Perez-Romero, L. F., and Hernandez-Santana, V. (2022). Dual effect of the presence of fruits on leaf gas exchange and water relations of olive trees. Tree Physiol. 43, 277–287. doi: 10.1093/treephys/tpac123

 Riboldi, L. B., Oliveira, R. F., and Angelocci, L. R. (2016). Leaf turgor pressure in maize plants under water stress. Aust. J. Crop Sci. 10, 878–886. doi: 10.21475/ajcs.2016.10.06.p7602

 Rodriguez-Dominguez, C. M., Buckley, T. N., Egea, G., de Cires, A., Hernandez-Santana, V., Martorell, S., et al. (2016). Most stomatal closure in woody species under moderate drought can be explained by stomatal responses to leaf turgor. Plant Cell Environ. 39, 2014–2026. doi: 10.1111/pce.12774

 Rodriguez-Dominguez, C. M., Ehrenberger, W., Sann, C., Rüger, S., Sukhorukov, V., Martín-Palomo, M. J., et al. (2012). Concomitant measurements of stem sap flow and leaf turgor pressure in olive trees using the leaf patch clamp pressure probe. Agr. Water Manage. 114, 50–58. doi: 10.1016/j.agwat.2012.07.007

 Ru, C., Hu, X., Wang, W., Ran, H., Song, T., and Guo, Y. (2021). Signal intensity of stem diameter variation for the diagnosis of drip irrigation water deficit in grapevine. Horticulturae 7, 154. doi: 10.3390/horticulturae7060154

 Rüger, S., Ehrenberger, W., Arend, M., Gessner, P., Zimmermann, G., Zimmermann, D., et al. (2010b). Comparative monitoring of temporal and spatial changes in tree water status using the non–invasive leaf patch clamp pressure probe and the pressure bomb. Agr. Water Manage. 98, 283–290. doi: 10.1016/j.agwat.2010.08.022

 Rüger, S., Netzer, Y., Westhoff, M., Zimmermann, D., Reuss, R., Ovadiya, S., et al. (2010a). Remote monitoring of leaf turgor pressure of grapevines subjected to different irrigation treatments using the leaf patch clamp pressure probe. Aust. J. Grape Wine Res. 16, 405–412. doi: 10.1111/j.1755-0238.2010.00101.x

 Savi, T., Marin, M., Luglio, J., Petruzzellis, F., Mayr, S., and Nardini, A. (2016). Leaf hydraulic vulnerability protects stem functionality under drought stress in Salvia officinalis. Funct. Plant Biol. 43, 370–379. doi: 10.1071/FP15324

 Tao, H., Sun, H., Wang, Y., Wang, X., and Guo, Y. (2023). Effects of water stress on quality and sugar metabolism in 'Gala' apple fruit. Hortic. Plant J. 9, 60–72. doi: 10.1016/j.hpj.2022.03.008

 Thalheimer, M., Aguzzoni, A., Wittemann, M. S., Carlino, U., and Tagliavini, M. (2024). Root water uptake and water transport to above-ground organs compensate for winter water losses and prevent shoot dehydration in apple trees. Agr. Water Manage. 291, 108622. doi: 10.1016/j.agwat.2023.108622

 Tsouliasu, N., Gebbers, R., and Zude-Sasse, M. (2020). Using data on soil ECa, soil water properties, and response of tree root system for spatial water balancing in an apple orchard. Precis. Agric. 21, 522–548. doi: 10.1007/s11119-019-09680-8

 Wan, L., Zhang, Q., Cheng, L., Liu, Y., Qin, S., Xu, J., et al. (2023). What determines the time lags of sap flux with solar radiation and vapor pressure deficit? Agr. For. Meteorol. 333, 109414. doi: 10.1016/j.agrformet.2023.109414

 Wang, Z., Sun, Z., and Cui, J. (2023). Time lag effect on solar radiation of tree sap flux density for different DBH of Larix olgensis. J. Plant Ecol. 16, 3. doi: 10.1093/jpe/rtac092

 Wen, S., Cui, Ni., Li, M., Gong, D., Xing, Li., Wu, Z., et al. (2024). Optimizing irrigation and nitrogen fertilizer management to improve apple yield, quality, water productivity and nitrogen use efficiency: A global meta-analysis. Sci. Hortic-Amsterdam. 332, 113221. doi: 10.1016/j.scienta.2024.113221

 Westhoff, M., Reuss, R., Zimmermann, D., Netzer, Y., Gessner, A., Gessner, P., et al. (2009). A non-invasive probe for online-monitoring of turgor pressure changes under field conditions. Plant Biol. 11, 701–712. doi: 10.1111/j.1438-8677.2008.00170.x

 Wheeler, W. D., Black, B., and Bugbee, B. (2023). Assessing water stress in a high-density apple orchard using trunk circumference variation, sap flow index and stem water potential. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1214429

 Wu, S., Gu, X., Peng, X., and Chen, L. (2024). Comparative analysis of water-use strategies in three subtropical mangrove species: a study of sap flow and gas exchange monitoring. Tree Physiol. 44, 9. doi: 10.1093/treephys/tpae102

 Xu, Q., Ma, J., Chen, R., Li, X., Sun, X., and Zheng, L. (2024). Variation of leaf turgor and pressure parameters evaluation in drip–irrigated apple canopy. Sci. Hortic-Amsterdam. 331, 113188. doi: 10.1016/j.scienta.2024.113188

 Zhao, X., Li, X., Hu, W., Liu, J., Di, N., Duan, J., et al. (2023). Long-term variation of the sap flow to tree diameter relation in a temperate poplar forest. J. Hydrol. 1150, 239–244. doi: 10.17660/ActaHortic.2017.1150.33

 Zimmermann, U., Bitter, R., Marchiori, P. E. R., Rüger, S., Ehrenberger, W., Sukhorukov, V. L., et al. (2013). A non-invasive plant–based probe for continuous monitoring of water stress in real time: a new tool for irrigation scheduling and deeper insight into drought and salinity stress physiology. Theor. Exp. Plant Phys. 25, 2–11. doi: 10.1590/S2197-00252013000100002

 Zimmermann, D., Reuss, R., Westhoff, M., Gessner, P., Bauer, W., Bamberg, E., et al. (2008). A novel, non-invasive, online-monitoring, versatile and easy plant-based probe for measuring leaf water status. J. Exp. Bot. 59, 3157–3167. doi: 10.1093/jxb/ern171

 Zimmermann, U., Rüger, S., Shapira, O., Westhoff, M., Wegner, L. H., and Reuss, R. (2010). Effects of environmental parameters and irrigation on the turgor pressure of banana plants measured using the non-invasive, online monitoring leaf patch clamp pressure probe. Plant Biol. 12, 424–436. doi: 10.1111/j.1438-8677.2009.00235.x




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Chen, Xu, Wan, Jiang, Ma and Zheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1516824-g005.jpg
180
=81.92-241.01 0 2022Ppmax
eod  y=482935.02x - Y ® 0 2023Ppmax

Ppmax(kPa)
S o &
S o -

o0
S

y=24.20-30.55x0
R*=(.44%

=~ O
= &

O 2022Vstem
O 20%3Vstem

@)
003 y=0.002+0.004x _

Vstem(cm/s)
-
&
s
o

0.001 _ o
y=0.003+6.058E-4 ~ U
2_ %

0,000 R?=0.09

3.5 3.0  -25






OEBPS/Images/M2.jpg
Ppmax,

@
Ppmas,

Slhprse





OEBPS/Images/fpls-15-1516824-g003.jpg
180

" Ppmaxyy

160 . ’ *  Ppmaxyq

ek
(O BN AN
— =

Ppmax(kPa)
5 (S
S

y=106.12-0.07x L

= Vstemyg

y=7.72E-5+7.60E-6x y=0.001+8.736E-4x ° Vstemyy

R2=0) 62 ;“..'. .60** R2=0.73%%, y=0.001-2.469E-5x

o'o:
| ]

y=0.004-2.401E-5x

: y=3.79E-4+5.75E-5x R2=0.70%* y=0.001-2.960E-5x

R?=0.46%** R=0.17**

0 100 200 300 40 60 80 1000 10 20 30 0 1 2 0 10 20 30 40 50
Rs(W/m?) RH(%) Ta(°C) VPD(kPa) P(mm)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The daily minimum leaf turgor pressure can represent the water status of apple trees under drip irrigation

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Experiment site

          



          		

            2.2 Irrigation treatment

          



          		

            2.3 Measurement

          

            		

              2.3.1 Meteorological and soil moisture

            



            		

              2.3.2 Leaf turgor pressure

            



            		

              2.3.3 Stem flow

            



            		

              2.3.4 Leaf water potential

            



          



          



          		

            2.4 Data analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Changes in meteorological conditions

          



          		

            3.2 Change of Ppmax growth period of apple tree

          



          		

            3.3 Difference in signal strength between Ppmax and Vstem

          



          		

            3.4 Relationship between Ppmax and Vstem and meteorological factors

          



          		

            3.5 Relationship between Ppmax and Vstem and soil and leaf water potential

          



        



        



        		

          4 Discussion

        

          		

            4.1 Ppmax change patterns

          



          		

            4.2 Ppmax had superior signal strength and sensitivity

          



          		

            4.3 Ppmax was closely related to soil and fruit tree moisture

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Data number

New shoots 38 1.92a 0.31 6.16 0.59b 0.32 2.05
Fruit expanding 78 2.05a 043 4.75 0.51a 043 1.20
2022
Fruit maturing 16 2.35a 0.50 473 0.64b 028 232
‘Whole growth season 132 2.11a 041 520 0.58b 034 1.57
New shoots 44 1.70a 0.22 7.71 1.26a 0.77 1.64
Fruit expanding 76 1.96a 0.28 7.10 1.03a 0.49 2.09
2023
Fruit maturing 16 1.57a 0.35 444 0.93a 0.29 3.26
Whole growth season 136 1.74a 0.28 6.15 1.07b 0.51 2.09

In the table, SI represents signal strength, CV represents coefficient of variation, S represents sensitivity, and the data shown are the mean values of each growth period. a and b indicate the
difference between Slppmay and Sy, iem(p<0.05).





OEBPS/Images/fpls-15-1516824-g004.jpg
Vstem(cm/s)

Ppmax(kPa)
S
S

160

—
O T AN
_— =

o0
-

=
- (o
(o o
o W

0.001

0.000

y=104.36-0.01x

y=78.22+0.01x
R*=0.02

y=7.14E-4+4.49F-6x

|
II;.

y=3.26E-4+5.41E-6x
R?=0.54**

100 200 300 40
Rs(W/m?)

y=60.10+0.56x

y=48.06+0.42x
R*=0.32

y=0.004-2.600E-5x
R?=0.30%

Sy
W::.
5x

3
E-

y=0.004-2.984 .
R2=0.42%*

60 80
RH(%)

100 5

y=100.38+6.66x

y=72.25+0.37x
R*=0.14%*

y=7.25E-4+4.90E-5x
R?>=0.20%*

¢ y=2.24E-4+6.46E-5x
R?=0.36**

10 15 20 25 30 35 O 1 2

Ta(°C)

= Ppmaxy,y

* Ppmaxyy
y=109.50-5.35x

. y=10430-0.28x
k.o R>=0.17+*

y=84.28-3.84x
R2=0.11*

= Vstemy,

. * Vstemyg

y=9.95E-4+7.63E-4x

) y=0.002-1.817E-5x
R?=0.37+*

y=7.46E-4+8.36E-4x
R?=0.47**

VPD(kPa) P(mm)

0 20 40 60 &0 100





OEBPS/Images/M3.jpg
)





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1516824-g001.jpg
2022/5/18 2022/6/18  2022/7/18 2022/8/18 2022/9/18  2022/10/18

Date(d)
B 35 =120 100
a
—RH
30 P | 100 )
25 |?‘,t ~
—~ | ' ‘ ' ‘ l," X r60g
& 20 ) (Y SOE’ E
< f) _4OQ-
= 154 o
10 20
5 » 40 Lo

2023/5/18 2023/6/18  2023/7/18 2023/8/18 2023/9/18  2023/10/18
Date(d)





OEBPS/Images/fpls-15-1516824-g002.jpg
200 Fruit expanding

Ppmaxyy

: — Ppmaxyyq

Ppmax(kPa)
S
S S

o0
&

40
140

Ppmax(kPa)
=
S

5/18 6/18 7/18 8/18 9/18 10/18
Date(d)





OEBPS/Images/M1.jpg
e
) Fa- Pdamp

[0}





OEBPS/Images/fpls.2024.1516824_cover.jpg
& frontiers | Frontiers in Plant Science

The daily minimum leaf turgor pressure can
represent the water status of apple trees
under drip irrigation





OEBPS/Images/table1.jpg
PpmaXWW Ppmast

(kPa) (kPa)

New shoots 77.22 129.25

Fruit expanding 89.68 137.97

2022 Fruit maturing | 79.76 13230
Whol

rowth ::ason 82.22 133.17

New shoots 77.86 99.60

Fruit expanding 85.60 105.71

2023 Fruit maturing v 79.00 103.28
ol

gro“‘:vmhs:ason 80.82 102.86






